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Cdcd2 plays a critical role in assembly of sarcomere units
in series of cardiac myocytes
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Abstract

Cardiomyocyte hypertrophy is observed in various cardiovascular diseases and causes heart failure. We here examined the role of
small GTP-binding proteins of Rho family in phenylephrine (PE}-or leukocyte inhibitory factor (LIF)-induced hypertrophic
morphogenesis of cultured neonatal rat cardiomyocytes. Both LIF and PE increased cell size of cardiomyocytes. LIF induced an
increase in the length/width ratio of cardiomyocytes, while PE did not change the ratio. Adenoviral gene transfer of constitutively
active mutants of Cde42 increased the length/width ratio of cardiomyocytes and dominant negative mutants of Cdc42 conversely
inhibited LIF-induced cell-elongation, while mutants of RhoA and Racl did not affect the length/width ratio of cardiomyocytes.
These results suggest that Cde42, but not RhoA and Racl, is involved in LIF-induced sarcomere assembly in series in cardio-

myocytes.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: RhoA; Racl; Cde42; Leukocyte inhibitory factor; Cardiac hypertrophy

One of the distinct features of cardiomyocyte hyper-
trophy is the assembly of contractile proteins into or-
ganized sarcomeric units. Immunocytochemical studies
have revealed the process of sarcomere assembly {myo-
fibrillogenesis) in cultured myocytes and developing

chicken heart [1]. The morphological phenotypes of
" ventricular myocytes are different among physiological,
concentric, and eccentric hypertrophy [2]. Physiological
hypertrophy is characterized by proportional increases
in width and length of cardiomyocytes. Concentric hy-
pertrophy is induced by pressure overload and charac-
terized by more increase in width than length while
eccentric hypertrophy is induced by volume overload
and characterized by more increase in length of cardio-
myocytes. Many growth factors induce cardiomyocyte
hypertrophy in vitro with distinctive features through
various intracellular signaling pathways [3-6]. Concen-

" Corresponding author. Fax: +81-43-226-2557.
E-mail address: komuro-tky@umin.ac jp (I. Komuro),

tric hypertrophy is induced by mechanical stretch and
agonists of Gq protein-coupled receptors such as
phenylephrine (PE), angiotensinIl {(Angll), and endo-
thelin-1 [4]. In contrast, gpl130 ligands such as cardio-
trophin-1 (CT-1) or leukocyte inhibitory factor (LIF)
induced cardiomyocyte hypertrophy with an increase in
rather cell length than width and this feature of car-
diomyocytes resembles that of eccentric hypertrophy [5].

Small molecular weight GTP-binding proteins (small
G-proteins) of Rho family including RhoA, Racl, and
Cdc42 play critical roles in cell shape, adhesion, and
motility in various types of cells [7-10]. In ¢ardiomyo-
cytes, RhoA, and Racl are involved in AnglI- and PE-
induced cardiac hypertrophy [11,12]. In this study, we
examined the roles of small G-proteins of Rho family in
PE- or LIF-induced sarcomere assembly of cardiac
myocytes using adenovirus-mediated gene expression
system. We here report that among RhoA, Racl, and
Cdc42, only Cded42 is involved in LIF-induced myofibril
elongation.

0006-291X/03/3$ - see front matter © 2003 Elsevier Science (USA). All rights reserved.

doi:10.1016/S0006-251X(03)00838-6
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Materials and methods

Antibodies and reagents. Monoclonal anti-myc antibody (9E10) and
monoclonal anti-cardiac myosin heavy chain antibody (MF20} were
prepared from American Type Cultere Collection. TRITC-labeled
phalfoidin and phenylephrine were purchased form Sigma-Aldrich
Japan, rhodamine conjugated anti-mouse IgG was from Chemicon,
and FITC conjugated goat anti-mouse IgG was from American
Qualex. LIF was purchased from Chemicon,

Cell culture. Primary cultures of cardiac ventricular myocytes from
1-day-old Wistar rats were obtained as described previously [13]. Cells
were plated at a field density of 1 x 10°cells/em® on either collagen-
coated 35-mm culture dishes or coverslips with 2ml of Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum. Culture media
were changed to serum-free media after 24h. Myocytes were further
cultured under serum-free conditions for 24h and then treated with
cither 10~°* M LIF or 10~* M PE for 48 h.

Recombinant adenovirus vector and adenoviral gene transfer. Six
types of El-deleted, replication deficient adenovirus vectors expressing
myc-epitope tagged constitutively active or dominant negative re-
combinant cDNA of Rho family were used, Adenoviruses encoding
C.A RhoA (RhoA V14), D.N.RhoA (RhoA N19), C.A Racl (Racl
V12), and D.N.Racl (Racl N17), C.A.Cdcd42 (Cdcd42 V12), and
D.N.cded2 {Cdcd2 N17) were prepared, Adenovirus vector containing
the LacZ gene was used as a control vector. Cardiomyocytes were
infected with recombinant adenoviruses at a multiplicity of infection
(MOTI) of 50 U in 0.5ml DMEM for 1k at 37 °C in humidified 5% COQ,
incubator and further cultured in serum-free DMEM for 48h. The
expression of RhoA, Racl, and Cdcd42 was confirmed by Western
blotting using antibodies specific for Rho, Racl, and Cdcd2 (data not
shown). Efficiency of gene transfer into cardiomyocytes was assessed
by X-gal staining [14]. More than 95% of cardiomyocytes exhibited
LacZ-positive staining (data not shown).

actin

LacZ

C.ARhoA

C.ARacl

C.A.Cdc42

Immunofluorescent cytochemistry. Immunostaining to examine the
morphelogy of cardiomyocytes was performed as described previously
[15]). Brefly, cells were fixed in 3% paraformaldehyde for 10min,
treated with 50mM NH.Cl, and permeabilized with 0.1% Triton X-
100 and 5% fetal bovine serum for 30 min at 37 °C. The samples were
incubated with either anti-myc antibody (9E10) to assess adenoviral
mediated gene expression or anti-cardiac myoesin heavy chain antibody
(MF20) to examine myofibrils followed with FITC-conjugated anti-
mouse IgG second antibody and TRITC-labeled phalloidin.

To assess the hypertrophic phenotype of cardiomyocytes, cell
length and width were measured and length/width ratio was caleulated,
Definitions of morphometric parameters were as previously described
[5). Cell length was defined as the maximum longitudinal extension of
individual cells. Maximum cell width was measured perpendicular to
the axis defining cell length. These parameters were measured with
graphic analyzing software, IP lab on the digital images taken by CCD
camera on the fluorescent microscope. More than 100 cells on every
dish were measured.

Statistics. All results (means+ SE) were obtained from three in-
dependent experiments. Statistical comparison of the control group
with treated groups was carried out with 1-way ANOVA and Dun-
nett’s 7 test. The accepted level of significance was p < 0.05. More than
100 cardiomyocytes were examined in each expetiment.

Results and discussion

Role of small G-proteins of Rho family in sarcomeric
organization

To investigate the role of small G-proteins RhoA,
Racl, and Cde42 in sarcomeric organization in cultured

myc merged

Fig. 1. Constitutively active mutants of Rho family proteins induce sarcomeric organization in cardiomyocytes, Cardiomyocytes were infected with
adenovirus constructs containing LacZ without myc tag (a—), constitutively active mutants of RhoA (d-f), Racl (g-i), and Cdc42 (4-1) for 48 h and
then stained with anti-myc menoclonal antibody (9E10) followed by FITC~conjugated anti-mouse immunoglobulin (green) and TRITC-labeled

phalloidin for actin (red).
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Fig. 2. Effects of LIF and PE on cell-length/width ratio and cell surface area. (A) Cardiomocytes were untreated (a) or treated with 10~° M LIF (b} or
10~*M PE (c) for 48 h and stained with anti-cardiac myosin heavy chain antibody (MF20) followed by FITC-conjugated anti-mouse immuno-
globulin, (B) In each experiment, the cell surface area of over 100 cardiomyocytes was measured. The data represent the mean percentage of controls
(100%) from three independent experiments (means+ SE). *p < 0.01 vs control. (C) Cell-length/width ratio of over 100 cardiomyocytes was
quantitatively examined in each experiment. The results are from three independent experiments (means & SE). *p < 0.05 vs control and **p < 0.05

vs control treated with LIF.

cardiac myocytes, cells were infected with adenovirus
encoding C.A. mutant of RhoA, Racl, or Cdc42. Im-
munocytochemical staining revealed that each of the
three types of mutant induced sarcomeric organization
in infected cells (Fig. 1). When cardiomyocytes were
incubated with either LIF or PE for 48 h, clear striated
bands reflecting sarcomere were observed (Figs. 2A b,c)
and the cell size was increased (control 100% vs LIF
175%, p < 0.01; control 100% vs PE 180%, p < 0.01,
Fig. 2B). However, there was considerable difference in

cell shape between LIF- and PE-treated cardiomyocytes. -

LIF induced an increase in the length/width ratio,
leading to the elongated cell shape, while PE did not
change the ratio (Figs. 2A b, ¢, and Q).

Role of small G-proteins of Rho family in morphological
change

Overexpression of D.N.RhoA, D.NRacl, or
D N.Cdc4?2 inhibited LIF- and PE-induced sarcomere
assembly (Fig. 3). Although overexpression of D.N.
RhoA or D.N. Racl had no effect on LIF-induced
cell elongation, D.N.Cdc42 inhibited sarcomere orga-
nization in series (Fig. 3). D.N.Cdc42 significantly
reduced the length/width ratio of LIF-treated cardio-
myocytes but neither D.N.RhoA nor D.N.Rac! had the
effect on the length/width ratio (Fig. 4). Although all
three types of C.A.Rhe family proteins induced sarco-
mere organization and ceilular hypertrophy, C.A.
Cdc42-overexpressed cardiomyocytes showed significant
increase in the length/width ratio that mimics the

LIF-treated cardiomyocytes, while neither C.A.RhoA
nor C.A.Racl affected the length/width ratio (Figs. 1
and 4).

LIF phenylephrine

LacZ

D.N.Racl

DN.Cdc42 @

Fig. 3. Effects of dominant negative Rho family proteins on LIF- or
PE-induced sarcomeric organization in cardiomyocytes. Cardiomyo-
cytes were infected with adenovirus construct encoding LacZ (a, b),
D.N.RhoA {(c, d}, DLN.Racl (e, f), or D.N.Cdcd2 (g, b) for th fol-
Jlowed by treating with either 10~° M LIF (a, ¢, e, g) or 10~ M PE (b, d,
f, b) for 48 b. Cardiomyocytes were stained with anti-myc monoclonal
antibody {9E10) followed by FITC-conjugated anti-mouse immuno-
globulin (green) and TRITC-labeled phalloidin for actin (red).

-29 -



T. Nagai et al. | Biochemical and Biophysical Research Communications 305 (2003) 806-810 809

&

bag
=]

i
=

Length/width ratic
= .

* Adenovirus

- s ] b 3 £ 3 =4

LacZ LwZ DN, DN. DX LacZ PN. DN. DN,

RhoA Racl Clcd?
L

CA. CA. CA.
RhoA Rael -Cdc42RhoA Rac) Cdea2
1

LIF

PE

Fig. 4. Quantitative analysis of effects of mutant forms of Rho family proteins on the cell-length/width ratio in cardiomyocytes. Cardiomyocytes were
infected with adenovirus construct and treated with either 107 M LIF or 10> M PE as described in the legend of Fig. 2. The effect of D.N.RhoA,
D.N.Racl, or D.N.Cdc42 on LIF or PE-induced cardiac hypertrophy and the effect of C.A.RhoA, C.A.Racl, and C.A.Cdcd2 were quantitatively
analyzed by measuring cell-length/width ratio. In each experiment, over 100 cardiomyocytes were estimated and results are from three independent
experiments (means £ SE), *p < 0.05 vs control and **p < 0.05 vs control treated with LIF.

The small GTP-binding proteins of Rho family have
been demonstrated to play pivotal roles in various cy-
toskeletal functions such as cell shape, adhesion, and
motility in various types of cells [16-19]. In cultured
cardiomyocytes, we have reported that RhoA and Racl
play critical roles in mechanical stress-induced hyper-
trophic responses [20]. Several groups have reported that
RhoA and Racl are required for Angll- and PE-
induced myofibrillogenesis [11,12], but the role of Cdc4?2
in sarcomere assembly was unclear. Overexpression of
C.A. forms of RhoA, Racl, and Cded? induced sarco-
meric organization in cultured neonatal rat ventricular
myocytes, and D.N.RhoA, Racl, and Cdo42 inhibited
LIF- and PE-induced myofibril organization. These re-
sults suggest that Cdo42 as well as RhoA and Racl play

an important role in sarcomere organization of cardiac-

myocytes.

LIF, a member of IL-6 superfamily, activates the
JAK-STAT signaling pathway through a common re-
ceptor gpl30. Although LIF induces cardiomyocyte
hypertrophy as well as PE and Angll, the shape of LIF-
treated cells was quite different from that of PE-treated
cells [4,5). LIF induced assembly of sarcomeric units in
series, rather than in parallel as seen after activation of
G-protein-coupled receptors by PE, Angll, or endo-
thelin-1 {7]. Myocytes from the heart with eccentric
hypertrophy that is often induced by volume overload
display assembly of sarcomeric units in series, while
myocytes from pressure overload-induced concentric
hypertrophy show parallel assembly of sarcomeric units
f18-20]. Although RhoA or Racl has been reported to
be required for Angll- or PE-induced parallel sarco-
meric organization [11,12], the signaling pathway lead-
ing to this morphological difference was unknown. In
the present study, C.A.Cdc42 promoted myofibril as-
sembly in series rather than in parallel. However, neither

C.A.RhoA nor C.A.Racl induced cell elongation. Fur-
thermore although D.N.RhoA or D.N.Racl had no
effect on LIF-induced cell elongation, D.N.Cdc42 in-
hibited LIF-induced sarcomere organization in series.
These results suggest that only Cde42 is critically in-
volved in LIF-induced sarcomere assembly in series,
although it remains to be determined whether LIF ac-
tivates Cdc42 in cardiomyocytes. It has been reported
that Cdc42 plays an important role in cell—cell adhesion
with cadherin and B-catenin system at intercalated discs
of cardiomyocytes {21,22], and that sarcomeric organi-
zation begins at intercalated discs in vitro and in vivo
[23,24]. Therefore, Cdcd42 may induce myofibril assem-
bly in series by regulating the cell-cell adhesion system.
Further studies are necessary to elucidate the molecular
mechanism of how Cded2 induces sarcomere assembly
in series.
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ABSTRACT

Using Na*/Ca®* exchanger (NCX1)-deficient mice, the patho-
physiological role of Ca®* overload via the reverse mode of
NCX1 in ischemia/reperfusion-induced renal injury was inves-
tigated. Because NCX1~/~ homozygous mice die of heart faii-
ure before birth, we used NCX1*/~ heterozygous mice. NCX1
protein in the Kidney of heterozygous mice decreased to about
half of that of wild-type mice. Expression of NCX1 protein in the
tubuiar epithelial cells and Ca2* influx via NCX1 in renal tubules
were markedly attenuated in the heterozygous mice. Ischemia/
reperfusion-induced renal dysfunction in heterozygous mice
was significantly attenuated compared with cases in wild-type
mice. Histological renal damage such as tubular necrosis and
proteinaceous casts in tubull in heterozygous mice were much

less than that in wild-type mice. Ca®* deposition in necrotic
tubular epithelium was observed more markedly in wild-type
than in heterozygous mice. Increases in renal endothelin-1
content were greater in wild-type than in heterozygous mice,
and this reflected the difference in immunohistochemical en-
dothelin-1 localization in necrotic tubular epithelium, When the
preischemic treatment with KB-R7943 was performed, the re-
nal functional parameters of both NCX1*/* and NCX1*/~ acute
renal failure mice were improved to the same level. These
findings strongly support the view that Ca®* overload via the
reverse mode of Na*/Ca®" exchange, followed by renal endo-
thelin-1 overpreduction, plays an important role in the patho-
genesis of ischemia/reperfusion-induced renal injury.

Renal ischemia is characterized by the depletion of ATP
and the development of intracellular acidosis, which alter
cellular jonic homeostasis. In particular, elevated intracellu-
lar Ca®* concentration causes cellular injury during isch-
emia and leads to irreversible renal damage during reperfu-
sion (Schrier et al., 1987), An increase in the intracellular
Na* concentration has been shown to correlate with Ca®*
overload. The accumulation of intracellular Na™ concentra-
tion, which is caused by inhibition of the Na*/K* ATPase
activity because of decreased ATP production (Cross et al.,
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1995) and activation of the Na*/H™ exchange because of
intracellular acidosis (Scholz et al., 1993}, has been shown to
activate the Na*/Ca®* exchanger (NCX1) and subsequently
to cause Ca®* overload. Therefore, the NCX1 plays a crucial
role in ecellular injury during ischemia and in cell death
during reperfusion. In the last decade, the NCX1 has been
cloned and the structure/function relationship intensively
studied. In addition, many investigators have studied the
pathophysiological significance of NCX1 in the abnormality
of the circulatory system (Philipson and Nicoll, 2000).

The role of NCX1 in ischemia/reperfusion injury has been
demonstrated using the selective NCX1 inhibitor KB-R7943.
This compound has been reported to be a selective and potent
inhibitor of the Ca®* influx mode of Na*/Ca?* exchange in
cardiomyocytes, smooth muscle cells, and NCX1-transfected
fibroblasts (Iwamoto et al., 1996). Similar inhibitory effects of
KB-R7943 on the reverse mode of NCX1 were observed in

ABBREVIATIONS: NCX1, Na*/Ca?* exchanger; KB-R7943, 2-{2-{4-(4-nitrobenzyloxy)phenyl]ethyllisothiourea methanesulfonate; ARF, acute
renal failure; ET-1, endothelin-1; PBS, phosphate-buffered saline; BUN, blood urea nitrogen; Uosm, urinary osmeolarity; FENa, fractional excretion
of sodium; Ccr, creatinine clearance; KHB, Krebs-Henseleit buffer; [Ca®*}, intracelluler calcium concentration; BSS, balanced salt solution;
[Ca?*),, extracellular calcium concentration; RIA, radioimmunoassay; DMEM, Dulbecco’s modified Eagle's medium; LDH, lactate dehydrogenase;
Pcr, ptasma creatinine concentration; UF, urine fiow; SK&F96363, 1-[-[3-(4-methoxyphenylipropoxyl-4-methoxyphenyl]-1H-imidazole hydrochlo-
ride; ABT-627, [2R—(4-methoxyphenyl)-48-(1,3-benzodioxol-5-yl)-1-(N,N—di(n-butyl)arninocarbcnyl-methyl)—pyrrolidine—3H-carboxyIic acid);
A-192621, [2R-(4-propoxyphenyl)-45-(1,3-benzodioxol-5-yl)-1-{N-(2,6-diethyl phenyl)aminocarbenyl-methyl)-pyrrolidine-3R-carboxylic acid],
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guinea pig cardiac ventricular cells (Watano et al., 1936).
Furthermore, KB-R7943 efficiently improved the ischemia/
reperfusion-induced injury both in isolated rat perfused
heart and in anesthetized rat heart, thereby suggesting that
a selective Na*/Ca®" exchange inhibitor has beneficial ef-
fects against myocardial ischemia/reperfusion injury (Naka-
mura et al., 1998; Ladilov et al., 1999). In the kidney, we first
demonstrated the protective effects of KB-R7943 on isch-
emia/reperfusion-induced acufe renal failure (ARF), and
therefore suggested that Ca2* overload via the reverse mode
of NCX1 plays an important role in the pathogenesis of this
renal disease (Yamashita et al., 2001).

Endothelin-1 {(ET-1) is a potent vasoconstrictor peptide
(Yanagisawa et al., 1988) that has been implicated as a
mediator of cardiac, vaseular, and renal diseases associated
with repgional and systemic vasoconstriction (Rubanyi and
Polokoff, 1994). This peptide is produced in various tissues,
including endothelial cells, smooth muscle cells, and renal
tubular epithelial cells and acts through activation of G pro-
tein-coupled ET, and ETg receptors (Rubanyi and Polokoff,
1994). A potential contribution of ET-1 to the pathology of
ischemic ARF has been suggested based on findings indicat-
ing that renal ET-1 mRNA expression, ET-1 content, and its
affinity for ET receptors are elevated in the postischemic
kidney (Firth and Rateliffe, 1992; Wilhelm et al., 1999). ET,-
selective or nonselective ET,/ETg-receptor antagonists and
ET-converting enzyme inhibitors are known to attenuate the
ischemia/reperfusion-induced impairment of renal function
{Gellai et al., 1995; Kuro et al., 2000; Matsumura et al,
2000). Taken together, it seems likely that renal ET-1 over-
production and its ET, receptor-mediated actions are closely
related to the pathogenesis of ischemic ARF.

The purpose of this study was to determine the pathological
role of Na*/Ca** exchange in the ischemia/reperfusion-induced
ARF, using recently produced NCX1-deficient mice (Wakimoto
et al., 2000). Homozygous NCX1-deficient mice (NCX1™") died
between embryonic days 9 and 10 (Wakimoto et al., 2000). Their
hearts did not beat and cardiac myocytes showed apoptosis.
Therefore, we used NCX1*/~ heterozygous mice, which were
subjected to the renal ischemia followed by reperfusion, and
impairment of renal function, histological damage, and changes
in renal ET-1 content were compared with those in NCX1+/*
wild-type mice. We report here that NCX1*/~ heterozygous
mice exhibit an attenuated ischemia/reperfusion-induced renal
dysfunction and cell injury, and a lowered ET-1 overproduction
in the postischemic kidney, indicating that the Na*/Ca®* ex-
change mechanism and renal ET-1 system play an important
role in the pathogenesis of postischemic ARF.

Materials and Methods

Animals. The generation of the NCX1-knockout mice has been
described in detail previously (Wakimoto et al., 2000). Briefly, we
cloned the NCX1 gene from a 129/SV mouse genomic library. The
targeting vector was constructed by insertion of the nec cassette into
the 3-kilobase pair Xbal-Xhol fragment containing exon 2 of NCX1
gene. The diphtheria toxin-A fragment gene was ligated to the 3’
position of the targeting vector for negative selection. The A3-1
embryonic stem cell line was transfected with the linearized target-
ing vector by electroporation. After G418 selection, homologous re-
combinants were identified by polymerase chain reaction and con-
firmed by Southern blot hybridization. Targeted embryonic stem
cells were aggregated with eight cells from C57BL/6J (B6) mice, and
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chimeric blastocysts were implanted into the uterus of pseudopreg-
nant ICR mice. Chimeric male mice were then mated to female B6
mice to confirm the germline transmission.

Surgery and Experimental Design. Male B6 mice (NCX1*/~
and NCX1*/* mice; 15-20 g) were housed in a light-controlled room
with a 12-h light/dark cyele, and access to food and water was ad
libitum, Experimental protocols and animal care methods in the
experiments were approved by the Experimental Animal Research
Committee at Osaka University of Pharmaceutical Sciences. Two
weeks before the study, the right kidney was removed through a
small flank ineision made after pentobarbital anesthesia (50 mg/kg
ip.). After a 2-week recovery period, to induce ischemie ARF, these
mice were anesthetized with pentobarbital (50 mg/kg i.p.), and the
left kidney was exposed through a small flank incision. The Ieft renal
artery and vein were occluded for 45 min with a nontraumatic clamp.
At the end of the ischemic period, the clamp was released and blood
reperfused. In some animals, EB-R7943 (10 mg/kg) or its vehicle (a
mixture of 15% ethanol, 15% polyethylene glycol 400, and 70% sa-
line) was administered as a slow bolus injection at 1 mbkg into the
external jugular vein, 5 min before the occlusion.

In sham-operated control animals, the left kidney was treated
identically, except for clamping. Animals exposed to 45-min ischemia
were housed in metabolic cages at 24 h after reperfusion; 24-h urine
samples were taken and bloed samples were drawn from the aorta at
the end of urine collection period. The plasma was separated by
centrifugation. These samples were used for measurements of renal
functional parameters. The kidneys were excised and examined us-
ing a light microscope.

In separate experiments, left kidneys were obtained 24 h after
reperfusion to determine NCX1 protein expression and ET-1 content.

Western Blotting. Tissue homogenate preparation, SDS-polyacryl-
amide gel electrophoresis, and immunoblotting were performed as de-
scribed previously (Yamashita et al., 2001). Immunoblot analysis was
performed with anti-NCX1 polyclonal antibody at 1:300 dilution with
PBS (Iwamoto et al., 1998). Protein was measured with the bicincho-
ninic acid assay reagent (Pierce Chemical, Rockford, IL). The immung-
blots were visualized using the enhanced chemiluminescence detection
system (Amersham Biosciences, Inc., Piscataway, NJ).

Blood and Urine Measurements. Blood urea nitrogen (BUN)
and creatinine levels in plasma and urine were determined using
commercial kits, the BUN-test-Wako and Creatinine-test-Wako
{(Wako Pure Chemicals, Osaka, Japan), respectively. Urinary osmo-
lality (Uosm) was measured by freezing point depression (Fiske,
MA). Urine and plasma sodium concentrations were determined
using a flame photometer (205D; Hitachi, Hitachinaka, Japan), Frac-
tional excretion of sodium (FENa, %) was calculated from the for-
mula FENa = UNaV/(PNa X Cer) X 100, where UNaV is urinary
excretion of sodium, PNa is the plasma sodium coneentration, and
Cer is creatinine clearance.

Histological Studies. Histological studies were done as de-
scribed previously (Yamashita et al., 2001). Histopathological
changes were analyzed for tubular necrosis and proteinaceous casts,
as suggested by Solez et al. (1974). Tubular pecrosis and protein-
aceous casts were graded as follows: no damage (— or 0}, mild (= or
1, unicellular, patchy isolated damage), moderate (+ or 2, damage
less than 25%), severe (++ or 3, damage between 25 and 50%), and
very severe (+++4 or 4, more than 50% damage). Evaluations were
made in a blind manner.

Using von Kossa method, the amount of black reaction products
indicated as Ca** deposition in necrotic tubular epithelium was also
determined by microscopi¢ chservation.

Primary Culture of Proximal and Distal Tubular Cells.
Proximal and distal tubular cells were prepared from NCX1*/* and
NCX1*~ mice with a modification of methods described previously
{Gesek et al,, 1987). Briefly, mice were anesthetized with sodium
pentobarbital (50 mg/kg i.p.) and the left kidney was perfused with
ice-cold modified Krebs-Henseleit buffer (KHB) through the thoracic
aorta after ligation of the aorta and vena cava above the renal
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vessels, Modified KHB contains the following: 118 mM NaCl, 4.0 mM
K(Cl, 1.0 mM KH,PQ,, 27.2 mM NaHCO,, 1.25 mM CaCl,, 1.20 mM
MgClg, 5.0 mM glucose, and 10 mM HEPES, The kidney was re-
moved and the cortex was cut into 1-mm-thick slices, being incu-
bated for 40 min at 37°C in atmosphere of 95% 0,/5% CO,. The slices
were then washed with KHB and transferred to an ice-cold solution.
Nephron segments were isolated from the cortex region under mi-
croscope. Proximal tubules (segments 1-3) just after the glomerulus
and distal convoluted tubules just after the thick ascending limb
were excised. These isolated tubules were then explanted for 4 to 5
days on 35-mm dishes in Dulbeceo’s modified Eagle’s medium sup-
plemented with 10% heat-inactivated fetal calf serum, 100 U/ml
penicillin, and 100 pg/ml streptomycin,

Measurement of [Ca®**]; in Proximal and Distal! Tubular
Cells, [Ca®*]; was menitored using Fluoe-3/acetoxymethyl ester as a
fluorescent Ca®* indieator, Cells in 35-mm dishes were loaded with
4 pM Fluo-3/acetoxymethyl ester for 40 min at 37°C in 1 ml of
balanced salt solution [BSS; 10 mM HEPES-Tris (pH 7.4), 146 mM
NaCl, 4 mM KCl, 2 mM MgCl,, 1 mM CaCl,, and 10 mM glucose).
Loaded cells were then washed twice with BSS. Cells were exposed
to Ca®*, Mg**-free BSS containing 0.2 mM EGTA for 10 min and
then to BSS containing 2 mM Ca?*. KB-R7943 (10 pM) was pre-
treated for 10 min before the repletion of [Ca®*],. Fluorescence
signals from single tubular cells with excitation at 488 nm were
monitored by confoeal laser scanning microscope system (MRC1024;
Bio-Rad, Hercules, CA). The fluorescence intensity of individual cells
(F} was normalized to that (F;) before adding 2 mM Ca®*.

Renal ET-1 Assay. ET-1 was extracted from the kidney, as de-
scribed elsewhere (Fujita et al., 1995), Briefly, kidneys were weighed
and homogenized for 60 s in 8 ml of ice-cold organic solution {chlo-
roform/methanal, 2:1, including 1 mM N-ethylmaleimide). The ho-
mogenates were left overnight at 4°C and then 0.4 ml of distilled
water was added after which the homogenates were centrifuged at
1500g for 30 min and the resultant supernatant was stored. Aliquots
of the supernatant were diluted 1/10 with a 0.09% trifluoroacetic acid
solution and applied to Sep-Pak C18 cartridges. The sample was
eluted with 3 ml of 63.8% acetonitrile and 0.1% trifluoroacetic acid in
water. Eluates were dried in a centrifugal concentrator and the dried
residue was reconstituted in assay buffer for radicimmunocassay
(RIA). The clear solution was subjected to RIA. The recovery of ET-1
was approximately 80%. RIA for tissue ET-1 was done, as described
previcusly (Matsumura et al., 1990b).

Immunochistochemistry. Exeised left kidneys were preserved in
phosphate-buffered 10% formalin, after which the kidneys were
chopped into small pieces, exubedded in paraffin wax, and cut at 3
wm. Tissue sections were incubated for 30 min at 37°C with anti-
ET-1 polyclonal antibody (Peptide Institute, Inc., Osaka, Japan) or
with anti-NCX1 polyclonal antibody (Iwamoto et al., 1998} at 1:2000
and 1:300 dilution with PBS, respectively. After washing with PBS,
the sections were further incubated with goat anti-rabbit biotinyl-
ated secondary antibody (Nichirei, Tokyo, Japan} at 37°C for 10 min
and then the streptavidin-horseradish peroxidase (Nichirei) was ap-
plied for 5 min. The complex was visualized with 3,3-diamonobenzi-
dine.

Hypoxia and Reoxygenation in LLC-PK,. LLC-PK, (Ameri-
can Type Culture Collection, Manassas, VA), a porcine kidney cell
line, was grown in Dulbeceo’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal calf serum, 50 pg/m] streptomycin, and
50 U/ml penicillin at 37°C in a CO, incubator (35% air, 5% CO,).
When the cells cultured in 24-well plates became confluent, the
culture medium was changed to DMEM without glucose and serum
and the cells were exposed to the hypoxic condition using an Anaero
Pack Pouch (Mitsubishi Bas Chemical Co., Inc., Tokyo, Japan), in
which the oxygen concentration was less than 1% within 1h after the
exposure. After 6 h of hypoxia, the cells were put in a CQ, incubator
for 1 h in the DMEM to which glucose was added at the beginning of
reoxygenation. After the exposure of the cells to hypoxia and reoxy-
genation, lactate dehydrogenase (LDH) activity in the culture super-

natant for 7 h was measured with a commercial kit (Wake Pure
Chemicals). KB-R7943 (10 pM) was added to the medium at the
beginning of hypoxia and/or reoxygenation. LDH release was ex-
pressed as a percentage of total cellular LDH activity.

Statistical Analysis. Values are mean * S.E.M. For statistical
analysis, we used one-way analysis of variance followed by Bonfer-
roni’s or Dunnett’s multiple comparison tests. Histological data were
analyzed using the Kruskal-Wallis nonparametric test combined
with the Steel-type multiple comparison test. For all comparisons,
differences were considered significant at P < 0.05,

Results

Expression and Localization of NCX1 Protein. To jus-
tify the use of NCX1*/~ heterozygous and NCX1*'* wild-type
mice, NCX1 protein expression in the kidney of these animals
was examined. As shown in Fig. 1, NCX1 protein level in
renal tissues of NCX1*/~ mice was about half of that seen in
NCX1** mice. On the other hand, protein levels of Na*/K*-
ATPase, sarcoplasmic reticulum Ca®*-ATPase (type 2) and
L-type voltage-dependent Ca®* channel did not differ be-
tween NCX1*/~ and NCX1*/* mice (data not shown). In
addition, an immunohistochemical study clearly indicated
that a staining for NCX1 protein expression was much more
intense in tubular epithelial eells of renal cortex of NCX1*/+
wild-type mice than in those of NCX1*/~ mice (Fig. 2).

[Ca®**]; Rise Evoked by the Reverse Mode of Na*/CaZ%*
Exchange in Cultured Renal Tubular Cells, [Ca®*], reple-
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Fig. 1. NCX1 protein expression in renal tissues of NCX1** wild-type
and NCX1*/~ heterozygous mice. Each ¢column and bar represents the
mean * $.E.M. {n = 6}. », P < 0.01, compared with wild-type mice.
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Fig. 2. Immunohistochemistry for NCX1 protein in the renal cortex of
NCX1** wild-type and NCX1*'~ heterozygous mice. Arrows indicate
NCX1 protein expression in tubular epithelial cells. The protein expres-
sion was much more intense in NCX1*/* than in NCX1*/~ mice.

tion after a period of [Ca®*], depletion is kmown to cause Ca®*
overloading via Na*/Ca?* exchange in cardiomyocytes or neu-
ronal cells, a process called the Ca?* paradox (Chapman and
Tunstall, 1987). To assess the functional difference of Na*/Ca®*
exchange in renal tubules between NCX1** and NCX1*/~
mice, we examined [Ca®*]; rise evoked by the Ca®* paradox in
cultured renal tubular cells using Ca®* indicator Fluo-3. When
distal tubular cells of NCX1*/* mice were exposed with a Ca®*,
Mg2* free buffer for 10 min and then placed in a buffer con-
taining 2 mM Ca®*, [Ca®*]; markedly increased. In the proxi-
mal tubular cells, [Ca®*], rise was also observed, although being
significantly smaller than that in distal tubular cells (Fig. 3).
These [Ca%"); responses were blocked over 90% by pretreat-
ment with KB-R7943 (10 uM), an inhibitor for the reverse mode
of Na*/Ca** exchange, but not significantly affected by vera-
pamil (10 uM), L-type Ca®* channel blocker, or SK&F96365 (50
uM), a blocker of store-operated Ca®" channels {data not
shown). In NCX1*~ mice, on the other hand, the [Ca®"], ele-
vations in both tubular cells induced by 2 mM Ca®* were
markedly down-regulated compared with the case of NCX1+/*
mice.

Renal! Function after Ischemia/Reperfusion. As
shown in Fig. 4, renal functional parameters of mice sub-
jected to 45-min ischemia showed a marked deterioration, as
measured 48 h after reperfusion. Compared with each sham-
operated contrel animals, both NCX1*/~ and NCX1*/* mice
exhibited increases in BUN, plasma creatinine concentration
(Per), urine flow (UF) and FENa, and decreases in Cer, and
Uosm. However, ischemia/reperfusion-induced changes in re-
nal functional parameters of NCX1*/~ mice were consider-
ably small, compared with eases in NCX1*/* mice (BUN:
NCX1*/~,78.0 = 8.8 versus NCX1*/*, 142.6 *+ 7.4 mg/dl; Per,
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NCX1™/~, 0.80 = 0.10 versus NCX1*'*, 1.34 * 0.05 mg/d];
Cer, NCX1%/~, 2.15 * 0.23 versus NCX1%/*, 0.95 + 0,13 m}
min~? kg~ UF, NCX1*~, 88.1 % 10.4 versus NCX1*/",
102.6 * 10.7 pl min~! kg™ Uosm, NCX1*'~, 663 = 73
versus NCX1**, 501 %= 18 mOsM/kg; FENa, NCX17~,
1.05 = 0.16 versus NCX1%/*, 1.93 + 0.12%). On the other
hand, there were no significant differences in renal func-
tional parameters between NCX1** and NCX1*/~ sham-
operated control mice.

Histological Renal Damage after Ischemia/Reperfu-
sion. Histological examination revealed severe lesions in the
kidney of NCX1*"* mice (48 h after the ischemiafreperfusion).
These changes were characterized by tubular necrosis (Fig, 5b,
outer zone outer stripe of medulla) and proteinaceous casts in
tubuli (Fig. 5f, inner zone of medulla). In NCX1*/~ mice, histo-
logically evident damage was significantly less than that seen
in NCX1** mice (Figs. 5, d and h; Table 1),

Ca®* Deposition after Ischemia/Reperfusion, Figure
6 shows light micrographs of Ca?* deposition demonstrated
by von Kossa method in the kidney subjected to 45-min
ischemia followed by reperfusion. Ca®* deposition in medul-
lary tubular epithelium of kidney of NCX1*/* mice was more
evident compared with the case of NCX1*/~ mice.

Effects of KB-R7%43 on the Ischemia/Reperfusion-In-
duced Renal Dysfunction. To further evaluate the possible
involvement of NCX1 in the ischemia/reperfusion-induced renal
injury, the effect of pharmacological blockade of NCX1 was
examined. As shown in Fig. 7, preischemic treatment with
KB-R7943 improved the renal fimetional parameters of both
NCX1** and NCX1*~ ARF mice to the same level.

Effects of KB-R7943 on the Hypoxia/Reoxygenation-
Induced Injury in LL.C-PK,. LLC-PK, cells, derived from
pig kidney, have characteristics of proximal tubules, We eval-
uated the effect of KB-R7943 on the hypoxia/reoxygenation-
induced cell injury in LLC-PK,. Hypoxia/reoxygenation tech-
nique is known as in vitro model system of ischemia/
reperfusion-induced renal injury. As shown in Fig. 8, an
enhanced LDH release from the cells exposed to hypoxia
followed by reoxygenation was markedly suppressed by the
treatment with KB-R7943 during the hypoxia. Similar sup-
pressive effect of KB-R7943 was also observed by the addi-
tion at the beginning of reoxygenation.

Renal ET-1 Content after Ischemia/Reperfusion. To
confirm the contribution of ET-1 to ischemia/reperfusion-
induced renal injury both in NCX1*/~ and NCX1*/* mice, we
measured renal ET-1 content at 24 h after reperfusion. As
shown in Fig. 9, renal ET-1 content was significantly in-
creased by the ischemia/reperfusion, both in NCX1*/* and
NCX1*/~ mice, compared with that seen in each sham mice.
However, ischemia/reperfusion-induced changes in renal
ET-1 content of NCX1*'~ mice were considerably small, com-
pared with cases in NCX1** mice (NCX1*/~, 0.71 % 0.06
versus NCX1**, 1.26 % 0.23 ng/g tissue).

Immunochistochemical Analysis. To determine the lo-
calization of renal ET-1 peptide expression after the isch-
emia/reperfusion, an immunohistochemical study was done.
As clearly indicated in Fig. 10, a staining for ET-1 peptide
expression was intense in tubular lumen containing necrotic
cells, and it was more prominent in NCX1*/* than in
NCX1*~ mice.

Acute Renal Faiture and Na*/Ca?* Exchanger
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Fig. 3. [Ca®"], elevations evoked by the Ca®* paradoz in cultured proximal and distal tubular cells from NCX1*/* wild-type and NCX1*/~ heterozygous
mice. Fluo-3-loaded cells were exposed to a Ca®*, Mg**-free BSS containing 0.2 mM EGTA for 10 min and then to BSS containing 2 mM Ca®*, with
or without 10 uM KB-R7943. KB-R7943 was pretreated for 10 min before the repletion of Ca?*, The fluorescence intensity of individual cells was
- normalized to that (F)) before adding 2 mM Ca®*. Each point and bar represents the mean = S.E.M.

Discussion

We investigated the pathological role of NCX1 in ischemia/
reperfusion-induced renal injury using NCX1-knockout mice.
Because NCX17/~ homozygous mice die of heart failure be-
fore birth (Wakimoto et al., 2000), we used NCX1*/~ het-
erozygous mice, in which NCX1 protein expression in renal
tissues was decreased to about half of those of NCX1*/*

wild-type mice. Furthermore, expression of NCX1 protein in
the tubular epithelial cells and Na*/Ca®* exchange activity
of renal tubules were markedly attenvated in the heterozy-
gous mice, thereby indicating the usefulness of these mice in
examining the renal pathophysiological role of NCX1.

In the present study, the ischemia/reperfusion-induced re-
nal dysfunction and histological damage was moderate in
NCX1*~ mice compared with cases in NCX1*'* mice, His-
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Fig. 4. Renal functional parameters of NCX1** wild-type and NCX1*/~ heterozygous mice, with or without ARF. BUN (a), Per (b), Cer (e}, UF (d);
Uosm (e), and FENa {(f}. Each column and bar represents the mean = S.E.M. #, P < 0.01, compared with wild-type sham mice; +, P < 0.01, compared
with heterozygous sham mice; *, P < 0.01, compared with wild-type ARF mice.
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Fig. 5. Light microscopy of outer zone outer stripe of medulla (a—d) and inner zone of medutla (e-h} of the kidney of NCX1** wild-type and NCX1*/~
heterozygous mice, with or without ARF. Arrows indicate tubuclar necrosis (b and d) and proteinaceous casts in tubuli (fand h) (hematoxyline and eosin
staining).

—-37-



290 Yamashita et al.

TABLE 1

Histopathological changes in kidneys of wild-type and heterozygous mice, with or without ARF

Data are expressed as the number of animals with histopathologieal changes. Values in parentheses represent the mean = S.E.M. of histopathological change/grade. Grades:
no changes (= or 0), mild (= or 1}, moderate {+ or 2), severe (++ or J), very severe (+++ or 4).

‘Wild-Type Heterozygous
Sham Mice (n = §5) ARF Mice {nh = §) Sham Mice (n = §) ARF Mice (n = 6)
Histopathological - *® + 44+ ++4++ = = + 44 ++4 =~ * 4 44+  F++ — *+ £ 4+ 444
changes/grade o 1 2 3 4) o 1 2 3 4) 0 1 2 3 4) o 1 2 3 4)
Tubular necrosis 5 0 0 0 0 0o 0 0 4 2 5 0 0 ) 0 6 38 3 4] 0
(3.33 £ 0.21%) (1.50 * .22%9)
Protein casts 5 0 ¢ 0 0 ] 0 2 4 5 0 0 0 0 o 2 2

(3.67 = 0.219)

2
(2.00 = 0.37%)

ARF, acute renal failure.

P < 0.01, compared with wild-type sham mice.

* P < 0.01, compared with heterozygous sham mice.
¢ P < 0.01, compared with wild-type ARF mice.

ARF: witd-typ

ARF: Aeferozygous

sham: heterorygons

Fig. 6. Light microscopy of Ca** deposition in medulla of the kidney of
NCX1** wild-type and NCX1*/~ heterozygous mice, with or without
ARF. Ca®* deposition in medullary tubular epithelium of kidney of
NCX1** ARF mice (b) was more evident compared with the case of
NCX1*~ ARF mice (d) {von Kossa staining).

tochemieally visualized Ca®* deposition in medullary tubu-
lar epithelium of postischemic kidney of NCX1*/~ mice was
less evident than that seen in NCX1** mice. On the other
hand, pharmacological blockade of NCX1 with KB-R7943
improved the renal dysfunction observed in both NCX1%/*
and NCX1*/~ ARF mice to the same level. An increment of
ET-1 content in postischemic kidney of NCX1*/~ mice was
also less than that observed in NCX1%* mice, and this
difference reflected an immunchistochemical localization of
ET-1 in tubular lumen-containing necrotic cells. These find-
ings suggest that Ca®" overload via the reverse mode of
NCX1, followed by renal ET-1 overproduction, plays an im-
portant role in the pathogenesis of ischemia/reperfusion-in-
duced renal injury.

In normal cardiac cells, NCX1 extrudes Ca®* from sarco-
lemma to maintain the intracellular Ca®* concentration at
the diastolic level. In contrast, in ischemic cardiac cells where
intracellular pH decreases, the intracellular Na* concentra-
tion rises through the Na™/H" exchange system, which in
turn increases the intracellular Ca?* concentration through
the Na*/Ca%* exchange system (Dennis et al., 1990). The
Ca?" overload via this system seems to contribute to the

ischemia/reperfusion injury in the heart (Tani and Neely,

1989; Cross et al., 1998). This view may be applicable to the
case of the pZostischemic ARF. Although the pathological
mechanisms of Ca®* overload in ischemie¢ kidney have not
been fully elucidated, there is substantial evidence indicating
that inereased eytosolic Ca®* may be an important mediator
of epithelial cell necrosis, which is a characteristic of ischemje
ARF and that Ca®* overload is a primary factor in certgin
types of cell injury (Wilson et al., 1984). In addition, a pre-
ischemic treatment with Ca%* channel blockers has been
known to exert a protective effect against the ischemia/reper-
fusion-induced renal injury (Goldfarb et al., 1983; Yamashita
et al., 2001). Most recently, we found that KB-R7943, a
selective and potent inhibiter of the Ca®* influx mode of
Na*/Ca®* exchange (Iwamoto et al., 1996; Watano et al.,
1996), efficiently attenuated the ischemia/reperfusion-in-
duced renal injury in both cases of pre- and postischemic
treatments, thereby suggesting that Ca®* overload via the
reverse mode of the Na*/Ca®* exchange is a crucial factor in
the pathology of postischemic renal insufficiency, and that an
inhibitor of NCX1 may be an beneficial therapeutic agent. for
the postischemic ARF (Yamashita et al., 2001).

In the present study, using NCX1*/~ heterozygous mice we
confirmed the pathophysiologieal importance of Ca?* han-
dling via NCX1 in the ischemia/reperfusion-induced renal
injury. The level of NCX1 protein expression in renal tissues
of the NCX1*/~ mice was about half of that seen in NCX1*/+
wild-type mice. Ca®* influx via Na*/Ca®* exchange, which is
abolished by a selective NCX1 inhibitor KB-R7943, in prox-
imal and distal tubular cells were much less potent in
NCX1*~ mice than in NCX1*/* mice. In addition, we ob-
tained the evidences that protein levels of Na*/K*-ATPase,
sarcoplasmic reticulum Ca®**-ATPase, and L-type voltage-
dependent Ca®* channel did not differ between NCX1*+* and
NCX1*~ mice (T. Iwamoto, unpublished data). These find-
ings seem to justify the usefulness of these animals in renal
pathophysiological study. However, an attenuation of isch-
emia/reperfusion-induced renal injury observed in NCX1+—
mice was only partial. Thus, to elucidate more precisely the
pathophysiological role of NCX1 in the postischemic ARF,
further studies using NCX1~~ homozygous mice are néeded.
To attain this, adult NCX1™/~ mice should be produced by
the tissue (heart)-specific transgenic reseue. Furthermore,
the rescued adult NCX1™~ mice may provide new informa-
tion on the physiological role of NCX1 in regulatory mecha-
nisms of renal function, although we observed no significant
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