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Figure 7 ChEl restores neurogenesis in the DG and OB of mice exposed to chronic restraint. (A) The experimental procedure for the study
of the effect of ChEl-treatiment on mice exposed to chronic restraint. Following 1 week of administration of saline to habituate the mice to
intraperitoneal injections, the animals were divided into three groups; during the weck following saline administration, mice were injected
with BrdU twice with a 2 h-interval. Subsequently, the mice in the control group (Cont) were left in their home cages without treatment
for 4 weeks, while in the restraint group (Rest), mice were restrained for 6 h every day for 4 weeks. In the restraint group with ChEI-
treatment (ChEI), mice were pretreated with ChEl (donepezil, 1.0 mg/weight (kg)/day), followed by BrdU injection as described above,
and then restrained for 4 weeks. (B) Corticosterone levels in plasima samples taken before restraint on the final day of the experiments. There
is no significant difference in plasma corticosterone levels between the groups (P> 0.05). (C) The number of KiG7-positive proliferating
cells in the DG was significantly decreased by chronic restraint but was not affected by ChEl-treatment (P = 0.0009). (ID) The numbers of
Ki67-positive cells in the SVZ (eft), RMS (middle) and OB (right). None of the regions examined showed any significant difference in the
number of KiG7-positive cells between the groups (P> 0.05). (E-1) Double immunofluorescence for BrdU (red) and NeulN (green) in the
DG (E, Cont; F, Rest; G, ChELY and OB (1, Cont; J, Rest; K, ChEI). Chronic restraint significantly decreased the number of newborn
neurons labeled with BrdU in the DG (I, upper) and OB (L, upper). The decrease in neurogenesis was completely reversed by chronic
ChEl-treatment (DG, P = 0.0029; OB, P = 0.0161). The proportions of NeulN-positive neurons in the BrdU-paositive cell population in
the DG (H, lower) and OB (1., lower) were not affected by either restraint or ChEl-treatment (P > 0.05). Scale bars = 100 tm.
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4 weeks of restraint stress decreased Ki67-positive pro-
liferating cells in the DG (Fig. 7C, P = 0.0009), but not
the SVZ, RMS or OB (Fig. 7D, P> 0.05). The ChEI-
treatment did not affect the number of Ki67-positive
cells (Fig. 7C,D).The number of BrdU+NeuN+ newborn
neurons in the DG and OB were decreased by restraint
stress, indicating that stress reduces the survival of young
neurons. However, ChEI-treatment almost completely
reversed the suppressive etfect of stress on neuronal sur-
vival (Fig.7E-L) (DG, P =0.0029, OB, P = 0.0161).
There was no significant difference in the percentages of
NeuN+ neurons in the BrdU+ cell population between
these groups (P> 0.05) (Fig.7H,L). Taken together,
these data indicate that chronic ChEI-treatment reverses
the stress-induced decrease in the survival of newborn
cells, while having no eftect on proliferation.

Discussion

Previous studies have indicated that approximately half
of newborn neurons die before reaching maturity in the
DG and OB (Petreanu & Alvarez-Buylla 2002; Dayer
et al. 2003), but the mechanisms regulating the apoptosis
of these neurons are largely unknown. Herein, we report
that the cholinergic system promotes the survival of
newborn neurons in the DG and OB. Cholinergic neurons
innervating the DG and OB play an important role
in learning and memory formation (Wenk et al. 1977;
Zaborszky ef al. 1986; McGurk et al. 1991; Leanza ef al.
1995). Alterations in these processes affect neurogenesis
in the DG and OB (Gould er al. 1999; Gheusi ef al. 2000;
Shors ef al. 2001; Rochefort er al. 2002; Madsen ef al. 2003),
raising the possibility that the cholinergic system may act
on neurogenesis directly and/or indirectly. An indirect effect
of cholinergic input on neurogenesis has been proposed
based on the observation that lesions in the BFC system
reduce expression of brain-derived neurotrophic factor
(BDNF) (Hefti 1986; Williams et al. 1986; Berchtold ef al.
2002), which promotes neurogenesis (Zigova ef al. 1998;
Lee et al. 2002). Our results indicate that immatare neurons
in the adult mouse DG and OB express various ACh
receptor subtypes (Fig. 1), like mature neurons in the DG
and OB (Wada et al. 1989; Le Jeune er al. 1995; Levey et al.
1995; Rouse ¢f al. 1999; Quik er al. 2000). The imumature
neurons in the DG and OB are in contact with cholinergic
fibers (Fig.2), and are increased by ChEI-treatment
(Figs 3—6).In contrast, the SVZ was found to be devoid
of cholinergic innervation (Fig.2) and insensitive to
ChEI-treatment in our experiments (Figs 3 and 5).These
results suggest that there is functional cholinergic trans-
mission in the immature neurons in the DG and OB,
which is involved in regulating adult neurogenesis.
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Using PSA-NCAM as a marker for immature neurons
and neuroblasts in combination with specific antibodies
or ligands for various AChRs, we comprehensively
studied the distributions of major AChRs in the DG and
OB (Fig. 1). m1 and m4 were recently reported to be
expressed by immature DG cells labeled with BrdU 24 h
after injection (Mohapel er al. 2005). Consistently, a sub-
population of PSA-NCAM-—positive cells in the DG was
positive for m1 and m4 AChRs. Moreover, these cells
also expressed nicotinic (07 and p2) AChRs. We further
demonstrated that PSA-NCAM-~positive migrating
neuroblasts in the OB similarly expressed several types
of nicotinic and muscarinic receptors. These findings
suggest that immature neurons can receive cholinergic
stimulation directly. In fact, these AChR subtypes play roles
in various regulatory processes for neural progenitor
cells. 07, a major nAChR. subunit most abundantly
distributed in the DG (Seguela er al. 1993; Quik er al.
2000}, is involved in neuroprotection against excitotoxic
stimulation (Kihara ef 4l. 1997; Shimohama er al. 1998;
Prendergast er al. 2001) and participates in neurite out-
growth in olfactory cultures (Coronas er al. 2000), which
is important for the survival of newborn neurons. In fact,
previous studies have demonstrated several molecular
mechanisms involving nicotine, via the o7 nicotinic
receptor, which promote the survival of cultured neurons.
Nicotine attenuates the expression of pro-apoptotic pro-
teins such as caspase3, 8 and 9, and increases the levels of
anti-apoptotic factors including phosphorylated Akt and
Bcl-2 (Garrido e al. 2001; Kihara ef al. 2001), possibly
involved in the effect of ChEI in promoting the survival
of newborn neurons as demonstrated in this study.
Herein, 07nAChR s were detectable in almost all mature
granule cells in both the OB and the DG.The proportion
of ot7-positive cells among PSA-NCAM-positive imma-
ture neurons was much lower in the OB (less than 20%)
than that in the DG (over 70%), probably because muost
new neutrons generated in the SVZ do not express 0.7
until they have differentiated into mature interneurons.
Indeed, a previous study with retroviral labeling indicated
that neuroblasts take about 1 week to reach the deeper
GCL in the OB (Petreanu & Alvarez-Buylla 2002). Con-
sistently, immature neurons in the OB showed delayed
reactivity to ChEI-treatment as compared to those in the
DG; 1 week treatment promoted the survival of new-
born cells only in the DG, while longer treatment (for
4 weeks) affected both the DG and the OB. Previous
reports indicate that AChRs are also involved in regulat-
ing cell-proliferation (Ma er al. 2000; Abrous et al. 2002;
Jang er al. 2002), although we found no significant differ-
ences in the numbers of proliferatng cells among our
ChEI-treated animals. Thus, immature neurons express
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multple AChR s that have different effects on neurogenesis.
ChEl-treatment increases the extracellular ACh concen-
tration, which should stimulate all of the AChRs available
on immature neurons and neuroblasts. Therefore, the
results of ChEI-treatment experiments may reflect effects
on multiple receptors with distinct functions expressed
by imumature neurons.

Qur results indicate that chronic cholinergic stimulation
with ChEI-treatment promotes the survival of newborn
neurons in the DG and OB (Figs 4—6), but does not
affect the proliferation of progenitor cells (Fig.3). In
contrast, acute treatment with another ChEI (physostig-
mine) was reported to increase cell proliferation, but not
to affect the long-term survival of newborn cells in the
DG (Mohapel er al. 2003). We used donepezil, 2 potent
ChEI widely used for treatment of Alzheimer’s disease,
which has a longer-lasting action and greater specificity
for acetylcholinesterase than any other ChEIs currently
available, while exerting a minimal impact on the peripheral
nervous system (Kosasa ef al. 1999). These pharmacological
properties make donepezil highly suitable for studying
adult neurogeness, considering that changes in physical
conditions such as voluntary activity and nutrition
reportedly modify neurogenesis (van Praag of al. 1999;
Brown ef al. 2003; Mattson et al. 2003). The difference in
treatment duration may also account for the discrepancy
between the results of these two studies. ChEI rapidly
increases the extracellular ACh concentration, within
several hours after a single administration (Kosasa ef al.
1999). However, it often takes several months to exert
clinical effects such as memory and cognitive improve-
ment (Rogers e al. 1998). Although the precise mecha-
nisms underlying this long-term eftect of ChEIs have not
been demonstrated, chronic ChEI-treatrnent up-regulates
nicotinic AChRs and down-regulates muscarinic AChRs
(Nilsson-Hakansson et al. 1990; Barnes et al. 2000), which
is likely to result in changes in the amount and/or balance
of signals mediated via each AChR.Thus, the protective
effect of long-term ChEI~treatment on immature neurons
observed in this study may be highly relevant to the clinical
efficacy of ChEls.

The extracellular ACh level in the brain varies
depending on various changes which occur under
physiological conditions. Learning, motor activity and
estrogen treatment increase ACh release in the cortex
and hippocampus (Day et al. 1991; Mizuno et al. 1991;
Gabor et al. 2003). All of these conditions also promote
the survival of new neurons and enhance neurogenesis in
the DG and/or SVZ (Gould er al. 1999; van Praag et al.
1999; Banasr ef al. 2001; Smith e al. 2001), suggesting
the increased ACh level to be at least partially responsible
for the increased neurogenesis. Conversely, selective
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lesioning of the BFC system reduces neurogenesis in the
adult rat brain (Calza et al. 2003; Cooper-Kuhn et al.
2004). Therefore, it is possible that the cholinergic system
is among the physiologically important mechanisms
regulating adult neurogenesis. Moreover, nAChRs in
these regions are reduced in response to various insults
including chronic stress, aging, traumatic injury and
degenerative disorders such as Alzheimer’s disease
(Banegee et al. 2000; Burghaus et al. 2000; Rei et al. 2000;
Verbois ef al. 2002, 2003; Gahring ef al. 2005). BFC
neurons are vulnerable to inflammatory processes induced
by these lesions (Wenk et al. 2003). Thus, the cholinergic
system can be impaired in various situations causing a
decrease in neurogenesis. Therefore, increasing the ACh
level using ChEI is likely to be a promising strategy for
reversing the decrease in neurogenesis resulting from
these insults. Indeed, our data indicate that an activated
BFC system is capable of restoring neurogenesis in a
restraint-induced stress model. ChEl-treatment improves
the survival of newborn neurons in the DG and OB
(Fig. 7). If the increased survival of newborn neurons
results in functional recovery, ChEI-treatment may be
useful for increasing neuronal plasticity and facilitating
neuronal regeneration in injury/aging as well as under
normal conditions.

Experimental procedures

Animals

Ten weck-old ale C57BL6 mice (SLC, Shizuoka, Japan) were
group-housed under controlled conditions (21 °C room temper-
ature, 12 h light/12 h dark cycle) with food and water available ad
Libitim. All animal experiments were approved by the Laboratory
Animal Care and Use Committee of Keio University School of
Medicdne.

ChEl-treatment

Donepezil (Aricept) was generously provided by Eisai Co., Ltd,
Japan. Mice were intraperitoneally injected with saline (control,
n =35 or 6) or donepezil (0.5, 1 or 2 mg/weight (kg)/day, n = 4
or 5) for 1,2 or 4 wecks consecutively (see Figs 3-5 for details).

Chronic stress protocol

Mice were separated into three groups. In the restraint group,
mice were injected {i.p.) with cither ChEl (donepezil 1.0 ing/
weight (kg)/day, n =4) or saline (n = 3) for 1 week, injected
twice with bromodeoxyuridine (BrdU, Sigma, St. Louss, MO,
USA) (50 mg/kg, i.p.) with a 2-h interval, and then placed in a
close-fit cylindrical restrainer (acrylic tube 2.8 cm in diameter
with ventilating holes on the top and bottom to avoid clevating
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body temperature) inside their home cage for 6 h per day for 4
consecutive weeks. To decrease effects on the motor activities and
food intakes of the mice, the restraint was performed during the
light period, while the mice were inactive. ChEL or saline was
injected immediately before each restraine period. Mice in the
control group (1 = 5) were treated with saline and BrdU for 1
week as described above, and then left undisturbed in their home
cages for another 4 weeks. Before the final restrint, blood was
sampled for measurement of the plasma corticosterone level using
an enzyme imumunoassay kit (Assay Designs, Ann Arbor, MI,
USA,).

BrdU labeling

To assess the effects of the donepezil treatmens on cell-proliferation
in the DG, SVZ, RMS and OB, mice were intraperitoneally
injected with BrdU (50 mg/kg) imumediaely after 2 weeks of
donepezil treatment, and allowed to survive for another 24 h
before perfusion. To assess the differentiation and survival of the
newborn cells, mice were injected with BrdU (30 mg/kg) twice
with a 2-h interval at the beginning of the donepezil treatment or
FeSLrAing Stress eXposure.

Immunohistochemistry

Mice were deeply anesthetized with diethyl ether and tran-
scardially perfused with PBS, followed by 4% paraformaldehyde in
(1.1 m phosphate buffer. T'he brains were removed and postfixed in
the same fixative for 24 h at 4 °C. Fifty-micrometer serial sections
were coronally cut on a vibratome (V'I10008S, Leica, Heidelberg,
Germany) and collected in PBS.

For AChR-immunostainings (Fig. 1), sections were incubated
with antibodies against muscarinic AChR m1 (in1AChR, rabbit,
1:300, Sigma), m2 (m2AChIR,, rabbit, 1 : 300, Alomone labs, Isracl)
or m4 (m4ACKR, rabbit, 1 :300, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), or the B2 subunit of nicotinic AChR
(B2nAChR,, rabbit, 1 : 100, Santa Cruz) combined with antibodies,
against the highly polysialylated neural cell adhesion molecule
(PSA-NCAM) or ncuronal nuclei (NeuN), at 4 °C overnight.
After washing with 0.1% TritonX-100 in PBS (PBS-T), the
sections were incubated with biotinylated anti-rabbic IgG anti-
body (goat, 1 :500, Jackson) for 2 h, followed by signal amplifi-
cation with the avidin-biotin-complex (ABC)-system (Vectastain
ABC Elite kit, Vector Laboratories, Burlingame, CA, USA) for
1 h, and visualized with rhodamine-labeled thyramide (Perk-
inLhner, Boston, MA, USA). The sections were then incubated in
Alexa Fluor 488-conjugated and-mouse IgM or IgG antibody
(goat, 1 : 300, Molecular Probes) for 2 h.'To detect 07nAChR,
sections were incubated in rthodamine-conjugated 0-bungarotoxin
(0-BTX) for 2 h at 37 °C, followed by incubation in antibodics
for PSA-NCAM or NeuN overnight at 4 °C. After washing, the
sections were incubated with Alexa Fluor 488-conjugated anti-
mouse IgM or IgG antbodies (goat, 1: 500, Molecular Probes)
mixed with Floechst 333442 (Sigma) for 2 h.

For choline acetyltransferase (ChAT) immunohistochemistry
(Fig. 2), sections were pretreated in cold (20 °C) methanol for
6 min, and then boiled in 0.01 M citric acid (pH 6.0) for 30s.
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Following treatment with 1% H.O, for 1 b, the sections were
preincubated in TNB blocking reagent (PerkinElmer) for 2 h at

room temperature, and incubated overnight in and-ChAT andbody

{(goat, 1:100, Chemicon International, Temacula, CA, USA)
mixed with ant-PSA-NCAM antibody (mouse, 1: 2000, kindly
provided by Dr Tatsunori Seki) (Seki & Ari 1993) at 4 °C. After
washing with PBS-T, sections were incubated with biotinylated
anti-goat lgG (donkey, 1: 300, Jackson Immuno Research
Laboratories, West Grove, PA, USA) for 2 h. The ChAT signal was
amplified using an ABC-system (Vector Laboratories) and visualized
with fluorescein-labeled thyramide (TSA Fluorescence Systens,
PerkinElner). These sections were then incubated with Alexa
Fluor 368-conjugated anti-mouse IgM or anti-mouse 1gG
antibody (goat, 1 : 300, Molecular Probes, the Netherlands), and
Foechst 33342 (Sigma) to stain the nuclei for 2 h at room
temperature.

For BrdU staining (Figs 3-5), a series of floating sections, with
250-pm intervals, from each animal were incubated in 2 N HCI
for 30 min at 60 °C, and then incubated with ant-BrdU antibody
{mouse, 1:200, Becton Dickinson, Franklin Lakes NJ, USA)
overnight at 4 °C. After washing with PBS-T, the sections were
incubated in biotinylated anti-mouse IgG antibody (1 : 500,
Jackson). The signal was visualized using an ABC Elite kit (Vector
Laboratories) and diaminobenzidine (DAB).

For double-labeling with BrdU and NeuN (ligs 6 and 7),
following the incubation in HCI, sections were incubated in
antibodics for BrdU (rat, 1: 200, Abcam Ltd, Cambridge, UK)
and NeuN (mouse, 1 :200, Chemicon) overnight at 4 °C, then
incubated in biotinylated ant-rat IgG antibody (donkey, 1:500,
Jackson) and finally Alexa Fluor 488-conjugated anti-mouse 1gG
antibody (goat, 1 : 500, Molecular Probes) for 2 h at room tein-
perature. The BrdU signal was amplified with an ABC system, and
visualized by rhodamine-labeled thyramide (Perkinkilmer).

For Ki67 stining (Figs 5 and 7), scctions were incubated in
anti-KiG7 antibody (rabbic, 1 : 800, Novocastra, Newcastle, UK)
overnight at 4 °C, and then in Alexa Fluor 488-conjugated
anti-rabbit antibody (goat, 1 : 500, Molecular Probes) for 2 h.

Image processing and quantification

All the slides were coded before quantitative analysis, and the code
was not broken until the analysis was complete. Cell counting was
consistently performed by the same investigator (NK) blind to the
group identficatdon of cach section. BrdU-labeled cells in the
GCL and SGZ in the DG were counted under 400X magnifi-
cation {Axioplan 2, Carl Zeiss, Germany). Cell numbers were
counted using six or seven 50 pm-thick sections (250 pim apart)
per animal. Therefore, the total number of cells in the DG was cal-
culated by muldpling the number of cells counted in these sections
by six. For the SVZ, RMS and OB, absolute cell numbers were
counted and presented. BrdU-labeled cells and Ki67 positve cells
in the DG (SGZ and GCL), SVZ,RMS and OB were counted at
400x magnification under a microscope (Axioplan 2, Carl Zeiss,
Germany). Pyknotic cells were identified and counted using DG
and OB sections stained with Cresyl violet. The areas of the GCL
and SGZ in each section were measured using Photoshop (Adobe)
to calculate the density of pyknotic cells In the DG. BrdU-labeled
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cells in the DG and five randomly chosen areas scanned in the OB
were captured by confocal laser microscopy (Carl Zeiss, LSM510,
C-apochromat 40x/1.20 W objective and C-apochromat 63x/
1.20 W objective lenses) to confirn double-labeling with NeuN.
Cells were considered double-labeled if colabeling was seen
throughout the extent of the nucleus on 1 pm optical sections.
Co-localizations of AChR signals with ncuronal markers (PSA-
NCAM and NeuN) were analyzed on 1.0 pum optical sections,
and contaces of ChAT-positive cholinergic fibers on to PSA-NCAM-
positive iminature neurons were analyzed on 0.4 m optical
sections using confocal laser microscopy (LSM310; Carl Zeiss).

Statistical analysis

The obtined data were expressed as mean + SE. Differences
between means were determined by one-way anova, followed
by the Bonferroni post hoc multdple comparison test. Differences
were regarded as statistically significant when P < 0.05.
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Neuroprotective Effects of Angiotensin II Type 1
Receptor (AT1R) Blocker, Telmisartan, via Modulating
ATI1R and AT2R Signaling in Retinal Inflammation

Toshibide Kuribara,1’2’5’4 Yoko Ozawa,**>* Kei Shinoda,> Noribiro Nagai,*”
Makoto Inoue,' Yuichi Oike,>® Kazuo Tsubota,' Susumu Ishida,"> and Hideyuki Okano®

Purrost. To investigate the retinal neural damage that occurs
during inflammation and the therapeutic effects of the angio-
tensin II type 1 receptor (ATIR) blocker, telmisartan, using 2
model of endotoxin-induced uveitis (EIU).

Mernons. The localization of ATIR and AT2R was shown by
immunohistochemistry. EIU was induced by intraperitoneal
injection of lipopolysaccharide (LPS). Animals were treated
with telmisartan for 2 days and were evaluated 24 hours later.
Expression levels of angiotensin II, STAT3 activation induced
by inflammatory cytokines, and retinal proteins essential for
neural activities (e.g., synaptophysin, rhodopsin) were ana-
lyzed by immunoblot. An AT2R antagonist was administered to
evaluate the contribution of AT2R signaling in this therapy.
Dark-adapted fullfield electroretinography (ERG) was also per-
formed.

Resurrs. AT1R and AT2R were expressed in presynaptic termi-
nals in most of the retinal neurons. AT1R was also expressed in
Miiller glial cells. During inflammation, angiotensin II expres-
sion was elevated, STAT3 was activated, and synaptophysin
and rhodopsin expression were reduced. The expression of
glial fibrillary acidic protein (GFAP), downstream of STAT3
activation, was induced in Miller glial cells. However, treat-
ment with telmisartan successfully avoided all these changes.
An AT2R antagonist lowered synaptophysin expression despite
the treatment. STAT3 activity was negatively correlated with
rhodopsin expression. Furthermore, ERG responses, which
were mostly prevented by telmisartan, were disturbed during
inflammation.

ConcrLustons. Retinal protein expression and visual function are
both disturbed by inflammation. Treatment with the ATIR
blocker telmisartan efficiently prevented these signs of retinal
neural damage through the reduction of local angiotensin II
expression, the blockade of AT1R, and the relative upregula-
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tion of AT2R function. (nvest Opbthabmol Vis Sci. 2006;47:
5545-5552) DOIL:10.1167/iovs.06-0478

Inﬂammat()ry reactions are involved in most retinal diseases,
among them diabetic retinopathy and vascular occlusive
diseases, leading to visual loss."* During inflimmation, various
kinds of cytokines, such as interleukin (IL}6*"> and tumor
necrosis factor (TNF)-a,” have been reported to cause patho-
logic changes. In addition to these cytokines, angiotensin
I,2¢~*° conventionally known as a regulator of salt and water
retention and of systemic blood pressure, has received atten-
tion as a modulator of inflimmation®™!! It is produced in
many organs and in ocular tissue® from angiotensinogen
through the renin/angiotensin system (RAS). Angiotensin I is
highly expressed intraocularly in human diabetic retinopa-
thy,®'%"¥ suggesting that it is involved in the retinal disease
process.

We have already reported that angiotensin II causes patho-
logic changes in the retinal vascular system through the angio-
tensin II type 1 receptor (AT1R), which mainly mediates the
angiotensin II signal.>'® On the other hand, ATIR signaling
also affects neural synaptic activity in the brain.'*~'" Thus,
angiotensin II may damage retinal neural cells during inflam-
mation, but the exact influences of this signal and the effects of
the ATIR blocker on retinal neural cells remain to be eluci-
dated. Another angiotensin II receptor, AT2R, acts in a manner
opposite that of AT1R signaling, especially under stress condi-
tions, and possibly plays a role'? in this therapy, but it also
remains obscured.

In this study, we first described that ATIR and AT2R are
expressed in most retinal neural cells, including synapses.
Then we evaluated the influences of inflammation with exces-
sive angiotensin II and the effects of treatment with telmisartan
on retinal neural cells using animal model of lipopolysaccha-
ride (LPS)-induced inflammation. This is also known as a
model of endotoxin-induced uveitis (EIU) in which pan-retinal
vasculitis occurs® and various kinds of cytokines, such as IL-
6,%'® are induced. In addition, angiotensin I is upregulated in
the retina, as we show in this study. .

To evaluate retinal damage, we analyzed the retinal neural
proteins synaptophysin and rhodopsin, which are essential for
visual function. Synaptophysin is a presynaptic vesicle protein
that controls neurotransmitter release. Rhodopsin is the major
visual substance we have recently found to be negatively reg-
ulated by STAT3 activation in the neonatal retina.'”*° Al
though ATIR is well known to be coupled with G-protein, it is
also in the upstream of the JAK/STAT pathway.*"*? Thus, we
analyzed whether a similar response occurs in the adult retina.
Given that excessive angiotensin II expressed during inflam-
mation may selectively bind to AT2R after AT1R blockade, the
contribution of AT2R signaling in this therapy is also evaluated
by the administration of an AT2R-specific antagonist. Finally,
we perform electroretinography (ERG), a common and objec-
tive clinical method for estimating visual function.
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All our data show that ATIR, expressed in most of the
retinal neural cells, plays key roles in retinal neural damage
during inflammation. We have already reported the possibility
of applying the ATIR blocker, telmisartan, in treating retinal
vascular inflammation, and the present study demonstrates that
it is also effective in protecting physical activities of the neural
retina during inflammation.

MATERIALS AND METHODS

Animals

C57BL/6 mice (8 weeks old) were purchased (Clea Japan, Tokyo,
Japan). All animal experiments were conducted in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. Each mouse received a single intraperitoncal injection of 6.0
mg/kg body weight of lipopolysaccharide (LPS) from Escherichia coli
(Sigma, St. Louis, MO) in phosphate-buffered saline (PBS). Mice were
killed and evaluated 24 hours after LPS injection. This time point was
chosen for analysis because most of the pathologic changes in the
retina were obvious by this time. Mice were treated with intraperito-
neal injections of vehicle (0.25% dimethyl sulfoxide [DMSO] in PBS) or
the ATIR blocker, telmisartan (120 uM in 0.25% DMSO, 20 mg/kg
body weight; a gift of Bochringer Ingelheim, Ingelheim, Germany) on
the day before and the day of the LPS injection. The AT2R blocker,
PD123319%* (10 mg/kg body weight; Tocris Cookson, Ltd., Bristol, UK)
and the peroxisome proliferation-activated receptor v (PPAR-y) antag-
onist GW9662%7 (10 mg/kg body weight, Alexis Biochemicals, San
Diego, CA) were intraperitoneally injected when telmisartan was in-
jected.

Immunohistochemistry

Cryosections (14-16 pum) were prepared by perfusing mice with 4%
paraformaldehyde (PFA), as described previously.”® For immunostain-
ing of rabbit anti-AT1R (1:100; Santa Cruz Biotechnology, Santa Cruz,
CA), rabbit anti-AT2R (1:100, Santa Cruz Biotechnology), and mouse
anti-synaptoplysin (1:100 Sigma), sections were incubated with 1%
H,0, in PBS for 20 minutes and at 4°C overnight with the primary
antibody diluted in blocking reagent with 0.1% Triton. The sections
were then incubated with biotin-conjugated goat anti-rabbit IgG (1:
500; Chemicon International, Temecula, CA) or biotin-conjugated goat
anti-mouse IgG (1:500; Vector Laboratorics, Burlingame. CA) and with
a prepared avidin-biotin-peroxidase complex (Vectastain ABC Elite Kit;
Vector Laboratories) and then were detected with a tyramide signaling
amplification (TSA) fluorescein system (PerkinElmer Life Scicnce, Bos-
ton, MA). For immunostaining of rabbit anti- glial fibrillary acidic pro-
tein (anti-GFAP, 1:1000; DAKQ, Carpinteria, CA) and mouse anti-neu-
rofilament (1:100, Roche), mouse anti- glutamine synthetase (1:400
Molecular Probes, Eugene, OR), sections were incubated and detected
with Alexa 568-conjugated goat anti-rabbit, or Alexa 488 - conjugated
goat anti-mouse 1gG (1:500; Molecular Probes), respectively. Nuclei
were stained with the nuclear dye bisbenzimide 1:1000 from a stock
solution of 10 mg/mL stain (Hocchst 33258; Sigma). Sections were
examined with a laser scanning confocal microscope (LSM510; Carl
Zeiss, Jena, Germany).

Immunoblot Analysis

Mice were killed with an overdose of anesthesia. The eyes were
immediately enucleated, and the retina was carefully isolated and
placed in lysis buffer. The lysate was separated with sodium dodecyl
sulfate-polyacrylamide gel clectrophoresis (SDS-PAGE) and ¢lectro-
phoretically transferred to polyvinylidene fluoride (PVDF) membrane
(Millipore Corp., Bedford, MA). After blocking with 4% skim milk, the
membranes were incubated overnight with rabbit anti-angiotensin 11
antibody (1:200; Peninsula Laboratorics, Belmont, CA), rabbit anti-
ATI1R antibody (1:100; Santa Cruz Biotechnology), mouse anti-synap-
tophysin antibody (1:500; Sigma), rabbit anti-phosphorylated-STAT3
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antibody (1:1000; Cell Signaling Technology, Beverly MA), rabbit anti-
rhodopsin antibody (1:10,000; Cosmo Bio, Tokyo, Japan), and anti-c-
tubulin (1:2000; Sigma) to equalize the amount of protein in each
sample, respectively. Membranes were then incubated with biotin-
conjugated secondary antibodies followed by avidin-biotin complex
(Vectastain ABC Elite Kit; Vector Laboratories) or horseradish peroxi-
dase- conjugated secondary antibodies. Finally, they were detected
through enhanced chemiluminescence (ECL Blotting Analysis System:
Amersham, Arlington Heights, IL) and measured by an NIH image.
Statistic analysis was performed by the Bonferroni/Dunn test.

ERG

Mice were dark adapted for at least 12 hours and prepared under dim
red illumination, anesthetized with 70 mg/kg body weight of pento-
barbital sodium (Dainippon Sumitomo Pharmaceutical Co., Osaka, Ja-
pan). and placed on a heating pad throughout the experiment. The
pupils were dilated with one drop of a mixture of 0.5% tropicamide
and 0.5% of phenviephrine (S8anten Pharmaceutical Co., Osaka, Japan).
The ground electrode was a needle placed subcutaneously in the tail,
and the reference electrode was placed subcutaneously between the
eyes. The active clectrodes were gold wires placed on the cornea.
Recordings were performed (PowerLab System 2/25; AD Instruments,
New South Wales, Australia). Responses were differentially amplified
and filtered through a digital bandpass filter ranging from (.313 to 1000
Hz to vield a- and b-waves. Light pulses of 800 cd + s/m” and 4-ms
duration were delivered through a commercial stimulator (Ganzfeld
System $G-2002; LKC Technologies, Inc., Gaithersburg, MD). Electrode
impedance was checked before and after each measurement in all
animals with the use of the machine’s built-in feature. The implicit time
of the a- and b-waves was measured from the onset of stimuli to the
peak of cach wave. Three rescarchers measured the amplitude of the
a-wave from baseline to the trough of the a-wave and the amplitude of
the b-wave from the trough of the a-wave to the peak of the b-wave.
Statistical analysis was carried out with the Fisher PLSD test.

RESULTS

Expression of ATIR and AT2R in the Retina

We first analyzed the expression of AT1R and AT2R in the
retina of adult mice under physiological conditions. ATIR ex-
pression was observed in the inner plexiform layer (IPL), outer
plexiform layer (OPL), and retinal ganglion cell layer (GCL; Fig.
1A). AT1R in the IPL and OPL was coexpressed with synapto-
physin, a presynaptic vesicle membrane protein (Figs. 1B, 1C,
insets), indicating that AT1R is expressed in synapses. This is
consistent with previous reports that AT1R is expressed in the
presynaptic terminals of the neurons, where it modulates the
kinetics of the synaptic vesicles.'¥ 7% It includes synapses in
the rod photoreceptor cells (B, arrows) judging from the local-
ization. AT1R was also coexpressed with neurofilament (Fig.
1D) and was thus expressed in nerve fibers in the GCL and
OPL. Moreover, it was coexpressed with glutamine synthetase
(Fig. 1E), indicating that AT1R is also expressed in Miiller glial
cells. Some of the ATIR expression in the GCL seemed to be
present in vascular endothelial cells, judging from its structure,
as reported previously.”

AT2R, which is known to function in response to stress,
was clearly expressed in the IPL and OPL under control con-
ditions (Fig. 1F). Most of the AT2R was coexpressed with
synaptophysin, indicating that AT2R is present in synaptic sites
(Figs. 1G, 1H). The most intense staining for AT2R in the
innermost IPL was double positive with anti-PKCa, one of the
rod bipolar cell markers (data not shown). AT2R expression
was also slightly observed in nerve fibers in the GCL.

Next we compared the expression levels of angiotensin I,
ATIR, and AT2R in the retina during inflammation with or
without treatment using telmisartan. Expression of angiotensin
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Ficure 1. Expression of ATIR and
AT2R in the retinas of adult mice
under control conditions. AT1IR (A)
was coexpressed with synaptophy-
sin, 2 presynaptic vesicle protein, in
the IPL and OPL (marked area in (A)
was magnified in (B) and (C) and
merged in (O). Coexpression of
ATIR (green) and synaptophysin
(red) was clearly observed in the
magnified images of the IPL and OPL
(C, arrows in insets). ATIR was
probably expressed in photorecep-
tor cells judging from the localization
(B, arrows). ATIR was also coex-
pressed  with  peurofilament, a
marker for nerve fibers in the GCL
and OPL (D, arrows), and glutamine
synthetase, a marker for Miiller glial )
cells (E, arrows). AT2R was mainly  }
expressed in the IPL and OPL (F),
most of which were coexpressed
with synaptophysin (marked area in
(F) was magnified in (G) and (H) and
merged in (H)). AT2R was probably
expressed in photoreceptor cells (G,
arrows). It was slightly observed in
nerve fibers in the GCL (F). GCL,
ganglion cell layer; IPL, inner plexi-
form layer; INL, innér nuclear layer;
OPL, outer plexiform layer; ONL,
outer nuclear layer; NF, ncurofila-
ment; GS, glutamine synthetase. Im-
munoblot analyses. Expression of an- i
giotensin Il (I, J) was upregulated by K
LPS injection and suppressed after
treatment with telmisartan, though it
remained at a level higher than con-

trol (Control: LPS/LPS + telmisartan;
1.00:2.68:1.88; 1 = 6:6:8; *P < 0.05;

P < 0.01; Bonferroni/Dunn test @, J).
Expression level of ATIR (Control:
LPS/LPS + telmisartan; 1.00:2.15:

1.41; n = 6:6:8;, =P < (.05; Bonfer-
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roni/Dunn test (K, L)) was upregu Coatrol
lated in LPS-induced inflammatory
retina, whereas it was downregu-

lated after treatment with telmisartan.

I was 2.7-fold upregulated by LPS injection, which was signif-
icantly suppressed by treatment with telmisartan, although it
remained upregulated compared with control (control, LPS/
LPS + telmisartan; 1.00:2.68:1.88; Figs. 11, 1)).

ATIR expression was also upregulated during inflammation
and was clearly suppressed by treatment with telmisartan (con-
trol, LPS/LPS + telmisartan; 1.00:2.15:1.41; Figs. 1K, 1L). This
was consistent with the report in the brain®>*" that ATIR
expression is upregulated by a positive feedback system. Thus,
the administration of AT1R blocker efficiently cut off the feed-
back loop. On the other hand, AT2R expression was 2.8-fold
upregulated after LPS injection and was still maintained at a
high level (2.3-fold) after treatment with telmisartan (data not
showmn).
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Protective Effect of Telmisartan on
Synaptophysin Expression during Inflammation

Both ATIR and AT2R were well expressed in synapses in the
retina. To investigate the effect of angiotensin II on synapses,
we analyzed the expression level of synaptophysin. The ex-
pression of synaptophysin during LPS-induced inflammation
was significantly reduced, but it was clearly prevented by
telmisartan. To evaluate the possible contribution of AT2R
signaling in telmisartan treatment, we next injected an AT2R
antagonist, PID123319, in addition to LPS and telmisartan. The
expression of synaptophysin was lower after PD123319 injec-
tion even after LPS-induced inflammation was treated with
telmisartan, though the level was clearly higher compared with
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FiGUre 2. Reduction in synaptophysin expression during inflamma-
tion was prevented by telmisartan. Synaptophysin expression during
retinal inflammation was significantly reduced, but telmisartan clearly
prevented the change. Restored synaptophysin expression by telmis-
artan was partially cancelled after administration of the AT2R antago-
nist PD123319 (Control: LPS/LPS + telmisartan/LPS + telmisartan -+
PD123319; 1:0.48:0.85:0.69; u# = 6:3:5:3; ¥P < 0.01; *P < 0.05;
Bonferroni/Dunn test (A, B)).

the LPS-induced inflammatory retina with no treatment (con-
trol, LPS/LPS + telmisartan/LPS + telmisartan + PD123319;
1:0.48:0.85:0.69; n = 6:5:5:5; *P < 0.01; *P < 0.05; Bonfer-
roni/Dunn test; Figs. 24, 2B). This suggested that the upregu-
lation of AT2R function relative to ATIR was involved in
rescuing the expression of synaptophysin in this therapy.

Given that additional partial PPAR-y agonist activity is spon-
taneously found in telmisartan,”®** its contribution was also
analyzed by administration of the PPAR-y antagonist, GW9662,
in addition to telmisartan. Although a high dose of GW9662
was injected compared with previous reports,”*%*' the level
of synaptophysin expression was not changed (data not
showmn), suggesting that there was less contribution of PPAR-y
activity in this case.

Thus, the AT1R blocker telmisartan inhibited the reduction
of synaptophysin expression during retinal inflammation, by
the blockade of ATIR and the relative upregulation of AT2R
function.

Protective Effect of Telmisartan on Rhodopsin
Expression during Inflammation with Reduction
of Activated STAT3

After LPS injection, the expression of angiotensin II was up-
regulated (Figs. 11, 17), and in its downstream, the inflamma-
tory cytokine IL-G**? was induced, as we have previously
reported.? Both ligands can activate STAT3,* which causes
multiple events, depending on the cell type. Immunoblot anal-
vsis showed that STAT3 was highly activated in the neural
retina but that it was significantly prevented by telmisartan
(control, LPS/LPS + telmisartan; 1.00:1.92:1.51; Figs. 3A, 3B).
Although ATZR?' and PPAR-y*? activity has been reported to
inhibit STAT?3 activation biochemically, neither receptor activ-
ity showed any contribution (data not shown). Therefore,
strong STAT3 activation was induced by retinal inflammation
but was prevented by ATIR blockade.

Next, we analyzed whether rhodopsin expression nega-
tively correlated with STAT? activation, as it did in the neonatal
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retina. During inflammation with intense STAT3 activation,
rhodopsin expression was significantly downregulated toward
40% of the control condition. However, treatment with telmisar-
tan, which avoided excessive STAT3 activation, successfully pre-
served rhodopsin expression (control, LPS/LPS + telmisartan;
1.0:0.40:0.91; Figs. 3C, 3D). Because immunohistochemical find-
ings showed that the number of photoreceptor cells was not
altered and that TUNEL-positive cells were rarely observed in this
model (data not shown), each rod photoreceptor cell might have
reduced the level of rthodopsin expression. The contribution of
AT2R function or PPAR-y activity was not observed (data not
shown). Thus, rhodopsin expression was attenuated during in-
flammation and negatively correlated with strong STAT3 activa-
tion, which was efficiently prevented by AT1R blockade.

In the retina, Miiller glial cells maintain the microenviron-
ment, but, when pathologic events occur, they alter their
characteristics to become reactive glial cells. It is recognized by
GFAP upregulation,® which is induced by STAT3 activa-
tion.*> 37 Under control conditions, GFAP expression (Fig. 44)
in Miiller glial cells (Fig. 4D) was only observed in their endfect
but was clearly induced through the columnar cell bodies
when inflammation occurred (Figs. 4B, 4E). However, this was
mostly avoided by treatment with telmisartan (Figs. 4C, 4F).
These results suggested that STAT3 was also activated in Miller
glial cells through the ATIR pathway.

Protective Effect of Telmisartan on Visual
Responses after Retinal Inflammation

We next recorded full-field ERG after 12 hours of dark adapta-
tion (Figs. 5A-E). Overall responses were reduced after inflam-
mation but preserved by treatment with telmisartan. Ampli-
tude of the a-wave was significantly lowered (control, LPS/LPS
+ telmisartan; 311:159:282 (uV); Figs. 54, 5B), and the implicit
time of the b-wave was prolonged (control, LPS/LPS + teimis-
artan; 44.7:83.5:05.3 (ms); Figs. 5A, 5E) after inflammation, but
those changes were not observed after treatment with telmis-
artan. Therefore, functional analysis also showed that visual
function was successfully rescued from retinal damage during
inflammation by the AT1R blocker telmisartan.
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FiGure 3. Induction of STAT3 activation and reduction of rhodopsin
expression during inflammation were effectively blocked by telmisar-
tan, STAT3 activation induced during inflammation was inhibited by
telmisartan (Control: LPS/LPS 4+ telmisartan; 1.00:1.92:1.51; 7 = 6:6:7;
=P < 0.01; Bonferroni/Dunn test (A, B)). Rhodopsin expression was
significantly suppressed during inflaimmation, which was clearly
avoided by treatment with telmisartan (Control: LPS/LPS + telmisartan;
1.00:0.402:0.906; n = 6:7:9; “P < (.05; Bonferroni/Dunn test (C, D)).
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FIGURE 4. GFAP expression during inflammation was suppressed by
telmisartan. GFAP expression (A-C) in Miller glial cells (D-F, detected
by G8) was only observed in their endfect in control conditions (A, D),
but it was clearly upregulated through the columnar cell bodies during
inflammation (B, E), which was observed less often after treatment
with telmisartan (C, F). GFAP, glial fibrillary acidic protein; GS, glu-
tamine synthetase.

DIscussioN

We demonstrated that intense inflaimmation caused local up-
regulation of angiotensin II expression and thereby reduced
the expression levels of rhodopsin and synaptophysin. We also
showed severe disturbance of visual function by ERG. Treat-
ment with the AT1R blocker telmisartan effectively prevented
pathologic changes through the reduction of local angiotensin
II expression, blockade of ATIR signaling with or without
subsequent activation of STAT3, and relative upregulation of
AT2R function. Both ATIR and AT2R are expressed in most of
the retinal neural cells (Fig. 1), suggesting the possibility that
telmisartan directly affects retinal neural cells.

High levels of angiotensin II were observed in the retina of
this model with retinal inflammation. It is generally agreed that
continuous activation of local RAS causes tissue inflimmation
rather than circulating angiotensin I1.”**3° This is also the case
in the retina, and all the components for RAS are inducible in
the neural retina or surrounding tissues,®>1%1 24941 1n partic-
ular, the first substrate of RAS, angiotensinogen, is expressed in
Miiller glial cells™* and is upregulated by STAT3 activa-
tion.**** As shown in this study, STAT3 should be activated in
Miiller glial cells at least through ATIR during inflammation;
thus, a high level of angiotensinogen may be induced during
retinal inflammation. In addition, the expression of AT1R itself
was also increased so that once triggered, angiotensin II could
be produced continuously through ATIR in the retina. Thus,
local angiotensin II expression in retinal tissue was efficiently
inhibited by AT1R blockade in Miiller glial cells. Therefore, one
of the therapeutic targets for the AT1R blocker during retinal
inflammation included reduction in local angiotensin II expres-
sion by cutoff of the positive feedback loop of locally activated
RAS (Fig. 6).

Several changes were observed in retinal neurons and Miil-
ler glial cells under high levels of angiotensin I during inflam-
mation that also appeared to be good therapeutic targets for
the AT1R blocker telmisartan (Fig. 6).
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The most obvious effect during inflammation was the re-
duction of rhodopsin expression, which should have disturbed
the function of rod photoreceptor cells but was mostly pre-
vented by treatment with the ATIR blocker telmisartan. The
level of rhodopsin expression was negatively correlated with
STAT3 activation, 4s in the neonatal retina.'™2° Although rod
photoreceptor cells express several kinds of cytokine recep-
tors that can activate STAT3, STAT3 activation in photorecep-
tor cells is rarely observed under normal conditions.'®2° In the
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Ficurk 5.  Abnormalities in ERG response during inflammation were
markedly prevented by telmisartan. Fullfield electroretinography
(ERG) after 12 hours of dark adaptation (A). Overall responses were
reduced in LPS-induced inflammatory retina but were mostly preserved
after treatment with telmisartan. Amplitude and implicit time of a- and
b-waves were significantly altered during inflammation and, notably,
were saved by treatment. Amplitude of a-wave; control: LPS/LPS +
telmisartan; 311:159:282 (uV); 11 = 4:3:4; *P < (.05, Fisher PLSD test
(B). Implicit time of a-wave; control: LPS/LPS + telmisartan; 5.63:7.45:
7.23 (ms); n = 4:3:4; *P < (.05, Fisher PLSD test (C). Amplitude of
b-wave; control: LPS/LPS + telmisartan; 616:267:361 (uV); # = 4:3:4;
*P < 0.05, Fisher PLSD test (D). Implicit time of b-wave; control:
LPS/LPS + telmisartan; 44.7:83.5:65.3 (ms); # = 4:3:4; *P < 0.05,
Fisher PLSD test (E).
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FIGURE 6. Model of mechanisms affecting retinal neural activities by angiotensin 11 during inflammation
and therapeutic targets of telmisartan. Angiotensin Il is highly upregulated during inflammation and
dominantly binds to AT1R in the retinal neural cells. Through AT1R, STAT3 activation is induced in the
Miiller glial cells, upregulating GFAP expression and further increasing angiotensin II production. Thus,
this inflammatory reaction is accelerated in a positive feedback manner. ATIR signaling also induces
$TAT3 activation in the rod photoreceptor cells, reducing rhodopsin expression. ATIR signaling down-
regulates synaptophysin expression in the retinal neurons. AT1R blockade with telmisartan successfully
prevents these signs of retinal neural damage. In addition, the relative upregulation of AT2R function after
ATIR blockade also contributes to the preservation of synaptophysin expression.

present study, however, the excessive stimuli should have
activated STAT3 in the photoreceptor cells under pathologic
conditions, as follows: AT1R signaling induces IL-6 expression
in the retina® through NF-«B, and, in turn, IL-6 upregulates
ATIR expression.” Both angiotensin II and IL-6 can activate
STAT3; thus, excessive ligands should have forced STAT3 to
activate synergistically in rod photoreceptor cells, which dis-
turbs rhodopsin expression in adults. Conversely, the AT1R
blocker suppressed the expression of these ligands and directly
blocked ATI1R, thus avoiding STAT3 activation in rod photore-
ceptor cells and reduction in rhodopsin expression.

Furthermore, synaptophysin expression during inflamma-
tion was reduced, which should have affected synaptic func-
tion by disturbing the exo-endocytosis of the synaptic vesicle
essential for releasing neurotransmitters.*> However, it was
also averted by the AT1R blocker, telmisartan. Although AT2R
was already expressed in synapses and has a level of affinity to
angiotensin II almost identical with that of ATIR,'®> AT2R
signaling could not eliminate the pathologic changes caused by
ATIR signaling without treatment with the ATIR blocker,
possibly because the expression level of AT2R was basically
lower than that of AT1R. However, AT1R blockade probably
led to the selective binding of angiotensin II to AT2R instead of
ATIR. Moreover, the expression level of AT2R was not down-
regulated by ATIR blocker, which was advantageous for this
therapy.

The mechanisms to rescue synaptophysin expression may
be through direct AT1R signaling because ATIR signaling has
been reported to control the kinetics of synaptic vesicles®” and
the expression of their components,'® which can be cancelled
by AT2R signaling.*® Excessive AT1R signaling may promote
the exocytosis of synaptic vesicles beyond the capacity of the
re-uptake system to exhaust synaptophysin or to suppress the
expression.

Abnormalities in Miller glial cells were also observed during
inflammation. AT1R signaling promoted GFAP expression rep-
resenting reactive Miller ghial cells. The possible changes in
reactive Miller glial cells included decreased uptake of gluta-
mate™® and GABA,""%? and they induced gliogenetic
changes in the cells themselves afterward.>® The accumulation
of glutamate has been shown by clinical data in diabetic reti-
nopathy.*” These abnormalities might have affected the micro-
environment of surrounding retinal neurons that indirectly
altered their status.

Moreover, the changes in ERG responses were obvious.
Telmisartan successfully preserved retinal function. Thus,
ATIR signaling was responsible for disturbing visual function.
The change in rhodopsin expression might have been involved
in a-wave changes, and the malfunction of postsynaptic neural
activity in INL cells or Miiller glial cells might have been reflected
in b-wave responses in ERG, though several other factors might
also have been involved. These results further encourage us to use
this therapy for patients with inflammatory diseases.

We demonstrated that local angiotensin II expression was
extremely elevated during retinal inflammation, thereby influ-
encing the condition of the retinal neural cells through AT1R
signaling, which is expressed in most of the retinal cells. These
changes were accelerated by positive feedback regulation
through AT1R. Thus, telmisartan was effective for keeping the
retinal neural cells from losing their physiological activities and
normal ERG responses. We concluded that telmisartan plays
key roles in neuroprotection and that it preserves good visual
function by reducing inflammatory reactions in the retinal
neural cells.
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ABSTRACT

We report the presence of neural crest-derived corneal
precursors (COPs) that initiate spheres by clonal expan-
sion from a single cell. COPs expressed the stem cell
markers nestin, Notchl, Musashi-1, and ABCG2 and
showed the side population cell phenotype. COPs were
multipotent with the ability to differentiate into adipo-
cytes, chondrocytes, as well as neural cells, as shown by
the expression of S-111-tubulin, glia! fibrillary acidic pro-
tein, and neurofilament-M. COP spheres prepared from
E/nestin-enhanced green fluorescent protein (EGFP) mice
showed induction of EGFP expression that was not orig-
inally observed in the cornea, indicating activation of the
neural-specific nestin second intronic enhancer in culture.

INTRODUCTION

The cornea is an avascular, structurally unique tissue that func-
tions as the primary refracting medium of the eye. Although
anatomically continuous with the vascularized sclera and con-
junctiva, all three major components of the cornea function
together to maintain optically clear tissue. Therefore, homeosta-
sis of the corneal epithelium, stroma, and endothelium—the
cellular components of the cornea—is vital in preserving trans-
parency and optical precision.

Stem cell researchers of the cornea have identified the
epithelial stem cell to be located in the vascular rim, or limbus,
of the cornea [1]. In contrast, there is little evidence of the
existence of stem/progenitor cells for keratocytes [2, 3], the
resident cells of the corneal stroma. Keratocytes, mesenchymal
cells distinct from keratinocytes of the skin, repopulate the
corneal stroma during tissue remodeling after its depletion due

COPs were Sca-1*, CD34%, CD45™, and c-kit~. Numer-
ous GFP™ cells were observed in the corneas of mice
transplanted with whole bone marrow of transgenic mice
ubiquitously expressing GFP; however, no GFP* COP
spheres were initiated from these mice. On the other
hand, COP spheres from transgenic mice encoding P0-
Cre/Floxed-EGFP as well as Wntl-Cre/Floxed-EGFP
were GFP™, indicating the neural crest origin of COPs,
which was confirmed by the expression of the embryonic
neural crest markers Twist, Snail, Slug, and Sox9. Taken
together, these data indicate the existence of neural crest-
derived, multipotent stem cells in the adult cornea. STEM
CELLS 2006,24:2714-2722

to disease, such as herpes simplex virus infection, and trauma [4,
5]. Although the stroma of the cornea develops from the cranial
neural crest [6, 7], the origin of keratocytes involved in the
turnover of stromal tissue is unknown.

We have previously demonstrated that the neurosphere
culture technique, which was originally developed for neural
stem cells (NSCs) isolated from the forebrain of mouse {8].
can be adapted to culture mouse cornea stromal cells for more
than 15 passages while still maintaining the keratocyte phe-
notype [9]. A recent report demonstrated that multipotent
precursor cells from adult mouse and human dermis, termed
skin-derived precursor cells (SKPs), also form spheres and
differentiate into neural and mesenchymal cells [10-12]. We
therefore hypothesized that the corneal stroma-derived
spheres we have isolated also include putative keratocyte
precursor cells similar to SKPs of the skin.
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Table 1. Polymerase chain reaction primers

Gene Primer sequence (5'-3") Product size (bp) GenBank accession ID

Abcg2 Forward: CCATAGCCACAGGCCAAAGT 327 NM_011920
Reverse: GGGCCACATGATTCTTCCAC

Nestin Forward: AATGGGAGGATGGAGAATGGAC 496 NM_016701
Reverse: TAGACAGGCAGGGCTAAGCAAG

Musashil Forward: GGCTTCGTCACTTTCATGGACC 542 NM_008629
Reverse: GGGAACTGGTAGGTGTAACCAG

Notchl Forward: TGCCTGTGCACACCATCCTGC 247 NM_008714
Reverse: CAATCAGAGATGTTGGAATGC

Twist Forward: CCAGAGAAGGAGAAAATGGACAGTC 259 NM_011658
Reverse: AAAAAGTGGGGTGGGGGGACACAAAC

Snail Forward: CCCACTCGGATGTGAAGAGATACC 534 NM_011427
Reverse: ATGTGTCCAGTAACCACCCTGCTG

Slug Forward: CACACACACACACACACACACACAG 570 NM_011415
Reverse: TCGTCTTTCCCTCCTCTTCCAAGG

Sox9 Forward: CGCCCATCACCCGCTCGCAATACG 545 NM_0011448
Reverse: AAGCCCCTCCTCGCTGATACTGG

Mp:z Forward: TTCCTGCTCTCCCTTTCCTACC 422 NM_008623
Reverse: CCTTTCCTTCCCATTCTCGC

Gapd Forward: GACCACAGTCCATGCCATCAC 453 NM_008084
Reverse: TCCACCACCCTGTTGCTGTAG

Here, we show the existence of multipotent keratocyte pre-
cursor cells (termed COPs, for cornea-derived precursors) in
cornea stromal spheres isolated from adult mice. Single cells
dissociated from spheres initiated clonal growth of progeny
spheres, and a subset of COPs exhibited the side population (SP)
cell phenotype. We sought to determine whether COPs were of
bone marrow (BM) origin or of neural crest lineage by initiating
COP spheres in various transgenic mice.

MATERIALS AND METHODS

Animals

Normal, specific pathogen-free, adult C57BL/6J mice were pur-
chased from CLEA Japan, Inc., Tokyo, http://www.clea-japan.
com/index.html). Green fluorescent protein (GFP) transgenic
mice (C57BL/6 TgN [act-enhanced GFP (EGFP)] OsbCi14-
Y01-FM131) were obtained from the Genome Information Re-
search Center (Osaka University, Osaka, http://www.gen-info.
osaka-u.ac jp/welcome_en.html). Transgenic mice expressing
Cre recombinase under the control of the Wntl promoter/en-
hancer (Wntl-Cre mice) [13] and PO promoter (PO-Cre mice)
[14] were mated to CAG-CAT*F4*T_EGFP (CAG-CAT-
EGFP) transgenic mice [15] to obtain Wntl-Cre/CAG-CAT-
EGFP (Wntl-Cre/Floxed-EGFP) and PO-Cre/CAG-CAT-EGFP
(P0-Cre/Floxed-EGFP) transgenic mice, respectively. PO-Cre
transgenic mice and CAG-CAT'****".EGFP transgenic mice
were obtained from Dr. Ken-ichi Yamamura and Dr. Jun-ichi
Miyazaki, respectively. All animal procedures were performed
in accordance with institutional guidelines.

Cell Culture

Celis were dissociated from adult C57BL6/J mice and then cultured
as described previously [9]. All animals were handled in full
accordance with the ARVO (Association for Research in Vision
and Ophthatmology) Statement for the Use of Animals in Ophthal-
mic and Vision Research. In brief, corneal stromal discs were cut
into small pieces and digested in 0.05% trypsin (Sigma-Aldrich, St.
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Louis, http://www sigmaaldrich.com) for 30 minutes at 37°C, fol-
Jowed by 78 U/ml collagenase (Sigma-Aldrich) and 38 U/ml hy-
aluronidase (Sigma-Aldrich) treatment for 30 minutes at 37°C.
Stromal cells were mechanically dissociated into single cells and
cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F-12
(1:1) supplemented with 20 ng/ml epidermal growth factor (EGF)
(Sigma-Aldrich), 10 ng/ml fibroblastic growth factor 2 (FGF2)
(Sigma-Aldrich), B27 supplement (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com), and 10” U/ml leukemia inhibitory fac-
tor (Chemicon International, Temecula, CA, http://www.chemicon.
com) at a density of 1 X 107 cells per milliliter at 37°C. 5% CO,.

For clonal sphere expansion, COPs were initiated from
corneas of wild-type C57BL/6 strain and transgenic strain ex-
pressing GFP ubiquitously [16]. Cells dissociated from COPs
were plated on six-well dishes at a cell density of 5 X 10 cells
per milliliter and cultured for 67 days in DMEM/F-12 con-
taining 0.8% methylcellulose with EGF, FGF2, and B27 sup-
plement. The use of methy] cellulose in the clone culture of
NSCs (neural spheres) is an established method reported by
several gro{xps [17-24].

To examine the expression of nestin in COPs, cells were
prepared from transgenic mice carrying EGFP (Clontech,
Mountain View, CA, http://www.clontech.com) under the con-
trol of the second intronic enhancer of the nestin gene, which
acts selectively in neural stem/precursor cells (E/nestin-EGFP)
[25]. To confirm the neural crest origin of COPs, corneal stro-
mal cells were prepared from six corneas of neonatal (13 days)
and three corneas of adult (8 weeks) PO-Cre/Floxed-EGFP mice,
as well as from one comea of an adult (10 weeks) Wnt1-Cre/
Floxed-EGFP mouse and cultured as described above.

In Vitro Differentiation

To examine neural differentiation, COPs were dissociated into
single cells and suspended at a cell density of 10 cells per
milliliter. One-hundred microliters of the cell suspension was
divided into 48-well culture plates, and only clonal spheres from
single cells were subcultured and expanded. Clonal COPs were
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plated and cultured on poly(L-ornithine)/laminin-coated Lab-
Tek chamber slides (Nalge Nunc International, Rochester, NY.
http://www.nalgenunc.com). For a-smooth muscle actin
(a-SMA) expression, clonal cells were also plated on Lab-Tek
chamber slides in transforming growth factor (TGF)-B-contain-
ing medium. For adipogenic or chondrogenic differentiation,
dissociated COPs were cultured in differentiation-inducing me-
dium (Cambrex Bio Science Walkersville, Inc., Walkersville,
MD, http://www.cambrex.com) according to instructions pro-
vided by the manufacturer. To visualize adipogenic differenti-
ation, cells were stained with oil red O (Sigma-Aldrich). Chon-
drogenic differentiation was observed by the expression of the
specific markers collagen II and aggrecan analyzed by immu-
nocytochemistry of cell pellets (see above). Results were ex-
pressed as mean = SD.

Immunohistochemistry

Cultured cells and frozen-tissue sections were fixed with 4%
paraformaldehyde (PFA) for 10 minutes at room temperature
and then stained with the following antibodies: anti-Berpl (1:
250; R&D Systems, Minneapolis, http://www.rdsystems.com),
anti-a-SMA (1:200; NeoMarkers. Fremont, CA, http:/www.
labvision.com), anti-collagen type II (1:40; Chemicon Interna-
tional), anti-aggrecan (1:40; Chemicon International), anti-
Musashi-1 (Msil) (1:500, clone 14H1) [26], anti-class Il
B-tubulin (1:100, R&D Systems), anti-glial fibrillary acidic pro-
tein (GFAP) (1:200; Chemicon International), and anti-neuro-
filament-M (NF-M) (1:500; Abcam, Cambridge, U.K., http://
www.abcam.com). Immunohistochemistry for GFP was
performed using an anti-GFP antibody (1:500; MBL, Nagoya.
Japan, hitp://www.mbl.co.jp) in 10-um frozen sections from
eyes fixed in 2% PFA overnight at 4°C. Immunoreactivity of
primary antibodies was visualized using secondary antibodies
conjugated with fluorescein isothiocyanate or cyanine 3 (Jack-
son ImmunoResearch Laboratories, West Grove, PA, http://
www jacksonimmuno.com).

Reverse Transcription-Polymerase Chain Reaction
COPs and cells freshly dissociated from mouse corneal stroma
were collected and immediately frozen in liquid N,. cDNA was
synthesized using a commercially available kit (Life Sciences,
Inc., St. Petersburg, FL, http://www lifesci.com) from total
RNA prepared using RNeasy kit (Qiagen, Hilden, Germany,
http://www]1.qiagen.com). Primers used for Abcg2, Notchl, nes-
tin, Msil, Twist, Snail, Slug, Sox9, and Gapd are shown in Table
1 (supplemental online data). Polymerase chain reaction (PCR)
was performed using GeneAmp 9700 (Applied Biosystems,
Foster City, CA, http://www.appliedbiosystems.com).

Flow Cytometry

For Hoechst dye efflux assays, single cells dissociated from
COP spheres were incubated with Hoechst 33342 dye
(Dojindo Laboratories, Kumamoto, Japan, http//www.
dojindo.com) for 60 minutes at 37°C in the presence or
absence of 50 uM reserpine (Daiichi Pharmaceutical, Tokyo,
http://www.daiichius.com). SP cells were gated using FACS
Vantage (BD Biosciences Immunocytometry Systems, San
Jose, CA, hitp://www.bdbiosciences.com) as described pre-
viously [27]. Surface marker expression was also analyzed by
flow cytometry using antibodies for CD45, CD34, Sca-1,

Cornea-Derived Precursor Cells

c-kit, and CD133 (eBioscience. San Diego, http://www.
ebioscience.com). Isotype-matched immunoglobulin G was
used as negative control.

BM Transplantation

Whole BM (WBM) cells (1 X 10° cells) were prepared from
GFP-transgenic mice [16] and transplanted into the retro-orbital
space of C57BL6/) recipient mice treated with a lethal dose
(10.3 Gy) of irradiation. Eight weeks after transplantation, re-
cipient mice were sacrificed, and corneal stromal cells were
prepared for sphere culture. Cells from the transplanted animals
and nonirradiated animals were then mixed and cultured as
described above to assess WBM-derived cell contribution to
COP sphere formation.

RESULTS

COPs Initiate Clonal Sphere Formation

Mouse corneal stromal-derived spheres were first prepared and
cultured as described previously [9]. To determine whether
spheres arise from single putative COPs or from aggregates of
floating cells, we first performed the clonal sphere-forming
assay [17]. As shown in Figure 1, homogeneous GFP-positive or
-negative spheres were found 6 days after plating. More than
70% of spheres were homogenous; however, nonclonal spheres
composed of GFP-positive and -negative cells were also ob-
served. The same observation was made by Kawase et al. [17],
who reported that SKPs may aggregate at an initial cell density
of 1 X 10° cells per milliliter during sphere cultures. Clonal
sphere formation was observed for several passages (P5), sug-
gesting that COPs possess high “self-renewing” potential.

Figure 1. Single cornea-derived precursors form clonal spheres. Green
fluorescent protein (GFP)-positive and -negative cells were mixed and
cultured in methyleellulose-containing medium at a cell density of 5 X
10° cells per milliliter. Right and left panels show fluorescent images
and phase-contrast images merged with fluorescent images, respec-
tively, Upper panels show images of the cells 1 day after plating. After
6 days of culiure, clonal spheres that consist entirely of GFP-positive or
-negative cells were observed (lower panels). Scale bars = 200 pm
(upper panel) and 100 pm (lower panel).

Stem Cris
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Figure 2. Cornca-derived precursors differentiate into mesenchymal
cells. (A): Keratoeyte phenotype in serum-free culture. (B): Anti-a-
smooth muscle actin staining of myofibroblasts induced by transforming
growth factor (TGF)-B. (€C): Adipogenic cells stained with oil red O.
Cells cultured in mediuvm containing TGF-83 formed chondrogenic
peliets (D) (arrow) expressing collagen I (E) and aggrecan (F). Scale
bars = 50 pm (A), 20 um (B, C). and 100 pm (E, F).

COPs Differentiate into Neural and Mesenchymal
Lineage Cells

COPs differentiate into keratocytes when cultured on plastic
(Fig. 2A), into fibroblasts when cultured with serum, and into
myofibroblasts under TGF-B stimulation (Fig. 2B) [9]. To
determine whether these cells possess the ability to differen-
tiate into other cells of mesenchymal lineage, COPs were
cultured in various differentiation-inducing media. After 10
days of culture in mediam containing insulin, approximately
7.9% (mean, n = 2) of the cells differentiated into oil red
O-positive lipid-producing adipocytes (Fig. 2C). In addition,
cell pellets were formed when cells were cultured in chon-
drogenic-inducing medium containing TGF-$3 (n = 9) (Fig.
2D). Immunofluorescent staining showed expression of the
chondrocyte markers, type II collagen and aggrecan [28] in
the pellets (Fig. 2E, 2F).

The NSC marker Msil, an RNA-binding protein involved
in the maintenance of NSCs and activation of Notch signaling
[26, 29, 30}, was expressed in COP spheres (Fig. 3A, 3C).
COP spheres also expressed the NSC markers nestin {25, 31]
and Notchl (Fig. 3A); the latter is a gene involved in the
self-renewal of various types of tissue stem cells, including
NSCs [32]. Because Nestin is an intermediate filament ex-
pressed by several cell types [33], COP spheres were pre-
pared from E/nestin-EGFP transgenic mice, which carry the
EGFP transgene under the control of a NSC-selective en-
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Figure 3. COP spheres express neural stem/precursor and differentia-
tion markers. (A): Reverse transcription-polymerase chain reaction
analysis of necural stem cell markers Notchl, Musashil, and nestin
expressed in COPs. Gapd was loaded as an internal control. (B):
Fluorescent image merged with transmitted-light image of a COP sphere
prepared from an F/nestin-EGEFP mouse. EGFP expression confirms the
activation of neuronal nestin. (C): Immunocytochemical analysis
showed high levels of Musashi-1 expressed in COP spheres. Differen-
tated cells from COP spheres express the neuronal markers GFAP (D).
class 111-B-tubulin (E), and NF-M (F). Cells were counterstained with
4,6-diamidino-2-phenylindole (blue) to show nuclei. Scale bars = 20
um (B, C) and 50 pm (D-F). Abbreviations: COP, cornea-derived
precursor: EGFP, enhanced green fluorescent protein; GFAP, glial
fibrillary acidic protein; NI-M, neurofilament-M; RT, reverse transcrip-
tion.

hancer [25]. As expected, EGFP-positive spheres were
formed (Fig. 3B) from these mice, which originally did not
show EGFP-related fluorescence in the cornea.

Neural differentiation of COPs was shown by the expression
of class III B-tubulin, GFAP, and NF-M in cells cultured on
poly(i.-ornithine)-coated slides in differentiation-inducing me-
dium (Fig. 3E. 3F). Approximately 1.4% of cells stained with
anti-NF-M antibody (n = 3), 36.9% = 17.7% expressed GFAP
(n = 3), and 32.8% = 15.8% expressed B-UI-tubulin (n = 3).

COP Spheres Are Rich in SP Cells

Several studies have shown that the ability to exclude Hoechst
dye is a property of stem cells commonly referred to as SP cells
{34], which are distinguished from the “main population” by
flow cytometric analysis. The SP cell phenotype is defined by
the dye exclusion ability of an ABC transporter, ABCG2, which
is inhibited by ABC-transporter inhibitors such as reserpine. We
found that COP spheres expressed ABCG2 when examined by
reverse transcription (RT)-PCR and immunocytochemistry (Fig.





