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Bone marrow stromal cells (BMSCs) are expected to be a source for tissue regeneration because they can
differentiate into multiple cell types. Establishment of efficient gene transfer systems for BMSCs is essen-
tial for their application to regenerative medicine. In this study, we compared the transduction efficiency

in mouse primary BMSCs by using fiber-modified adenovirus (Ad) vectors, and demonstrated that AdK7,
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which harbors a polylysin (K7) peptide in the C-terminus of the fiber knob, could efficiently express a
transgene in BMSCs. Notably, AdK7 robustly drove transgene expression in more than 90% of the BMSCs
at 3,000 vector particles/cell. Furthermore, we showed that in vitro and in vivo osteogenic potential of
BMSCs was dramatically promoted by the transduction of Runx2 gene using AdK7. These results indicate

that this transduction system could be a powerful tool for therapeutic applications based on BMSCs.

© 2008 Elsevier Inc. All rights reserved.

Because bone marrow stromal cells (BMSCs) containing mesen-
chymal stem cells (MSCs) can be easily isolated from adult tissues
and efficiently expanded in vitro, and can differentiate into multi-
ple cell types [1,2], BMSCs are expected to be an ideal source of
cells for the regeneration of tissues. However, it is difficult to ob-
tain a large amount of pure differentiated cells from BMSCs be-
cause of their low differentiation efficiency. The cell transition
from stem cells to lineage-committed cells involves many tran-
scription factors that promote or suppress cellular differentiation
[3]. Thus, to develop an efficient method for differentiating from
BMSCs into specialized cells, we planned to combine the transduc-
tion of a functional gene, which promotes cellular differentiation,
with stimulation by chemical reagents. To do this procedure, it is
essential to develop efficient transduction systems for BMSCs.

Among the various types of gene delivery vectors, adenovirus
(Ad) vectors have been widely used for gene transfer studies, since
they can achieve high transduction efficiency and transduce both
dividing and non-dividing cells [4]. Although Ad vector-mediated
transduction into BMSCs has been performed, the transduction
efficiency was found to be lower than those of many other cell lines
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[5.6]. This is due to the low levels of coxsackievirus and adenovirus
receptor (CAR), which mediates adenovirus entry, on the cell sur-
face [5,6]. To overcome this problem, we and others have gener-
ated several types of fiber-modified Ad vectors, which mediate
efficient gene transduction into the cells expressing very low levels
of CAR [7,8]. Transduction efficiency was improved in various types
of the cells by the insertion of Arg-Gly-Asp (RGD) peptide or 7-tan-
dem lysine residues (KKKKKKK: K7) peptide, which targets v inte-
grins or heparan sulfates, respectively, on the cell surface, into the
fiber knob of the Ad vector [7,8]. In particular, we previously re-
ported that polylysin-modified Ad vector (AdK7) is the most suit-
able vector for transduction into human bone marrow-derived
MSCs (hMSCs) [9].

In this study, we initially investigated the transduction effi-
ciency of mouse primary BMSCs by using fiber-modified Ad vec-
tors. We next examined whether the osteogenic potential of
BMSCs was promoted by using Ad vector-mediated transduction
of a runt-related transcription factor 2 (Runx2) gene, which is
known as a master gene for osteoblastogenesis [10,11].

Materials and methods

Ad vectors. Ad vectors were constructed using an improved
in vitro ligation method [12,13]. The CA (cytomegalovirus (CMV)
enhancer/B-actin promoter) promoter [14]-driven B-galactosidase
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(LacZ)-expressing plasmid, pHMCA-LacZ [15], was digested with I-
Ceul/PI-Scel and inserted into I-Ceul/Pl-Scel-digested pAdHM15-
RGD [16] or pAdHM41-K7 (C) |8], resulting in pAdRGD-CA-LacZ,
pAdK7-CA-LacZ, respectively. The CMV or the human elongation
factor (EF)-1a  promoter-driven LacZ-expressing plasmid,
pHMCMV-LacZ [15] or pHMEF-LacZ [15], respectively, was also di-
gested with [-Ceul/PI-Scel and ligated into [-Ceul/Pl-Scel-digested-
pAdHM41-K7 (C), resulting in pAdK7-CMV-LacZ or pAdK7-EF-LacZ,
respectively. The CA promoter-driven mouse Runx2-expressing
plasmid, pHMCA-Runx2, was generated by inserting a mouse
Runx2 cDNA, which is derived from pCMV-Runx2 (a kind gift from
Dr. S. Takeda, Tokyo Medical and Dental University, Tokyo, Japan)
[17), into pHMCAS. pHMCA-Runx2 was also digested with 1-Ceul/
Pl-Scel, and inserted with pAdHM4 [12) or pAdHM41-K7 (C),
resulting in pAd-CA-Runx2 or pAdK7-CA-Runx2, respectively. Ad
vectors (Ad-CA-LacZ, AdRGD-CA-LacZ, AdK7-CA-LacZ, AdK7-CMV-
LacZ, AdK7-EF-LacZ, Ad-CA-Runx2, and AdK7-CA-Runx2) were
generated and purified as described previously | 18]. Determination
of virus particle (VP) and biological titer were determined using by
a spectrophotometrical method |19} and by means of an Adeno-X
Rapid Titer Kit (Clontech, Palo Alto, CA), respectively. The ratio of
the biological-to-particle titer was 1:14 for Ad-CA-LacZ, 1:35 for
AdRGD-CA-LacZ, 1:42 for AdK7-CA-LacZ, 1:25 for AdK7-CMV-LacZ,
1:32 for AdK7-EF-LacZ, 1:17 for Ad-CA-Runx2, and 1:28 for AdK7-
CA-Runx2.

Mouse primary BMSCs. Primary BMSCs were harvested from fe-
male C57BL/6 mice (8 weeks; Nippon SLC, Shizuoka, Japan) as be-
low. Femora and tibias were isolated and placed in Dulbecco's
modified Eagle's medium (DMEM; Sigma, St. Louis, M0)/20% fetal
bovine serum (FBS; Invitrogen, Carlsbad, CA) and 1% penicillin/
streptomycin. Bone marrow was obtained by flushing these bones,
and cells recovered from the bones of one animal were then seeded
into a 150 mm tissue culture plate. Medium was changed every
2 days to remove non-adherent cells, and adherent cells were cul-
tured until reaching confluence. At confluence, BMSCs were pas-
saged after digestion with 0.25% trypsin/l mM EDTA. BMSCs
(passage 4-12) were subsequently used for further analysis.

LacZ assay. BMSCs (1 x 10” cells) were plated in 24-well plates.
The next day, they were transduced with the indicated doses of Ad
vectors for 1.5 hr. Two days later, X-gal staining and p-gal lumines-
cence assays were performed as described previously [18].

Osteoblasts differentiation. BMSCs (1 x 10 cells) were plated in
24-well plates. Cells were transduced with 3000 VP/cell of Ad vec-
tor for 1.5 hr. After aspirating the viral sofution, osteogenic differ-
entiation medium, consisting of growth medium (DMEM/20% FBS)
containing 50 pg/mL ascorbic acid 2-phosphate (Sigma), 5 mM -
glycerophosphate (Sigma), and 100 nM dexamethasone (Wako,
Osaka, Japan), was added. The medium was replaced every 3 days.

von Kossa staining, calcium quantitation. Cells were fixed with 4%
paraformaldehyde/phosphate-buffered saline (PBS) and stained
with AgNO; by the von Kossa method. To measure calcium deposi-
tion, cells were washed twice with PBS and decalcified with 0.5 M
acetic acid, and cell culture plates were rotated overnight at room
temperature (R/T). Insoluble material was removed by centrifuga-
tion. The supernatants were then assayed for calcium with the cal-
cium C-test Wako kit (Wako). DNA in pellets was extracted using
the DNeasy tissue kit (Qiagen), and calcium content was then nor-
malized to DNA.

ALP assay. Cells were lysed in 10 mM Tris-HCl (pH 7.5) contain-
ing 1 mM MgCl; and 0.1% Triton X-100, and the lysates were then
used for assay. Alkaline phosphatase (ALP) activity was measured
using the LabAssay ALP kit (Wako) according to the manufacturer's
instructions. The protein concentration of the lysates was deter-
mined using a Bio-Rad assay kit (Bio-Rad laboratories, Hercules,
CA). and ALP activity was then normalized by protein
concentration.

RT-PCR. RT-PCR was performed as described previously [18].
The sequences of primers were as follows: Runx2(F), 5'-CCT CTG
ACT TCT GCC TCT GG-3'; Runx2(R), 5-CAG CGT CAA CAC CAT
CAT TC-3'; osterix(F), 5'- CTT AAC CCA GCT CCC TAC CC-3'; oster-
iX(R), 5'- TGT GAA TGG GCT TCT TCC TC-3'; bone sialoprotein(F),
5'- AAA GTG AAG GAA AGC GAC GA-3'; bone sialoprotein(R), 5'-
GTT CCT TCT GCA CCT GCT TC-3; osteocalcin(F), 5'-GCG CTC TGT
CTC TCT GAC CT -3; osteocalcin(R), 5'-TTT GTA GGC GGT CTT
CAA GC-3'; collagen 1x1(F), 5'-CAC CCT CAA GAG CCT GAG TC-3':
collagen lal (R), 5'-GCT ACG CTG TTC TTG CAG TG-3', GAPDH(F),
5'-ACC ACA GTC CAT GCC ATC AC-3'; GAPDH(R), 5'-TCC ACC ACC
CTG TTG CTG TA-3".

Western blotting. Western blotting was performed as described
previously [18). Briefly, lysates (20 ug) were subjected to 12.5%
polyacrylamide gel and were transferred to a polyvinylidene fluo-
ride membrane (Millipore, Bedford, MA). After blocking with
Immunoblock (DS Pharma Biomedical, Osaka, Japan) at R/T for
1 hr, the membrane was exposed to rabbit anti-Runx2 antibody
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at 4 °C overnight,
followed by horseradish peroxidase-conjugated secondary anti-
body at R/T for 1 hr. The band was visualized by ECL Plus Western
blotting detection reagents (Amersham Bioscience, Piscataway, NJ)
and the signals were read using a LAS-3000 imaging system (FUJI-
FILM, Tokyo, Japan). All blots were stripped and reblotted with
antibody against p-actin (Sigma) for normalization.

In vivo heterotopic bone formation. BMSCs (2 x 10° cells, passage
8-9) were transduced with AdK7-CA-LacZ, AdK7-CA-Runx2, or Ad-~
CA-Runx2, at 3000 VP/cells for 1.5 hr. The next day, cells were col-
lected by trypsin, and resuspended in 150 pl of PBS, and then in-
jected into the hind limb biceps muscle of nude mice (Nippon
SLC) (2animal/ group). At 4-5 weeks after injection, mice were
anesthetized by isofluorane and bone formation was analyzed with
a microcomputed tomography (microCT) system (eXplore Locus CT
System; GE Healthcare, London, ON, Canada). Both an X-ray image
and a three-dimensional reconstitution image were obtained by
using the microCT system.

Results

Optimization of transduction efficiency in BMSCs by using various
types of Ad vectors

To optimize Ad vectors for transduction into BMSCs, we pre-
pared three LacZ-expressing Ad vectors, Ad-CA-LacZ, AdRGD-CA-
LacZ, and AdK7-CA-LacZ. We investigated the transduction effi-
ciency of these Ad vectors in BMSCs at the indicated vector dose.
X-gal staining showed that LacZ-positive cells were less than 10%
even at a dose of 3000 vector particles (VP)/cell in Ad-CA-LacZ
(Fig. 1A). On the other hand, more than 90% of the cells expressed
LacZ at the same dose in AdK7-CA-LacZ. A luminescence assay re-
vealed that, at 3000 VP/cell, the LacZ expression level in the cells
transduced with AJRGD-CA-LacZ or AdK7-CA-LacZ was increased
by about 5- or 50-fold, respectively, in comparison with that in
the cells transduced with Ad-CA-LacZ (Fig. 1B). These results were
quite similar to those of our previous report, in which efficient
transduction in hMSCs was achieved by using AdK7 [9], and our
data clearly demonstrated that AdK7 is a suitable vector for trans-
duction into both mouse BMSCs and hMSCs.

We and others reported that the choice of promoters is impor-
tant for transduction efficiency, especially in immature cells
[15,18,20,21]. Thus, we examined the transduction efficiency by
comparing the promoter activities in BMSCs. In addition to the
CA promoter, we prepared LacZ-expressing AdK7 under the control
of the CMV promoter or the EF-1o. promoter (AdK7-CMV-LacZ or
AdK7-EF-LacZ, respectively). A luminescent assay showed that
the CA promoter represented the highest transgene expression
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Fig. 1. Gene transduction efficiency in mouse primary BMSCs by various types of Ad vectors. Mouse BMSCs were transduced with the indicated doses of LacZ-expressing Ad
vectors. Two days later, (A) X-gal staining and (B) luminescence assay were performed. Similar results of X-gal staining were obtained in three independent experiments.
Scale bar indicates 200 um. (C) Optimization of promoter activity in BMSCs using LacZ-expressing AdK7. BMSCs were transduced with the indicated dose of each Ad vector,
and LacZ expression in the cells was measured. The data are expressed as mean+S.D. (n=3). p<0.01.

among the three types of the promoters (Fig. 1C). These results
demonstrate that AdK7 containing the CA promoter is the most
effective at attaining high transduction efficiency in mouse BMSCs.

We also investigated the cytotoxicity in BMSCs transduced with
AdK7-CA-LacZ. Almost no difference in cell number between non-
transduced cells and AdK7-CA-LacZ-transduced cells was observed
on day 2 after transduction (data not shown), indicating that AdK7
is an excellent vector with high transduction activity and low cyto-
toxicity in BMSCs.

Efficient osteoblast differentiation in vitro and in vivo by fiber-
modified Ad vectors

Because an efficient method for transduction into BMSCs could
be established by using AdK7 containing the CA promoter, we ex-
pected that efficient differentiation into specialized cells from
BMSCs might be achieved by using this Ad vector. To test this,
we generated mouse Runx2-expressing Ad vectors, AdK7-CA-
Runx2 and Ad-CA-Runx2, because a Runx2 gene is both necessary
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Fig. 2. Runx2 expression in Ad vector-transduced BMSCs. Cell lysates were isolated
from BMSCs 2 days after the transduction, and Western blotting was performed.

and sufficient for mesenchymal cell differentiation towards osteo-
blast lineage [3]. Western blot analysis showed that Runx2 protein
levels in AdK7-CA-Runx2-transduced cells were quite higher than
those in non-, AdK7-CA-LacZ-, or Ad-CA-Runx2-transduced cells
(Fig. 2).

We next assessed osteoblast differentiation by measuring alka-
line phosphatase (ALP) activity, which is a marker of early osteo-
blast differentiation. After transduction with Ad vector, BMSCs
were cultured in osteogenic differentiation medium for the indi-
cated number of days. As shown in Fig. 3A, the ALP activity levels
in AdK7-CA-Runx2-transduced cells were extremely increased in
comparison with control cells. Notably, AdK7-CA-Runx2 mediated
approximately 50-fold higher ALP activity than non-transduction
or AdK7-CA-LacZ on day 5 after transduction. These results indi-
cated that early osteoblast differentiation of BMSC was facilitated
by AdK7-CA-Runx2. Because mature osteoblasts are known to be
specialized in the production of extracellular matrix and the min-
eralization [22], we next examined the matrix mineralization in
BMSCs. von Kossa staining revealed that matrix mineralization in
AdK7-CA-Runx2-transduced cells was dramatically increased in
comparison with non-, AdK7-CA-LacZ, or Ad-CA-Runx2-transduced
cells (Fig. 3B, left). Furthermore, we observed a significant eleva-
tion of calcium deposition in AdK7-CA-Runx2-transduced cells
even on day 5 after transduction, while neither non-transduced
cells nor AdK7-CA-LacZ-transduced cells showed mineralization
until day 15 (Fig. 3B, right). Ad-CA-Runx2 mediated slightly higher
levels of calcium deposition than non-transduced or AdK7-CA-
LacZ-transduced cells, but significantly lower levels than AdK7-
CA-Runx2-transduced cells. Additionally, we found that the
expression levels of marker genes characteristic of osteoblast dif-
ferentiation, such as Runx2, osterix, bone sialoprotein, osteocalcin,
and type I collagen, were also increased in AdK7-CA-Runx2-trans-
duced cells (Fig. 3C). These results demonstrated that a conven-
tional method using only osteogenic differentiation medium is
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not enough for efficient osteoblast differentiation, and that, by effi-
cient Runx2 transduction using AdK7, osteoblastogenesis of BMSCs
could be dramatically accelerated in vitro.

Finally, to examine whether the increased levels of Runx2
expression in BMSCs could enhance the osteogenic potential of
BMSC in vivo, BMSCs transduced with each Ad vector were injected
into the hind limb biceps muscle of nude mice. Microcomputed
tomography analysis revealed that no bone formation was ob-
served in non-, AdK7-CA-LacZ-, or Ad-CA-Runx2-transduced cells,
while new bone was detected in mice injected with AdK7-CA-
Runx2-transduced cells (Fig. 4), indicating that AdK7-CA-Runx2-
transduced BMSCs efficiently differentiated into mature osteo-

Fig. 3. Promotion of in vitro osteoblastic differentiation in AdK7-CA-Runx2-transduced BMSC. After transduction with each Ad vector at 3000 VP/cell for 1.5 hr, BMSCs were
cultured for the indicated number of days. (A) ALP activity, (B, left) matrix mineralization, and (B, right) calcium deposition in the cells was determined. The data are
expressed as mean £S.D. (n=3). p<0.01 as compared with non-, AdK7-CA-LacZ-, or Ad-CA-Runx2-transduced cells. (C) RT-PCR was performed using primers for Runx2,
osterix, bone sialoprotein, osteocalcin, collagen type I, and GAPDH. Lane 0: non-treated BMSCs; lanes 1, 5, 9, and 13: BMSCs with osteogenic supplements (0S); lanes 2, 6, 10,
and 14: BMSCs with OS plus AdK7-CA-LacZ; lanes 3, 7, 11, and 15: BMSCs with 0S plus AdK7-CA-Runx2; lanes 4, 8, 12, and 16: BMSCs with OS plus Ad-CA-Runx2.

blasts in vivo. These results clearly showed that AdK7-CA-Runx2
could facilitate the osteogenic potential of BMSCs both in vitro
and in vivo.

Discussion

Because genetic manipulation is considered to be a powerful
tool to promote cellular differentiation, it is necessary to estab-
lish efficient methods for transduction into BMSCs. Many
researchers have reported that transduction efficiency of rat or
human MSC was increased by using fiber-modified Ad vectors,
such as AdRGD or Ad vectors containing Ad35 fiber knob and
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Fig. 4. In vivo ectopic bone formation of mouse BMSCs by AdK7-mediated Runx2 gene transduction. BMSCs were transduced with indicated Ad vectors at 3000 VP/cell. On the
following day, cells were injected into the hind limb biceps muscle of nude mice. Four weeks later, bone formation was analyzed by the microCT system. Similar results were
obtained in two independent experiments. Upper: X-ray images; lower: 3D reconstitution images.

shaft (AdF35) [23-25]. In this study, we demonstrated that AdK7
could express a transgene in BMSCs more efficiently than con-
ventional Ad vector or AARGD (Fig. 1A and B). Similarly, we have
previously shown that the highest transduction efficiency in
hMSC could be achieved by using AdK7, but not AdRGD or
AdF35 [9]. Therefore, our data indicate that AdK7 is the most
appropriate vector for various mesenchymal cells. We also found
that the CA promoter showed higher gene expression in BMSCs
than did the CMV or EF-1a promoter (Fig. 1C). This appears to
be due to the potent activity of the CA promoter in immature
cells [18,20]. Hence, we conclude that AdK7 containing the CA
promoter is the most suitable vector for transduction into
BMSCs.

We demonstrated that osteoblastogenesis of BMSCs was dra-
matically promoted by using AdK7-mediated Runx2 transduction
(Figs. 3 and 4). This is the first study to report the usefulness of
AdK7 in the field of stem cell differentiation. Runx2 is known to
regulate osteoblastogenesis by controlling the expression of multi-
ple osteoblast marker genes [10]. Because Runx2 protein and
mRNA were highly expressed for more than 20 days in AdK7-CA-
Runx2-trasduced cells (Figs. 2 and 3C ), the expression of marker
genes and ALP activity would be increased and would thereby en-
hance both in vitro and in vivo osteogenic ability. On the other
hand, osteoblast differentiation could not be facilitated by AdK7-
CA-Runx2 when osteogenic supplements were removed (data not
shown), suggesting that osteogenic supplements were required
for matrix mineralization, although differentiation efficiency was
low when using only osteogenic supplements. Thus, efficient
osteoblast differentiation of BMSCs would be achieved by the syn-
ergistic effect of both osteogenic supplements and efficient Runx2
transduction.

Unlike the case with AdK7-CA-Runx2, almost no osteoblast dif-
ferentiation was seen in Ad-CA-Runx2-transduced cells. However,
several groups reported that the osteogenic potential of MSCs
was enhanced by Runx2 transduction using the conventional Ad
vectors [26,27). This difference would be attributable to the differ-

ence in transduction efficiency in BMSCs using the conventional Ad
vector, because they showed that approximately 30-40% of the
cells expressed transgenes by conventional Ad vector at 250-500
infectious units (ifu)/cell. Although we could not obtain high trans-
duction efficiency using the conventional Ad vector, we showed
that more than 90% of the cells were transduced by using AdK7-
CA-LacZ at only 71 ifu/cell (3000 VP/cell) (Fig. 1A), without any de-
crease in viability (data not shown). Our results indicate that vec-
tor doses can be reduced by using AdK7, leading to a decrease in
cytotoxicity to the cells. Therefore, AdK7, but not other fiber-mod-
ified Ad vectors or conventional Ad vectors, would contribute to
safe regenerative medicine procedures.

In summary, we succeeded in developing efficient methods
both for transducing mouse BMSCs and differentiating osteoblasts
from BMSCs. Recently, many researchers have reported that mes-
enchymal stem/stromal cells could be isolated from adipose or pla-
cental tissues [28,29]. Because these mesenchymal cells are shown
to possess mostly the same properties as BMSCs, AdK7 could prob-
ably be applied to these cells. Thus, our transduction methods can
be a valuable tool for therapeutic applications based on adult mes-
enchymal stem/stromal cells.
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Pertussis toxin (PTX) is recognized as a specific tool that
uncouples receptors from G; and G, through ADP-ribosylation.
During the study analyzing the effects of PTX on Ang Il type 1
receptor (AT1R) function in cardiac fibroblasts, we found that
PTX increases the number of AT1Rs and enhances AT1R-
mediated response. Microarray analysis revealed that PTX
increases the induction of interleukin (IL)-1 among cytokines.
Inhibition of IL-1 suppressed the enhancement of AT1R-me-
diated response by PTX. PTX increased the expression of IL-18
and ATIR through NF-kB, and a small GTP-binding protein,
Rac, mediated PTX-induced NF-«B activation through NADPH
oxidase-dependent production of reactive oxygen species. PTX
induced biphasic increases in Rac activity, and the Rac activa-
tion in a late but not an early phase was suppressed by IL-18
siRNA, suggesting that IL-1B-induced Rac activation contrib-
utes to the amplification of Rac-dependent signaling induced by
PTX. Furthermore, inhibition of TLR4 (Toll-like receptor 4)
abolished PTX-induced Rac activation and enhancement of
ATI1R function. However, ADP-ribosylation of G;/G, by PTX
was not affected by inhibition of TLR4. Thus, PTX binds to two
receptors; one is TLR4, which activates Rac, and another is the
binding site that is required for ADP-ribosylation of G;/G,.

PTX,? a major virulence factor of Gram-negative bacillus
Bordetella pertussis, which causes whooping cough, is well
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established as a pharmacological tool for a specific inhibitor of
G,; signaling. PTX is composed of A-protomer and B-oligomer,
and A-protomer exerts ADP-ribosyltransferase activity on the
a subunit of heterotrimeric G; proteins (Ga;), leading to inhi-
bition of receptor-G protein coupling (1, 2), whereas B-olig-
omer of PTX recognizes and binds carbohydrate-containing
receptors that deliver A-protomer into the cytosol (3). How-
ever, several reports have demonstrated that PTX has addi-
tional effects, such as enhancement of immune responses
(4-6), increase in adenosine A, receptor density (7), and acti-
vation of tyrosine kinase, mitogen-activated protein kinase, and
NF-«B (8 -10). These effects of PTX are reported to be inde-
pendent of G; modification.

Angiotensin (Ang) II plays an important role in the regula-
tion of hypertrophy and/or hyperplasia of cardiovascular cells
(11-13).In cardiac fibroblasts, Ang Il has been demonstrated to
stimulate the processes related to extracellular matrix remod-
cling (14). The biological function of Ang II is mediated by Ang
II receptors located on the plasma membrane. Two isoforms
(type 1 (AT1) and type 2 (AT2)) of Ang II receptor have been
identified, but most of the cardiovascular effects of Ang Il are
attributed to ATIR (15). ATIR belongs to the G-coupled
receptor family. Stimulation of AT1R activates phospholipase
C and increases [Ca*"], through the production of inositol
1,4,5-trisphosphate, leading to the modulation of fibroblast
activities, such as cell proliferation and extracellular matrix
protein synthesis (16).

Anincrease in AT1R density is one of the features to enhance
fibrogenic responses of the heart. For example, an increase in
ATIR density has been reported in the heart after myocardial
infarction (17, 18) and in hearts from biopsies from patients
with spontaneous intracerebral hemorrhage (19). Several cyto-
kines, such as tumor necrosis factor (TNF)-a and interleukin
(IL)-1B, have been reported to up-regulate AT1R (17, 20). How-
ever, the molecular mechanism responsible for the increase in
ATIR density is still unknown.

Many studies suggest that low concentration of ROS actsasa
second messenger in the cardiovascular system (21, 22). Stim-
ulation of IL-1B and TNF-a induces ROS production through

razolo[1,5-b]pyridazine; ROS, reactive oxygen species; TNF-a, tumor necro-
sis factor-a; WT, wild type; ELISA, enzyme-linked immunosorbent assay;
siRNA, small interfering RNA.
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NADPH oxidase activation (23). A small GTP-binding protein,
Rac, regulates the activity of NADPH oxidase (24) and mediates
[L-1B- or TNF-a-induced ROS production and NF-«B activa-
tion (25). We have previously reported that Rac mediates Ang
[I-stimulated ROS production through NADPH oxidase activa-
tion in cardiac myocytes and cardiac fibroblasts (26, 27). Over-
expression of constitutively active Racl induces hypertrophic
responses in isolated cardiomyocyte and dilated cardiomyopa-
thy in vivo (28, 29). Although a high concentration of hydrogen
peroxide (H,0,) is reported to decrease AT1R density (30), it is
unknown whether production of low concentration of ROS via
Rac-mediated NADPH oxidase activation participates in the
receptor-stimulated increase in AT 1R density of cardiac cells.

Toll-like receptors (TLRs) play a critical role in both innate
and adaptive immunity (31). There are at least 10 TLRs identi-
fied so far in humans, which specifically recognize and bind to a
variety of pathogenic factors, including lipopolysaccharide. The
mouse heart expresses at least six receptors (TLR2, -3, -4, -5, -7,
and -9), and the stimulation of these receptors induces activa-
tion of NF-«B. TLR2 and TLR4 have been extensively studied in
the heart, and both receptors are in part responsible for cardiac
dysfunction in certain pathological conditions (32). Recent
studies have elucidated that PTX functions as a superior ligand
for TLR4 (6, 10). Although stimulation of TLR4 results in pro-
duction of proinflammatory cytokines, it has not been reported
that PTX exerts some pharmacological action(s) through TLR4
in cardiovascular cells, and it is unknown whether PTX-in-
duced ADP-ribosylation of G,/G, requires TLR4-mediated
entry into cells.

During the study of the role of G, proteins in AT1R-mediated
fibrotic responses using rat nconatal cardiac fibroblasts, we
found that PTX enhances Ang II-induced increase in [Ca®"],.
Because we previously reported that the treatment with PTX
increases Rac activity in rat neonatal cardiac myocytes (26), we
hypothesized that Rac is implicated in PTX-induced enhance-
ment of Ang I signaling in cardiac fibroblasts. In this study, we
demonstrate that PTX B-oligomer induces Rac activation
through a pathway independent of ADP-ribosylation of G,/G,.
PTX increases IL-1B induction through sequential activation of
TLR4, Rac, NADPH oxidase, and NF-«B, which leads to AT1R
up-regulation through amplification of Rac-dependent signal-
ing in rat cardiac fibroblasts.

EXPERIMENTAL PROCEDURES

Materials, Recombinant Adenoviruses, and Culture of Car-
diac Fibroblasts—PTX, simvastatin, and anti-Ga,,,, antibody
were purchased from Calbiochem. Ang II was from Peptide
Institute. Mastparan-7, ATP, wortmannin, and diphenylene-
iodonium (DPI) were purchased from Sigma. Ro-106-9920 was
from Tocris. Rat IL-18 and PTX B-oligomer were from Wako.
Rabbit anti-rat IL-18 antibody and the rat IL-18 ELISA kit were
from Endogen. Anti-Ga,,, anti-PLCB;, anti-IkBa, anti-p65,
anti-RhoA, anti-rabbit IgG, and anti-mouse IgG antibodies
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). ['**1]Ang II, [**P]NAD, and glutathione-Sepharose
beads were from Amersham Biosciences. Anti-Racl and anti-
Rapl antibodies were from Transduction Laboratories. Anti-
Ras antibody was from Upstate Biotechnology. Anti-phospho-
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Akt and anti-Akt antibodies werc from Cell Signaling.
Fura2/AM was from Dojindo. 2,7-dichlorofluorescein diac-
etate and Alexa Fluor 488 goat anti-rabbit antibody were from
Molecular Probes. Collagenase and Fugene 6 were from Roche
Applied Science. Dual luciferase reagents were from Promega.
pNF-kB-Luc and pRL-SV40 were from Stratagene. The
sequences coding the Rapl-binding domain of Ral-GDS, Rac-
binding domain of p21-activated kinase, Rho-binding domain
of rhotekin, or Ras-binding domain of Raf were cloned,
sequenced, and ligated into pGEX-4T-1 to make glutathione
S-transferase fusion protein constructs. Glutathione S-trans-
ferasc fusion proteins were expressed at room temperature and
purified using gluthathione-Sepharose as described (33). The
¢DNA encoding GRP1-PH was provided by Dr. Alexander Gray
(University of Dundee, Scotland). Recombinant adenoviruses
of GRK2 (G protein-coupled receptor kinase 2)-ct, RGS4 (reg-
ulator of G protein signaling 4), WT Ge,, Ga,-ct, [kBam, GFP-
fused WT Rac, GFP-fused constitutively active Rac (G12V),
DN-Rac (T17N), DN-p47”%°*, and p115-RGS were produced as
described previously (26, 34). Stealth siRNAs oligonucleotides
for rat IL-1B, TLR4, and Racl were from Invitrogen. Sequences
of stealth siRNA used were described in supplemental Table 1.
Cardiac fibroblasts were prepared from ventricles of 1-2-day-
old Sprague-Dawley rats, as described previously (27).

Quantification of Intracellular Ca®' and ROS Concentration—
[Ca®*]’ was measured by the method described previously (35).
Briefly, cells (5 X 10*) were plated on a 3 X 10-mm microcov-
erglass (MATSUNAMI) and loaded with 1 um fura-2/AM in
the cultured medium at 37 °C for 30 min. Cells were washed
with HEPES-buffered salt solution containing 107 mm NaCl,
6 mm KCl, 1.2 mm MgSO,, 0.5 mm EGTA, 20 mm HEPES (pH
7.4), and 11.5 mM glucose. Measurement of intracellular ROS
concentration was performed in 2 mM Ca®'-containing
HEPES-buffered salt solution with a fluorescent dye, 2,7-di-
chlorofluorescein diacetate, as described previously (27). Fluo-
rescence images were recorded and analyzed with a video
image analysis system (Aquacosmos, Hamamatsu Photonics).
The peak changes (AF/F,) of dichlorofluorescein fluorescence
intensity were identified as values obtained by subtracting the
basal fluorescence intensity (F,) from the maximal intensity
during a 15-min PTX treatment.

Measurement of IL-1B3 mRNA and Protein Expression—Ex-
pression of IL-18 mRNA and protein was measured by real time
reverse transcription-PCR and ELISA, as described previously
(36). For the preparation of real time reverse transcription-PCR
analysis, cells (3 X 10°) plated on 6-well dishes were treated
with PTX for 24 h and lysed with 400 pul of RLT buffer (Qiagen).
For ELISA, cells (1 X 10°) on 12-well dishes were treated with
PTX (100 ng/ml) in 500 ul of medium, and cells were then
collected together with medium. After cells were homogenized
with a 26-gauge syringe, 100 ul of supernatants were used.
Assays were performed according to the manufacturer’s
instructions.

Microarray Analysis—Cells (1 X 10°) plated on 35-mm
dishes were treated with PTX for 24 h and lysed with 400 ul of
RLT buffer. Total RNA was extracted with the RNeasy minikit
(Qiagen) and RNase-free DNase set (Qiagen). Total RNA was
converted to biotin-labeled cRNA, which was hybridized to the
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rat genome U34A GeneChip (Affymetrix) for 16 -24 h at 45 °C.
The hybridization signals on the microarray were scanned and
computed at a target intensity of 500 by a GeneChip Scanner
3000 and GeneChip Operating Software (Affymetrix), respec-
tively. The data analysis was performed as follows. At the first
step, probe sets without expression in the fibroblasts, which
were indicated as absent by absolute analysis in more than half
of the replicates in both the control and PTX-treated groups,
were eliminated from the data set. Then, if the difference in the
mean signal intensity of a given probe set was equal to the cut-
off (1.25-fold) or more between the control and PTX-treated
groups and if its p value calculated by Student’s ¢ test was less
than 0.05, that probe set was employed. At the last step, probe
sets with an annotation “signal transduction” (GO:0007165) in
the AmiGO data base (available on the World Wide Web) were
extracted, using the NetAffx Gene Ontology Mining Tool
(available on the World Wide Web).

Ang 1l Binding Assay—Measurement of Ang receptor bind-
ing was performed according to the previous report (15) with a
slight modification. After various treatments for 24 h, cardiac
fibroblasts were rinsed with 10 ml of ice-cold phosphate-buff-
ered saline and mechanically detached in 1 ml of ice-cold lysis
buffer containing 10 mm Tris, pH 7.4, 5 mm EDTA, 5 mM
EGTA, 1 ug/ml benzamidine, 10 ug/ml soybean trypsin inhib-
itor (type I1-S), and 5 ug/ml leupeptin. The cell lysate was cen-
trifuged at 45,000 X g for 10 min at 4 °C. The pellet containing
crude membrane fraction was resuspended in 1 ml of ice-cold
lysis buffer with a Potter type homogenizer, frozen, and stored
at —80 °C until use. After the concentration of membrane pro-
tein was determined, membrane protein (20 pg) was used for
the binding studies. The membrane was incubated with 0.1 nm
'251-Ang Il in 75 mm Tris, pH 7.4, 12.5 mm MgCl,, 2mMEDTA,
and increasing concentrations of unlabeled Ang II (0-14 nm)
for 1 h at 25 °C. Nonspecific binding was determined in the
presence of 1 um unlabeled Ang II. The reaction mixture was
filtered over Whatman GF/C filters. The filters were washed
with ice-cold buffer containing 25 mwm Tris, pH 7.4, and 1 mm
MgCl,. The bound '*°I-Ang II on the filters was measured with
a y-counter. The values of K, and B,,,, were calculated by
Prism software (GraphPad Software, San Diego, CA).

Measurement of NF-kB Activity—After adenovirus was
infected at 100 MOI for 2 h in serum-freec medium, fibroblasts
(3 X 10° cells) in a 24-well plate were transiently co-transfected
with 0.45 pg of pNF-kB-Luc and 0.05 ug of pRL-SV40 control
plasmid, using Fugene 6 (27). Luciferase activity was measured
48 h after transfection with dual luciferase reagents.

Measurement of Small GTPase Activities—Activation of
small G proteins was determined as described previously (26).
Activated Rac, Rho, Ras, and Rap1 were pulled down with 5 ug
of glutathione S-transferase-fused Rac-interacting domain of
p21-activated kinase (PAK-CRIB), Rho-binding domain of rho-
tekin (34), Ras-binding domain of Raf-1 (37), and Rap1-binding
domain of Ral-GDS (38), respectively. Pulled-down small G
proteins were detected with anti-Rac1, anti-RhoA, anti-Ras and
anti-Rapl antibodies. For knockdown of Racl, cells were trans-
fected with a mixture of Racl siRNAs (50 nm each) for 72 h.
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Confocal Visualization of GFP-fused Proteins and NF-«kB p65
Subunit—Cells (1 X 10°) plated on glass bottom 35-mm dishes
were infected for 24 h with GFP, GFP-Rac, GFP-constitutively
active Rac, GFP fusion protein with PX domain of p407***
(p40”"°*-PX), and p40”"°*-PX (R105K). After the treatment
with PTX (100 ng/ml) for 24 h, cells were fixed by 10% formal-
dehyde neutral buffer solution. For localization of NF-«B, cells
were stained with anti-p65 antibody. Fluorescence images were
measured at an excitation wavelength of 488 nm with a laser-
scanning confocal imaging system (Carl Zeiss LSM510).

In Vitro PTX-catalyzed ADP-ribosylation Assay—In vitro
ADP-ribosylation of Ga; proteins by PTX was performed as
described previously (39) with a slight modification. Briefly,
cardiac fibroblasts pretreated with or without 100 ng/ml PTX
for 24 h were harvested with ice-cold lysis buffer containing 50
mM Tris (pH 7.5), 5 mm EDTA, 5 mm EGTA, 10 ug/ml benza-
midine, 5 ug/ml aprotinin, and 5 ug/ml leupeptin. After centri-
fugation at 15,000 rpm for 10 min at 4 °C, the pellet was resus-
pended in lysis buffer. PTX was preactivated by incubation in
the solution containing 50 mm Tris (pH 7.5), 5 mm ATP, 20 mm
dithiothreitol, and 1 mg/ml bovine serum albumin for 30 min at
30 °C. Then activated PTX was added to the assay mixture,
including 100 pg of the membrane, and incubated for 60 min at
30 °C. The final concentrations of all reagents in the assay mix-
ture were as follows: 50 mm Tris (pH 7.5), 50 um GDP, 10 mm
thymidine, 5 um NAD, 0.5 um [**P]NAD, 20 pg/ml PTX, 0.2
mg/ml bovine serum albumin, 1 mm ATP, and 4 mm dithiothre-
itol. The reaction was stopped by the addition of an excessive
amount of ice-cold 50 mm Tris (pH 7.5), and the samples were
centrifuged at 15,000 rpm for 10 min at 4 °C. The pellet was
solubilized in SDS sample buffer, boiled, and subjected to 12%
SDS-PAGE. Radioactive bands were detected by filmless auto-
radiographic analysis (BAS2000 system, Fujifilm).

Statistical Analysis—The results are presented as mean *
S.E. from at least three independent experiments. The repre-
sentative data of time course experiments were plotted from
one of three similar experiments that were performed with
more than 20 cells. The mean values were compared with con-
trol by one-way analysis followed by Dunnet’s ¢ test (for three or
more groups) or Student’s ¢ test (for two groups).

RESULTS

PTX Enhances Ang Il-induced Ca®" Release through ATIR
Up-regulation—During the study of AT1R function in cardiac
fibroblasts, we found that treatment with PTX enhances tran-
sient increase in [Ca”" ], induced by Ang I at low concentration
in the absence of extracellular Ca*>* (Fig. 14). The ECj, value of
Ang II for the changes in [Ca®> "], increases was 464 * 44 pMmin
control cells, whereas the EC;, value was decreased to 91 * 33
pMm in PTX-pretreated cells (Fig. 1B). However, the ATP-in-
duced Ca®" release was not affected by PTX (Fig. 1C). These
results suggest that PTX selectively enhances Ca*” response
induced by ATIR stimulation. We also found that treatment
with PTX for 24 h resulted in a 2-fold increase in maximal
'25I-Ang II binding activity (B,,,,,) in comparison with PTX-
untreated membrane (Fig. 1D). PTX increased AT1R density in
a time-dependent manner, and more than 18 h was required for
a 2-fold increase in AT1R density (supplemental Fig. 1). The
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FIGURE 1. PTX enhances Ca** responses by Ang Il through AT1R up-reg-
ulation. A, average time courses of Ca®~ response induced by Ang receptor
stimulation with Ang I (100 pm) in control and PTX-treated cells. Band C, peak
increases in [Ca” '], (ARatio) plotted against various concentrations of Angll
(B) and ATP (C) in control, PTX-treated, and IL-1p-treated cells. Cells were
treated with PTX (100 ng/ml) or IL-1B8 (10 ng/ml) for 24 h before agonist
stimulation. Dand £, increases in AT1R density induced by PTX (100 ng/ml) for
24 h.The B,,,, (D) and K, (E) values for Ang Il binding were calculated with
GraphPad Prism software. F, effects of PTX on expression of Gag,, and PLCB,.
*, p < 0.05 versus PTX-untreated cells. Error bars, S.E.

PTX-induced increase in B, was completely suppressed by
CV11974 (1 uM, AT1R-selective blocker) but not by PD123319
(1 uMm, AT2R-selective blocker) (data not shown). The K 4 value
was not affected by PTX (Fig. 1E), indicating that the PTX-
induced enhancement of ATIR function is not explained by
structural changes in ATIR. It has been reported that the
increased expression of Ge,,; and PLCB, is involved in the
enhancement of Ang II-induced Ca*" responses in the ische-
mic heart (40, 41). However, PTX did not affect the expression
levels of Ga,, Ga,,, and PLCB, (Fig. 1F). These results suggest
that the enhancement of Ang II-induced Ca®" release in PTX-
treated cells is due to AT1R up-regulation but not up-regula-
tion of components of the Ga,-PLCf pathway.

Because commercially available PTX contaminates with
other endotoxins, including lipopolysaccharide, it is possible
that other endotoxins contribute to enhancement of ATIR
function. Thus, we examined the effects of denatured PTX or
PTX purchased from another manufacturer (Sigma) on AT1R
functions. Pretreatment of PTX with heat significantly reduced
the enhancement of Ang Il-induced Ca®' release induced by
PTX (supplemental Fig. 1). In contrast, the Ang Il-induced
Ca’" release was also enhanced by PTX purchased from Sigma
as well as that induced by PTX from Calbiochem. These results
suggest that PTX proteins per se induce AT1R up-regulation in
cardiac fibroblasts.

IL-1B Production Induced by PTX Treatment—To examine
whether PTX treatment induces production of a factor(s) that
participates in up-regulation of ATIR, we performed microar-
ray analysis of mRNAs from PTX-treated fibroblasts. For each
gene, we calculated the average intensity in expression for both
control and PTX-treated cells and plotted the ratio of these two
induction values. Genes were chosen whose expression was at
least 1.25-fold increased or decreased as compared with control
cells. The probe sets of 405 genes showed significant changes by

BSPe\

MAY 14, 2010-VOLUME 285+NUMBER 20

Up-regulation of AT1 Receptors by Pertussis Toxin

PTX treatment. Genes were then assigned to several groups
according to their function, and we picked out 70 genes in the
gene cluster that is termed “signal transduction” in the AmiGO
data base (supplemental Table 2). PTX treatment selectively
increased AT1R mRNA (Fig. 24) but not other G protein-cou-
pled receptors. Among genes increased by PTX treatment,
IL-1a and IL-18 mRNAs showed a marked increase in expres-
sign (Fig. 2A). Real-time PCR confirmed the strong induction of
IL-18 mRNA by PTX treatment (Fig. 2B). Although PTX is
reported to increase IL-12 expression by inhibition of G, signal-
ing in T lymphocytes (42), PTX did not significantly increase
mRNA expression of other cytokines (supplemental Table 1).
Treatment with mastoparan-7 or the expression of WT Ge, or
inhibitory polypeptides of G, signaling (Ga;-ct, a polypeptide
that specifically inhibits receptor-G, protein coupling (39);
RGS4, a GTPase-activating protein that specifically binds the
GTP-bound form of Gey; and Ga, (43);and GRK2-ct,aGBy (By
subunit of heterotrimeric G protein)-sequestering polypeptide
(44)) did not increase IL-18 mRNA expression (Fig. 2B). We
also confirmed that the expression of Ga;-ct did not enhance
Ang Il-induced Ca®" release (data not shown), and the treat-
ment with B-oligomer of PTX enhanced Ang II-induced Ca**
release (Fig. 2C). Furthermore, ELISA revealed that the treat-
ment with PTX actually increased the expression of IL-1 pro-
tein levels, whereas the expression of IL-1a protein was below
the detection level in PTX-treated cardiac fibroblasts (Fig. 2D).
These results suggest that PTX selectively induces IL-18 pro-
duction, and G; modification is not required for PTX-induced
IL-1B production.

IL-1B Mediates PTX-induced Enhancement of Ang Il-in-
duced Ca®* Response—Because it has been reported that IL-13
increases AT1R density in cardiac fibroblasts (17, 45), the cells
were treated with IL-1B. Treatment with IL-183 (10 ng/ml)
enhanced Angll-induced Ca®* release (EC,, = 31 * 26 pm) but
not ATP-induced Ca?* release, in rat cardiac fibroblasts (Fig. 1,
Band C). These effects of IL-1 are similar to the effects of PTX
treatment, and the enhancement by IL-1 seems to be consis-
tent with the findings that PTX treatment increased the induc-
tion of IL-18 mRNA and protein. Thus, we examined whether
PTX-induced IL-1B production participates in the enhance-
ment of AT1R function. The PTX-induced IL-18 production
was suppressed by the treatment with IL-18 siRNAs (Fig. 2E).
The enhancement of Ang II-induced Ca®* release by IL-1p
treatment was almost completely suppressed by anti-IL-18
neutral antibody (Fig. 2F), indicating that the antibody suffi-
ciently inhibits IL-1B-mediated responses. The enhancement
of Ang Il-induced Ca®" release by PTX was also suppressed by
anti-IL-1B antibody and IL-1B siRNAs (Fig. 2G), indicating that
PTX-induced IL-1B secretion mediates the enhancement of
Ang II-induced Ca®" release.

Involvement of NF-«B in PTX-induced IL-1B Expression—As
the promoter regions of IL-18 and ATIR contain a putative
NF-«B binding site (46 -48), we next examined the involve-
ment of NF-«B in PTX-induced IL-18 production. As shown in
Fig. 3A, PTX-induced increase in IL-18 mRNA expression was
suppressed by the treatment with Ro-106-9920, a selective

* inhibitor of IkB phosphorylation, and by the expression of a

dominant negative [«B, [kBam. Because Ro-106-9920 showed
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induced by Ga,  activation (36), we
next examined the involvement of
NADPH oxidase. Treatment with
PTX increased NF-«kB-dependent
luciferase activity (Fig. 3, E and F).
This NF-kB activation was sup-
pressed by the treatment with DPI
or by the expression of dominant
negative (DN)-Rac and DN-p477"*7,
both of which are essential for
NADPH oxidase activation (24), but
not by p115-RGS, a Ga, 5-inhibitory
polypeptide (26). These results sug-
gest that PTX induces NF-«B acti-
vation through Rac-NADPH oxi-
dase pathway and that NF-«B
mediates PTX-induced IL-1 pro-
duction and AT1R up-regulation.
Rac Mediates PTX-induced IL-1[3
Production and ATIR Up-regula-
tion—We have previously reported
in rat neonatal cardiomyocytes that
PTX increases basal Rac activity
(26). Because the PTX-induced
NF-«B activation and IL-18 pro-
duction was suppressed by DN-Rac
(Figs. 2 and 3), we next examined
whether PTX increases Rac activity
in cardiac fibroblasts. Rac was acti-
vated from 10 min after PTX treat-
ment and still activated at 24 h after
the treatment (Fig. 4A4). We also
found that PTX did not affect the
activities of other small G proteins,
Ras, Rapl, and RhoA (supplemental
Fig. 2). It has been reported that
phosphatidylinositol (PI) 3-kinase
participates in PTX B-oligomer-in-
duced antiapoptotic action against
HIV-Tat infection in NK cells (49).
We confirmed that PTX B-oligomer
increased Rac activity in cardiac
fibroblasts (supplemental Fig. 3).
Pretreatment with wortmannin
completely suppressed PTX-in-
duced Rac activation (Fig. 4B). The
activated Rac has been reported to
translocate from cytosol to the
plasma membrane through recogni-
tion of membrane phospholipids,
such as PI 3-phosphate (PI-3-P), PI

cytotoxic effects at higher concentration, we could not increase
the concentration to observe complete inhibition of the IL-18
induction. The enhancement of AT1R function by PTX was
suppressed by Ro-106-9920 and IkBam (Fig. 3B), and the PTX-
induced increase in AT1R density was suppressed by IkBam
(Fig. 3, C and D). Because an inhibition of NADPH oxidase
activity suppresses NF-«B activation and IL-18 production
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4-phosphate, PI 5-phosphate, and PI 3,4,5-trisphosphate,
through the carboxyl-terminal polybasic region of Rac (50 -52).
Confocal imaging revealed that PTX actually translocated GFP-
fused WT Rac from cytosol to the plasma membrane, as
observed with constitutively active Rac (Fig. 4C). Pretreatment
with wortmannin inhibited PTX-induced membrane localiza-
tion of Rac. To demonstrate the involvement of PI-3-P, p40™"*-
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FIGURE 3. Requirement of NF-«B for PTX-induced enhancement of Ca?*
response by Ang Il stimulation. A, effects of Ro106-9920 and IkBam on
PTX-induced IL-18 mRNA expression. Cells were pretreated for 20 min with
R0106-9920 (1 um) or infected with IkBam (100 MOI) for 48 h before the
treatment of PTX (100 ng/ml) for 24 h. B, effects of NF-«B inhibitors on Ang
Il-induced Ca?* responses in PTX-treated cells. C and D, effects of IkBam and
DN-Rac on PTX-induced increase in AT1R density. Cells were infected with
adenoviruses expressing IkBam or DN-Rac 24 h before PTX treatment. AT1R
density was determined with receptor binding assay. E, time course of PTX-
induced changes in NF-«xB-dependent luciferase activity. F, effects of IxBam,
DN-Rac, DN-p47°">*, DPI, and p115-RGS on PTX-induced NF-«B activation.
Cells were infected with LacZ, IxBam, DN-Rac, DN-p47°"°%, or p115-RGS at
100 MO for 48 h or pretreated with DPI (5 um) for 20 min before the addition
of PTX (100 ng/ml) for 6 h. *, p < 0.05; **, p < 0.01 versus PTX-untreated or
LacZ-expressing cells. Error bars, S.E.

PX, a specific marker for PI-3-P, was expressed (53). Under the
basal condition, p40”"**-PX was predominantly localized in the
PI-3-P-enriched early endosome and nucleus (Fig. 4D). Treat-
ment with PTX for 10 min promoted the translocation of
p40”"°*-PX from early endosome to the plasma membrane.
However, PTX did not affect the localization of p40”°*-PX
(R105K), a mutant that cannot recognize PI-3-P. The localiza-
tion of the PH domain of GRP1 (54), a marker for PI 3,4,5-
trisphosphate, and that of the PH domain of PLC81, a marker
for PI 4,5-bisphosphate, were not changed by PTX (data not
shown). These results suggest that PTX-induced PI-3-P pro-
duction through PI 3-kinase activation is required for translo-
cation and activation of Rac.
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Involvement of Rac in PTX-induced ROS Production—One of
the targets for Rac is NADPH oxidase. Because the PTX-in-
duced NF-«B activation was suppressed by DPI, DN-Rac, and
DN-p477"°* (Fig. 3F), Rac-mediated activation of NADPH oxi-
dase may participate in PTX-induced NF-«B activation. We
found that PTX gradually increased dichlorofluorescein fluo-
rescence intensity, indicating ROS production in cardiac fibro-
blasts (Fig. 5). The expression of DN-Rac completely sup-

JOURNAL OF BIOLOGICAL CHEMISTRY 15273

0102 ‘v A uo ‘seouBIog YieaH Jo aynyisul [euonen e 610°9glmmm woly pepeojumo



Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2010/03/15/M109.076232.0C1..htmi

Up-regulation of AT1 Receptors by Pertussis Toxin

pressed this ROS production, suggesting that PTX activates Rac
and turns on a signaling cascade downstream of Rac.

Essential Role of Rac in PTX-induced ATIR Up-regulation—
Because PTX-induced ROS production, NF-«B activation, and
increase in AT1R density were inhibited by DN-Rac, Rac may
play a central role in regulation of ATIR density. Inhibitors
of 3-hydroxy-3-methylglutaryl-CoA reductase (statins) are
known to suppress the activity of Rho family G proteins by
inhibition of isoprenylation (55). It has been reported that sim-
vastatin inhibits Rac activity in the H9¢2 cell line and rat neo-
natal cardiomyocytes (56, 57). Simvastatin is also reported to
reduce ATIR density in vascular smooth muscle cells (58).
Therefore, we examined whether simvastatin inhibits IL-18-
induced up-regulation of AT1R by inhibition of Rac. Treatment
with simvastatin completely suppressed the IL-13-induced Rac
activation (supplemental Fig. 4). Consistent with this result, the
IL-1B-induced up-regulation of AT1R was also suppressed by
simvastatin and DN-Rac. The Ang II-induced Ca®" release was
also enhanced in IL-1B-treated cells, and this enhancement was
completely suppressed by simvastatin. These results suggest
that simvastatin suppresses IL-1B-induced up-regulation of
ATI1R by inhibition of Rac activity. To prove the requirement of
Rac in ATIR up-regulation more directly, we used Racl
siRNAs. Knockdown of Racl almost completely suppressed
IL-1B-induced Rac activation (Fig. 6A), increase in AT1R den-
sity (Fig. 6B), and enhancement of ATI1R-stimulated Ca®"
responses (supplemental Fig. 4). Thus, Racl may predomi-
nantly regulate AT1R up-regulation by agonist stimulation.
Because IL-1B induces Rac activation and PTX-induced IL-1f3
production was completely suppressed by knockdown of Racl
(Fig. 6C), we hypothesize that PTX-induced IL-18 production
plays a role in amplification of Rac activation. Treatment with
IL-1B siRNA suppressed the PTX-induced Rac activation at a
late phase of activation (from 6 h after the treatment) but did
not suppress Rac activation at an early phase of activation (Fig.
6, D and E). Furthermore, IL-18 siRNA also suppressed PTX-
induced nuclear localization of NF-«B in a late phase but not an
early phase (Fig. 6, F and G). These results suggest that PTX-
induced IL-1 production participates in the sustained activa-
tion of Rac and NF-«B, which is essential for ATIR
up-regulation.

PTX Stimulates TLR4, Leading to Rac Activation—We next
examined which receptor(s) functions as a target of PTX in
cardiac fibroblasts. Because TLR4 is reported to work as a puta-
tive candidate receptor of B-oligomer (10), we examined
whether stimulation of TLR4 is required for PTX-induced
ATIR up-regulation in cardiac fibroblasts. Treatment with
TLR4 siRNAs (si-88, si-1002, and si-1621) significantly
decrecased TLR4 mRNA levels but did not decrease ATIR
mRNA levels (Fig. 74). The PTX-induced enhancement of Ang
II-induced Ca*" release and increase in Rac activity were com-
pletely abolished by TLR4 siRNA treatment (Fig. 7, Band C). In
contrast, PTX-induced ADP-ribosylation of Ga; proteins was
not suppressed but preferably enhanced by TLR4 knockdown
(Fig. 7D). These results suggest that TLR4 mediates PTX-in-
duced Rac activation and AT1R up-regulation, but TLR4 does
not mediate PTX-induced ADP-ribosylation of Ga;, proteins.
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FIGURE 6. Amplification of Rac-mediated signaling by PTX-induced IL-18
production. A, cells were transfected with siRNAs for Rac1 (si-RacT) or their
randomized controls (si-Cont) for 72 h before 5-min stimulation with IL-18 (10
ng/ml). B, effects of si-Rac1 on the maximal increases in AT1R density by IL-18
stimulation. Cells were treated with IL-1 for 24 h before membrane prepa-
ration. C, effects of si-Rac1 on PTX-induced production of IL-18 proteins. Cells
were treated with PTX (100 ng/ml) for 90 min. D and E, effects of IL-13 siRNA
on PTX-induced Rac activation. Cells were transfected with IL-18 (412) siRNA
(100 nm) for 48 h before treatment with PTX (100 ng/ml). F and G, effects of
IL-18 (412) siRNA on PTX-induced nuclear localization of the NF-«xB p65 sub-
unit. More than 100 cells were scanned and quantified the subcellular local-
ization of p65 using Photoshop (13, 27). *, p < 0.05; ***, p < 0.001 versus
IL-13-treated or control siRNA-treated cells. Error bars, S.E.

DISCUSSION

In this study, we demonstrated a novel action of PTX that
enhances AT1R-stimulated Ca®" response through ATIR
up-regulation independently of ADP-ribosylation in rat car-
diac fibroblasts. Using PTX as a powerful tool for analyzing
the mechanism of ATIR up-regulation, we demonstrated
that stimulation of TLR4 by PTX B-oligomer enhances
ATIR function. Previous reports have suggested that Syk
(spleen tyrosine kinase) and PI 3-kinase participate in TLR4-
mediated responses (49, 59). We found that PTX-induced
Rac activation was completely suppressed by inhibition of
Syk (supplemental Fig. 3) and PI 3-kinase (Fig. 5), suggesting
that Syk and PI 3-kinase mediate PTX-induced Rac acti-
vation. We also found that Rac-mediated NF-«B activation
through ROS production plays a central role in the regula-
tion of AT1R density. The PTX-induced NF-«B activation
was suppressed by DPI and the dominant negative mutants
of Rac and p47"’""‘ (Fig. 3). Because DPI is an inhibitor of
NADPH oxidase and Rac and p477"°* arc essential compo-
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nents of NADPH oxidase activation, the origin of PTX-in-
duced ROS production may be NADPH oxidase. In addition,
PTX induced degradation of IkBa proteins in a time-depen-
dent manner, which was abolished by Rac inhibition (sup-
plemental Fig. 3). Although molecular mechanism underly-
ing ROS-mediated NF-«B activation is still unknown, this
result implies that ROS-mediated inhibition of mitogen-ac-
tivated protein kinase phosphatases may be involved (60).
Because the promoter regions of IL-18 and ATIR contain a
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FIGURE 7. Roles of TLR4 in PTX-induced Rac activation and ADP-ribosyla-
tion of G,/G,.. A, effects of TLR4 siRNAs on the expression of TLR4 and AT1R
mRNAs. B, effects of TLR4 siRNAs on PTX-induced enhancement of Ang II-
induced Ca®* responses. Cells were treated with PTX for 24 h after siRNA
treatment for 48 h. C, effects of TLR4 siRNA (si-1002) on PTX-induced Rac
activation. D, effects of TLR4 siRNA on PTX-induced ADP-ribosylation of Ga,
proteins. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Error bars, S.E.

Pertussis toxin

FIGURE 8. Schema of TLR4-mediated AT1R up-regulation induced by PTX. PTX induces ROS production
through sequential activation of TLR4, Syk, PI 3-kinase (PI3K), Rac, and NADPH oxidase. Although the mecha-
nism of NF-«B activation induced by ROS is still unknown, ROS mediate NF-kB-dependent expression of IL-18.
Induction of IL-1B also induces Rac activation through IL-1 receptor stimulation, leading to amplification of
Rac-dependent signaling. Sustained activation of Rac may be required for PTX-induced AT1R up-regulationin
rat cardiac fibroblasts. A-protomer of PTX enters the cells through unidentified binding site, and ADP-ribosy-

lates G,/G,, proteins.
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putative NF-«B binding site, ATIR up-regulation may be
induced by direct interaction of AT1R promoter with
NE-«B. However, PTX-induced enhancement of Ca*

response by AT1R stimulation was almost completely sup-
pressed by anti-IL-1B antibody and IL-1B siRNAs (Fig. 2).
Thus, IL-1B released from fibroblasts by PTX treatment may
be the main mechanism of PTX-induced AT1R up-regula-
tion. Furthermore, Racl inhibition suppressed PTX-induced
IL-1pB production, and IL-1 inhibition suppressed PTX-in-
duced Rac activation at a late but not an early phase (Fig. 6).
Thus, Rac-mediated IL-1B production may amplify Rac-de-
pendent signaling through IL-18-mediated Rac activation.
These results suggest that PTX induces AT1R up-regulation
through a TLR4 — PI 3-kinase — Rac — NADPH oxidase —
ROS — NF-kB — IL-1B-dependent signal pathway (Fig. 8).

We revealed that stimulation of TLR4 mediates PTX-in-
duced ATIR up-regulation. It is thought that MyD88 and Trif-
related adaptor molecule mediate TLR4-mediated NF-«B acti-
vation (32). However, it has recently been reported that
oxidized LDL induces NADPH oxidase-dependent ROS pro-
duction through TLR4 stimulation in macrophages (59). These
authors have also demonstrated that Syk but not MyD88 is
responsible for TLR4-mediated ROS production. In addition,
another study has shown that stimulation of TLR4 by PTX
B-oligomer induces activation of MyD88-independent signal-
ing pathways (10). Thus, PTX induces stimulation of TLR4 that
preferentially activates the Syk-dependent Rac signaling
pathway.

PTX is frequently used as a specific tool to examine the
involvement of G; in cellular signaling. Abolishment of TLR4 by
sikRNA did not affect PTX-mediated ADP-ribosylation of G,
and G,, (Fig. 7D). Thus, PTX binds to two receptors; one is
TLR4 that activates Rac and another is the binding site that
liberates the A-protomer into cells. So far, the G,/G,-indepen-
dent signaling pathway is not usually considered when PTX is
used in vitro and in vivo. Because
PTX activates Rac in addition to
ADP-ribosylation of G, and G, it is
no longer thought that PTX is a
specific inhibitor of receptor-G,
signaling.

Another important finding of this
study is that Rac is a physiological
mediator of ATIR up-regulation
induced by IL-1p stimulation. The
inhibition of Rac suppressed the in-
crease in ATIR density and the
enhancement of Ang Il-induced
Ca®” response by IL-1B stimulation
(Fig. 6 and supplemental Fig. 4).
Because other agonists that up-reg-
ulate ATIR, such as Ang II and
TNF-q, also increase Rac activity,
Rac-mediated ATIR up-regulation
may be a common mechanism
among various stimuli. Statins are
inhibitors of 3-hydroxy-3-methyl-
glutaryl-CoA reductase and appear

AT1R
upregulation
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to have pleiotropic cffects on the cardiovascular system that are
independent of their ability to decrease serum cholesterol (14,
55). These include inhibition of cardiac hypertrophy and left
ventricular dysfunction, anti-inflammatory effects, and antioxi-
dative effects (55, 61). Recent studies have demonstrated that
statins inhibit ROS production and myocardial apoptosis by
inhibition of Rac (57). Up-regulation of AT1R is thought to be
one of the features involved in cardiac remodeling. Thus, the
present results suggest a novel mechanism in which statins
inhibit cardiac fibrosis by inhibition of AT1R up-regulation
in cardiac fibroblasts. Statins also inhibit Rho activity by
inhibition of isoprenylation. However, we could not detect
the activation of Rho, Ras, and Rapl by PTX treatment
(supplemental Fig. 2). Thus, inhibition of Rac is essential for
the inhibition of AT1R up-regulation by statin.

In conclusion, we demonstrated a novel action of PTX that
induces AT1R up-regulation independently of ADP-ribosyla-
tion of G;/G,. This mechanism includes TLR4-mediated Rac
activation, ROS production, and NF-«B activation. Activation
of NF-«B induces IL-18 production, resulting in amplification
of Rac signaling, which leads to increase in ATIR density. The
involvement of the TLR4-Rac signaling pathway in the regula-
tion of AT1R density will provide a possible novel target for
inhibiting cardiac remodeling. In addition, we have provided
pharmacologically important information indicating that PTX
per se influences G protein-coupled receptor signaling inde-
pendently of Ge, inhibition. Activation of the TLR4-Rac signal-
ing pathway by PTX suggests that we should consider pharma-
cological actions of PTX in addition to a specific inhibitor of
G,/G,-mediated signal transduction.

Acknowledgment—We thank Miyuki Toyotaka for analyzing the
localization of the NF-«kB p65 subunit.
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ARTICLE INFO ABSTRACT

We histologically examined the effects of all-trans retinoic acid (ATRA) on neuronal injury induced by
intravitreous injection of N-methyl-p-aspartic acid (NMDA) (200 nmol/eye). Treatment with ATRA for 7 days
(15 mg/kg for the first two days and 10 mg/kg for the following five days, p.o.) reduced the decrease of cell
number in the ganglion cell layer and the inner nuclear layer 7 days after NMDA injection. TUNEL staining
6 h after NMDA injection showed that treatment with ATRA (15 mg/kg, p.o.) 1 h prior to NMDA injection

reduced the number of apoptotic cells in the ganglion cell layer and inner nuclear layer. The anti-apoptotic
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xfly ::g;s vetinoic acid effect of ATRA was vanished by intravitreous injection of U0126, an extracellular signal-regulated kinase/
Retina mitogen-activated protein kinase kinase inhibitor (1 nmol/eye). These results suggest that ATRA has a

protective effect, which is medicated by extracellular signal-regulated kinase pathway, on NMDA-induced

N-methyl-p-aspartic acid
apoptosis in the rat retina. ATRA may be useful as a therapeutic drug against retinal diseases that cause

Extracellular signal-regulated kinase

glutamate neurotoxicity.

1. Introduction

Cell death of retinal ganglion cells is a characteristic of glaucoma, and
the underlying mechanism is not completely understood. Stimulation of
glutamate receptors by excess amount of glutamate under hypoxia
(David et al., 1988) and ischemia-reperfusion (Louzada-Jtnior et al.,
1992) is toxic to neuronal cells. Activation of the N-methyl-p-aspartic
acid (NMDA) receptor, a subtype of glutamate receptors (Choi, 1987,
1988), followed by excess Ca?* influx via NMDA receptor-operated
channels is involved in the predominant mechanism of neuronal
excitotoxicity. In fact, excitotoxicity caused by the elevation of
glutamate concentration in the retinal extracellular space near the
glutamate receptors is thought to be one of the mechanisms of neuronal
cell death induced by glaucoma (Kuehn et al., 2005).

Retinoids, including vitamin A and its derivatives, play important
roles for regulating various biological processes, such as visual function,
growth and differentiation (Chambon, 1996; Maden, 2001). Retinal and
opsin comprise rhodopsin, which is very important for normal visual
function (Palczewski et al., 2000). Retinoic acids regulate the expression
of various genes by activation of their nuclear receptors, retinoic acid
receptors and retinoid X receptors (Chambon, 1996; Maden, 2001).
Retinoic acids bound to these receptors are transported to nucleus and
work as transcription factors (Chambon, 1994). Recently, retinoic acids

* Corresponding author. Tel./fax: + 81 3 3444 6205.
E-mail address: sakamotok@pharm kitasato-u.ac.jp (K. Sakamoto).

0014-2999/% - see front matter © 2010 Elsevier BV. All rights reserved.
doi: 10.1016/j.ejphar.2010.03.001

© 2010 Elsevier B.V. All rights reserved.

were reported to have rapid non-genomic effects on cytoplasmic
messenger pathways. For example, retinoic acids have been reported to
cause a rapid activation of extracellular signal-regulated kinase (ERK)
through retinoic acid receptors and/or retinoid X receptors (Canon et al.,
2004; Pasquali et al., 2005).

Retinoic acids are reported to play significant roles under patholog-
ical conditions. For instance, all-trans retinoic acid (ATRA) has a
protective effect on oxygen-glucose deprivation-medicated cell death
in the rat hippocampus slice via inhibition of c-jun N-terminal kinase and
p38 mitogen-activated protein kinase (Shinozaki et al., 2007). Although
retinoic acids have very important roles in the visual signal transduction,
the role of the signaling cascade of retinoic acid in pathological
conditions such as glaucoma in the retina still remains uncertain.

Mitogen-activated protein (MAP) kinase family plays important
roles in the transduction of various extracellular stimuli to the
nucleus. The family consists of three subgroups, extracellular signal-
regulated kinase (ERK), c-jun N-terminal kinase (JNK) and p38 MAP
kinase. Recent studies show that ATRA prevents neuronal cell death
induced by beta-amyloid (Sahin et al.,2005), staurosporine (Ahlemeyer
and Krieglstein, 1998), and oxygen-glucose deprivation (Shinozaki
et al, 2007), and rapidly activated ERK via retinoic acid receptor in
neuronal cells (Canon et al., 2004). Brain-derived neurotrophic factor
and erythropoietin have been shown to protect against neuronal cell
death induced by glutamate, hypoxia or ischemia via activation of ERK
(Hetman et al., 1999; Han and Holtzman, 2000; Rossler et al., 2004; Kilic
et al., 2005).
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Based on these finding shown above, we hypothesized that
activation of retinoid acid signaling would protect against NMDA-
induced neuronal cell death in the retina, In the present study, we
demonstrated that ATRA protected the retinal neuron against
apoptosis induced by NMDA, Because much better tolerance of
retinoic acid was shown when using single doses (Teelmann, 1989),
a single dose per day was chosen instead of multiple doses. The doses
of ATRA used in this study were chosen according to doses tested in
previous studies by other researchers, The dose of ATRA (15 mg/kg for
the first two days and 10 mg/kg for the following five days, p.o.) has
been shown to have anti-inflammatory properties in experimental rat
models of nephropathy (Moreno-Manzano et al., 2003), to enhance
nociceptive withdrawal reflexes in rats (Romero-Sandoval et al.,
2004), and also to induce an increase in the prostaglandin E2
concentration in rat plasma and liver homogenate (Devaux et al.,
2001). They were also well below the toxic doses reported in similar
species (Teelmann, 1989). To test whether the protective effects of
ATRA is dose-dependent, we tried one-third dose and three-time dose
of ATRA. We also showed that the anti-apoptotic effect of ATRA was
reduced by U0126, an extracellular signal-regulated kinase/mitogen-
activated protein kinase kinase (MEK) inhibitor.

2. Materials and methods

2.1. Animals

In the present study, experimental procedures conformed to the
Guiding Principles for the Care and Use of Laboratory Animals,
approved by the Japanese Pharmacological Society. Male Sprague-
Dawley rats weighing 230-300 g (Charles River Japan, Kanagawa,
Japan) were used in the present study.

2.2, Intravitreous injection

Intravitreous injection was performed as previously described
(Siliprandi et al., 1992; Sakamoto et al., 2009). Briefly, rats were
anesthetized by intraperitoneal injection of sodium pentobarbital
(50 mg/kg i.p.; Nembutal® injection, Abbott Laboratories, North
Chicago, IL). Injection was performed with a 33-gauge needle
connected to a 25-pl gas-tight microsyringe (1702LT, Hamilton,
Reno, NV). The tip of the needle was inserted approximately 1 mm
behind the corneal limbus. Five pl of the drug solution described
below was administered into one eye and vehicle was administered
into another eye as control.

2.3. Preparation of drugs

NMDA (Nacalai Tesque, Kyoto, Japan) were dissolved in saline. All-
trans retinoic acid (ATRA) (Sigma, St. Louis, MO) was suspended in
0.5% carboxymethyl cellulose {(CMC) (Nacalai Tesque), and orally
administered. The final volume of the suspension is 0.5 mi. A similar
amount of 0.5% CMC was administered to the control animals. In the
continuous administration with either ATRA or vehicle for seven days,
the dose of ATRA in the first two days was 5, 15 or 45 mg/kg and the
dose in the following five days was 3, 10 or 30 mg/kg, respectively. In
the single administration of ATRA, 15 mg/kg ATRA was treated. The
first dose of ATRA or the vehicle was administered orally 1 h before
NMDA injection. We prepared 0.4 M stock solutions of U0126
(Promega, Madison, WI) and diluted it to working concentration
(2x10="M or 4x10~*M) with saline. U0126 or the vehicle was
administrated intravitreously 15 min before treatment of ATRA.

2.4. Histological evaluation

The method for histological evaluation was described previously
(Sakamoto et al., 2006; Sakamoto et al., 2009). The method is a

modification of the one employed by some other groups (LaVail and
Battelle, 1975; Unoki and LaVail, 1994; Roth et al., 1998; Toriu et al.,
2000). Animals were euthanized by overdosage of pentobarbital
sodium 7 days after intravitreous NMDA injection and both eyes were
enucleated. Enucleated eyes were fixed with Davidson solution,
comprised of 37.5% ethanol, 9.3% paraformaldehyde, 12.5% acetic acid
and 3% glutaraldehyde for 1-12 h at room temperature. The fixed eye
was bisected through the optic nerve head in the vertical meridian
with a microtome blade (Histo Cutter Super #35 Type, Micro Glass,
Tokyo. Japan) and embedded in paraffin after removing a lens. Five
um horizontal sections through the optic nerve head of the eye were
cut along the vertical meridian of the eye so as to contain the entire
retina from the ora serrata in the superior hemisphere to the ora
serrata in the inferior hemisphere using a microtome (HM325,
Microm International, Walldorf, Germany) and a microtome blade
(Histo Cutter Super #35 Type, Micro Glass). The sections were stained
with hematoxylin and eosin, and subject to morphometry. The
sections which showed oblique regions were excluded to avoid
artifacts. The total number of the cells in the retinal ganglion cell layer
(GCL) was counted for a length of 1 mm on either side of the optic
nerve head beginning approximately 1 mm from the center of the
optic nerve head in four independent sections using a light
microscope (Optiphot-2, Nicon, Tokyo, Japan). No attempt was
made to distinguish the cell types in the GCL, and displaced amacrine
cells were not excluded from the counts. Measurement of the
thickness of the inner plexiform layer (IPL), the inner nuclear layer
(INL) and the outer nuclear layer (ONL) was also performed to
quantify the degree of cell loss induced by intravitreous NMDA
injection. Digital photographs with approximately 0.25 mm width of
the retinal layers in each section at a distance of approximately 1 mm
from the center of the optic nerve head were taken using a digital
camera (DP11, Olympus, Tokyo, Japan) connected to a light
microscope. The photographs were printed onto A4 papers. Lines
indicating the inner and outer borders of INL and ONL and the bottom
of the ganglion cells were drawn on the printed photographs. To know
the thicknesses of IPL, INL and ONL, the distance between the lines on
the paper was measured. The areas which measured the distance
were spaced at approximately 40 pm intervals. Averages for these
measurements of thickness taken in five adjacent areas were
calculated. These parameters of each eye injected NMDA were
normalized with those of the corresponding intact opposite eyes
and are presented as percentages. We did all of the morphometrical
analysis in a blind fashion.

2.5. Deoxy UTP-biotin nick-end labeling assay

The method for terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick-end labeling (TUNEL) assay was described previ-
ously (Sakamoto et al,, 2009). To examine whether ATRA inhibits
apoptosis induced by intravitreous NMDA injection, TUNEL assay was
performed. Intravitreous NMDA injection was performed as described
above in one eye and saline was injected to another eye as control.
Animals were euthanized by overdosage of pentobarbital sodium 6 h
after NMDA injection and both eyes were enucleated. Enucleated eyes
were fixed with Davidson solution described above for 1 h at room
temperature, Fixed retinal tissues were cryoprotected in Holt's
hypertonic gum sucrose solution, comprised of 0.1% thymol, 1% gum
acacia and 30% sucrose in distilled water, overnight at 4 °C. Ten-pum-
thick sections of retina through the optic disk were then cut with a
cryostat (HM 500, Microm International, Walldorf, Germany). The
TUNEL assay was performed with ApoTag peroxidase in situ apoptosis
detection kit (Chemicon, Temecula, CA), according to the manu-
facturer's instructions, For nuclear staining, the specimens were
counterstained with methylgreen (Wako Pure Chemical, Osaka,
Japan). We counted the number of TUNEL-positive nuclei in GCL
and INL for a length of 1 mm on either side of the optic nerve head
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beginning approximately 1 mm from the center of the optic nerve
head manually using a light microscope.

2.6. Statistical analysis

The data represent the means+ S.E.M. of three to ten rats per
group. One way analysis of variance followed by Tukey-Kramer test
was used for multiple comparisons. Differences were considered to be
statistically significant when the P values were less than 0.05.

3. Results

3.1. Effect of ATRA on the retinal injury induced by the intravitreous
NMDA injection

At first, we determined the effects of ATRA on the retinal injury
induced by intravitreous NMDA injection. Typical photomicrographs
of the retina taken 7 days after NMDA injection are shown in Fig. 1. In
the vehicle-treated group, degenerative changes were observed in
GCL and IPL of the NMDA-injected eye, a characteristic of retinal
atrophy (Fig. 1B), but such changes were not seen in the contralateral
control retina (Fig. 1A). Morphometric results at 7 days after NMDA
injection of three to 10 independent experiments are shown in Fig. 2.
As indicated by the morphologic analysis, the IPL in the NMDA-
injected eye was thinner than in the contralateral saline-injected eye
at 7 days after injection. No significant change was seen in the
thickness of OPL and ONL after injection in all of the groups.
Treatment with 15 mg/kg (the first two days) and 10 mg/kg (the
following five days) (Fig. 1D), but not 5 mg/kg (the first two days) and
3 mg/kg (the following five days) (Fig. 1C), ATRA 60 min before
NMDA injection significantly reduced the amount of retinal damage.
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Fig. 1. Representative photomicrographs showing histological appearance of the
vehicle-injected control (A), and NMDA-injected retinae 7 days after NMDA injection
(B, Cand D). ATRA was orally treated 60 min before NMDA injection. Retinal damage is
shown in CMC (the vehicle of ATRA)-treated (n=10) (B), 5 mg/kg (the first two days)
and 3 mg/kg (the following five days) ATRA-treated (n = 3) (C) retinae. In the 15 mg/kg
(the first two days) and 10 mg/kg (the following five days) ATRA-treated group, retinal
structure is preserved (n=8) (D). The results of 45 mg/kg (the first two days) and
30 mg/kg (the following five days) ATRA-treated group could be divided into the two
groups (n=4). Similar protective effects to those in the 15 mg/kg (the first two days)
and 10 mg/kg (the following five days) ATRA-treated group was seen in 2 out of 4
animals (E), whereas no protection could be seen in others (F). Scale bar =50 um.
Original magnification is x200.
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Fig. 2. Effect of ATRA treated orally on the histological damage induced by
intravitreously NMDA injection. Retinal damage was examined 7 days after NMDA
injection. The following 4 parameters of the NMDA-injected eyes were normalized to
those of the vehicle-injected eyes (the opposite side of the NMDA-injected eye) and are
presented as percentages: cell density in the GCL (ganglion cell layer) and the INL
(inner nuclear layer): thickness of the IPL (inner plexiform layer), OPL (outer plexiform
layer) and the ONL (outer nuclear layer). The data represent the means + S.E.M. of three
to ten rats per group. "P<0.05, vs. CMC-treated group.

The results of 45 mg/kg (the first two days) and 30 mg/kg (the
following five days) ATRA-treated group could be divided into two
groups. Similar protective effects to those in the 15 mg/kg (the first
two days) and 10 mg/kg (the following five days) ATRA-treated group
were seen in 2 out of 4 animals (Fig. 1E), whereas no protection could
be seen in others (Fig. 1F). These results indicated that 15 mg/kg (the
first two days) and 10 mg/kg (the following five days) ATRA is the
best dose to protect against the NMDA-induced retinal damage. Oral
treatment with ATRA itself did not affect the retinal morphology.

3.2. Effect of ATRA on apoptosis induced by the intravitreous NMDA
injection in the rat retina

To examine whether ATRA reduces apoptotic cell death induced by
intravitreous NMDA injection, we conducted TUNEL staining of the
retina 6 h after NMDA injection. As shown in Fig. 3, TUNEL-positive
cells were observed in the GCL and in the inner side of the INL, but not
in the ONL, in the vehicle-treated group. Oral treatment with ATRA at

Fig. 3. Representative photomicrographs showing TUNEL staining of the vehicle-
injected control and NMDA-injected retinae 6 h after NMDA injection. TUNEL-positive
nuclei are shown in ganglion cell layer and inner nuclear layer of CMC (the vehicle of
ATRA)-treated and NMDA-injected retinae (n =4) (B), whereas no TUNEL-positive cell
was seen in CMC-treated and the vehicle of NMDA-injected retinae (the opposite side of
the NMDA-injected eye) (A). In the retina treated with 15 mg/kg ATRA 60 min before
NMDA injection, the number of the positive nuclei in the ganglion cell layer and the
inner nuclear layer is smaller than that in the CMC and NMDA-treated retinae (n=4)
(C). Scale bar = 50 pm. Original magnification is x200.



