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Given the previous clinical and experimental evidence, we hypoth-
esized that the cardiac sympathetic nerve density dramatically changes
with the acceleration of circulating NE concentration and subsequently
affects the cardiac performance. To test this hypothesis in vivo, we
carried out the present study to examine the temporal association of
NGF expression in the heart and cardiac sympathetic nerve density
during the development of CHF in the continuous NE-infused rats.

2. Materials and Methods
2.1. Animal experiments

Seven-week old male Wistar rats weighting 240 to 260 g (CLEA
Japan,Inc.) were divided into two experimental groups; (1) vehicle-
infusion as control groups and (2) NE-infused rats. 0.9% saline with
ascorbate (1 mmol/L) vehicle or (-)norepinephrine bitartrate (Sigma
Chemical Co.) dissolved in 0.9% saline with ascorbate (1 mmol/L) was
administered continuously by subcutaneously implanted osmotic mini
pumps (ALZET Osmotic Pumps, model 2004) into the interscapular
region. Rats were sedated with ketamine (60 mg/kg) and xylasine
(15 mg/kg) given intraperitoneally. NE was infused at a rate of 0.05 mg/
kg/hr for maximum 28 days. The animals were killed at 0-, 1-, 3-,7-, 14-,
and 28-day after implantation of osmotic pumps. On the day of the
experiment, rats were artificially ventilated under anesthesia with
ketamine (60 mg/kg) and xylasine (60 mg/kg) given intraperitoneally.
A catheter (HAKKO disposable ELASTER TYPE2, 25G x 38 mm) filled
with heparin-saline solution, connected to a pressure transducer, was
inserted into the thoracic aorta and left ventricle (LV) through the right
carotid artery to measure aortic pressure and LV pressure. Mean arterial
pressure, LV pressure, LV dp/dt, LV -dp/dt, and heart rate were recorded
using a polygraph system (Nihon Kohden). A blood sample (1.5 ml) was
then collected from the carotid arterial catheter for measuring plasma
NE. The rats were then killed and their hearts, lungs, livers, and left
stellate ganglia were removed. Each heart (LV + septum), lung, and liver
was weighted. To establish mice that selectively expressed enhanced
green fluorescent protein (EGFP) in sympathetic nerves, mice carrying a
reporter gene construct chicken B-actin promoter (CAG)-chloramphen-
icol acetyl transferase (CAT)-EGFP (Kawamoto et al, 2000) were
crossed with a mouse line expressing Cre recombinase under the con-
trol of the dopamine B-hydroxylase (DBH) promoter (Matsushita et al.,
2004). The CAG-CAT EGFP transgenic mouse was a gift from J. Miyazaki
(Osaka University, Osaka, Japan). The DBH-Cre recombinase transgenic
mouse was provided by K. Kobayashi (Fukushima Medical University,
Fukushima, Japan). Five-week-old DBH-Cre/Floxed-EGFP mice were
implanted osmotic mini pumps (ALZET Osmotic Pumps, model 2004)
into the interscapular region under above-mentioned anesthesia. NE
was infused at a rate of 0.05 mg/kg/hr for maximum 28 days. Vehicle-
infusion mice were used as controls. The animals were killed at 28-day
after implantation of osmotic pumps. All animal experiments approved
by the Animal Care and Use Committee of the Keio University.

2.2, Plasma NE measurement

Blood samples were collected in iced heparin-treated tubes
containing EDTA-2Na (1 mg/ml) and centrifuged (500xg) at 4°C
for 10 min. Plasma was aliquoted and stored at -20°C until
subsequent assay. NE was assayed by high-performance liquid
chromatography (HPLC) with electrochemical detection as described
previously (Hjemdahl, 1984).

2.3. Tissue NE measurement

Tissue samples were homogenized within 30 sec in 0.1 N HCl con-
taining 0.1% sodium pyrosulfite (Na2S205). After centrifugation
(10000 g, 30 min), NE was extracted with alumina and determined by
HPLC.
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2.4. RNA extraction and poly(A) *RNA Northern Blot Analysis

Total RNA from frozen rat tissue samples (LV +septum) was
extracted using TRIzol Reagent (GIBCO BRL), and poly(A) "RNA was
isolated. Rat NGF, BNP, and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) cDNA were obtained by RT-PCR from the heart and
cloned into the pCRat plasmid. GAPDH cDNA was used as an internal
control. Inserts were labeled with [a-32P]dCTP by the random priming
technique. A 2.5 pg sample of poly(A)*RNA was run on a 1% MOPS/
formaldehyde-agarose gel, and Northern blots were performed as
described previously (Sano et al., 2000).

2.5. Immunohistochemical procedures

Sample fixation, embedding, sectioning, and blocking were as
described previously (Mabe et al., 2006). To detect nerve fibers in the
heart, frozen sections were incubated with double antibodies against
protein gene product 9.5 (PGP9.5) (Ultraclone UK, RA95101; 1:2000),
growth-associated protein (GAP43) (CHEMICON, AB5220; 1:4000),
tyrosine hydroxylase (TH) (CHEMICON, AB152; 1:200), or GFP
(Medical&Biological Laboratories, 598; 1:500) and a-Actinin (Sigma,
A7811; 1:800). The following secondary antibodies were used: Alexa
Fluor 488-conjugated donkky anti-rabbit IgG (Molecular Probes;
1:200), polyclonal swine anti-rabbit TRITC (DAKO; 1:200), Alexa Fluor
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Fig. 1. (A) Plasma concentrations of NE in control and NE-exposed rat. “p<0.01
compared to control at same day, #p<0.01, ns: not significant. (B) Representative
section along the long-axis of heart from control and NE-exposed rats at 28-day stained

by HE. Note that the LV is markedly thickened and the LV cavity is narrowed. Scale bar
indicates 4 mm.
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Mean wet weight of the tissues in control and NE-treated rats.

BW (g) LV +S(mg) LV +S /body weight (10°%) Lung(mg) Lung /body weight (10°%) Liver(mg) Liver /body weight (107%)

Day 0

Control (n=7) 248+9 565 +49 23403 1178 £226 48+04 8320+ 149 335408

NE (n=38) 259+ 11 549 +25 21+0.1 1184488 46+07 8470 £135 327+£08
Day 1

Control (n=8) 24549 569 +17 24401 1154 £ 154 47+£07 8286 +136 33.8+08

NE (n=14) 254+ 13 571+38 234+0.1 1163 +115 46409 8433 +457 332416
Day 3

Control (n=8) 267+8 622 +41 23+01 1195+ 125 45405 8619+195 323+1.1

NE (n=15) 258 +12 647 +64 26+03 1173 +£271 45405 8590 +223 333+17
Day 7

Control (n=28) 273+ 11 635+17 23+0.1 1243 £221 45406 88724123 325+09

NE (n=12) 267+12 782 +72* 29+03* 1287 £ 169 48406 8663 +198 324+£22
Day 14

Control (n=38) 289+ 10 638 +41 22401 1397 +£153 48407 8940114 309+04

NE (n=13) 270418 862497 31403 13754224 51+04 8897 +251 3304+£17
Day 28

Control (n=8) 306+13 710+ 16 23401 1473 £ 246 48+08 9117 4108 298+ 04

NE (n=20) 317+21 983 + 88" 32402 1538 £ 184 48+09 9430 4322 288425

*:p 0.01 vs. control.

488-conjugated goat anti-mouse IgG (Molecular Probes; 1:200), and
Alexa Fluor 546-conjugated goat anti-mouse IgG (Molecular Probes;
1:200). Apoptosis was measured by using a TUNEL assay kit
(Promega). The samples were observed under a Zeiss LSM 510
META confocal microcopy (Germany). Immunostained areas were
quantified using NIH image, as described previously (Cao et al., 2000).

2.6. Statistics

Values are presented as means=+SD. The significance of differ-
ences among mean values was determined by ANOVA. Statistical
comparison of the control group with treated group was carried out
using the non-parametric Fisher's multiple comparison tests. The level
accepted for significance was p<0.05.

3. Results

compared with control rats. Although the plasma NE level once
reached a plateau at around 9 ng/ml between 3-and 7-day, it started
to increase after that and finally reached to 16.1 £ 5.6 ng/ml at 28-day
(control level was 0.39 £ 0.1 ng/ml, p<0.01) (Fig. 1A).

3.2. Appearance and weights

The representative photograph of the longitudinal section of the
whole heart in the control and NE-treated rats at 28-day were shown in
Fig. 1B. Left ventricular (LV) wall was markedly thickened, and LV cavity
was narrowed. Right ventricular free wall was also thickened compared
with the control, but less conspicuous than LV. Then, the whole body, LV
free wall with septum (S) (LV+S), lung, and liver were separately
weighed, and were shown in Table 1. The ratio of LV + S/body weight

(A)

day 0 1 3 7 14 28

3.1. Plasma NE concentration b& . . “
5 NGF
To begin with, to address the characterization of continuous NE
infusion model, we measured the plasma NE concentration in the BNP
control and NE infusion rats. Plasma NE concentration in NE-treated
rats was significantly increased from 1-day after administration
GAPDH
Table 2
Hemodynamic measurements. (B) *
Mean BP LVEDP  dP/dt -dP/dt HR ) . N
(mmHg) (mmHg) (mmHg/sec) (mmHg/sec) (bpm) arbitary unit
154
Day O
Control (n=7) 112+4 25+06 94104529 6133+643 316+16 12.51
NE (n=38) 103+£6 29405 9267+416 63184306 306+24 > :
Day 1 2 4o
Control (n=8) 114+15 3.0+06 9333+£503 6267+416 316+17 g
NE (n=14) 12349 30+06 92504632 61054469 332425 5
Day 3 8 7.54
Control (n=8) 118+6 3.1+05 9366+423 5917+402 324+30 ©
NE (n=15) 125421 55414 9467+372 63344501 339431 ('-5'3 5.0
Day 7 2
Control (n=8) 108+16 29+04 9067+306 59674153 31149 2.51
NE (n=12) 127410 67+1.2" 8120+415 51144458 343432 R
Day 14 0- 7
Control (n=8) 103+3 29+05 9305436 5907265 31149 0 1 3 14 28 day
DaNEng 13) 1314237 79£15° 6114£460° 4771£594  349%25 Fig. 2. (A) Northern blot analysis of NGF, BNP, and GAPDH in the left ventricle of NE-
Cyontrol (n=8) 11044 34406 94674416 6008296 316417 exposed rats. (B) Dencitometry analysis of NGF mRNA expression. Northern blot
NE (n—207 143 £19* 15&;1 ;). 5843+476° 3729+419° 3604 20° analysis was repeated three times. Expression of NGF mRNA was upregulated at 3-day,

*:p 0.01 vs. control.
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subsequently downregulated, and finally almost disappeared at 28-day. *p<0.01, ns:
not significant.
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(BW) increased from 7-day, and reached by 1.39-fold of the control rats controls. These findings indicated that NE treatment for 28 days induced
at 28-day. NE-treated rats at-28 day had pleural effusion and ascites. decompensated LV hypertrophy (LVH).

This was the reason why the BW of NE-treated rats at 28- day turned to

increase, although those at 14-day decreased compared with control. 3.3. Hemodynamic measurements

That was also the cause of unchanged ratio of lung/BW and liver/BW
between two groups at 28-day, whereas both lung and liver weight
themselves in NE-treated rats were increased. Similarly, the ratio of LV
+ S/BW in NE-treated rats at 28-day should be much greater than that of

Mean blood pressure of NE-treated rats began to increase at 1-day
after NE exposure, significantly increased at 14-day, and reached at 143 +
19 mmHg (control; 110 £4 mmHg) at 28-day (Table 2). LV end-diastolic
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Fig. 3. (A) Double-immunofluorescent staining for PGP9.5, GAP43, and TH with a-Actinin in the LV of 0-, 3-, and 28-day after NE infusion. Insets show high magnification of each
sample. (B, C, D) Quantitative analysis of the immunostained area for PGP9.5 (B), GAP43 (C), and TH (D). Scale bar indicates 200 pm. *p<0.01, **p<0.05, ns: not significant.
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pressure (LVEDP) of NE-treated rats started to be raised at 3-day and
markedly increased up to 15+ 1.9 mmHg (control; 3.4+ 0.6 mmHg) at
28-day. Although it was not significant, it was noteworthy that both dP/dt
and |-dP/dt| were temporally elevated in NE-exposed rats at 3-day,
whereas these were significantly attenuated at 14-day. Heart rates in NE-
infused rats were significantly higher than control at 28-day. These data
indicated that NE treatment for 28 days induced heart failure model
caused by pressure-overload and/or catecholamine injury.

3.4. NGF and BNP mRNA expression in LV

The performance of NGF mRNA expression in LV of NE-infused rats
was immensely unique. In briefly, NGF mRNA was prominently
augmented at 3-day after exposure of NE, and after that, it was down-
regulated and almost completely disappeared at 28-day. It showed
biphasic change through the 28 days. On the other hand, BNP mRNA
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expression was predictably increased proportionally with the aug-
mentation of LVEDP (Fig. 2 and Table 2).

3.5. Immunohistochemistory for nerve density in heart section

Levels of NGF expression within innervated tissue roughly cor-
respond to innervation density. Thus, we performed an immunohis-
tochemical staining of protein gene product 9.5 (PGP9.5), growth
associated protein 43 (GAP43) and tyrosine hydroxylase (TH) to
evaluate the nerve density. The PGP9 5 is specifically expressed in
nerve fiber axon. GAP43 is a protein that was expressed when the
nerve terminal develops. TH is an enzyme that catalyzes the
conversion of L-tyrosine to L-DOPA and is a rate-determining enzyme
for catecholamine synthesis. For this reason, it is used as a marker of
sympathetic nerves. Interestingly, there was a remarkable increase in
the expression of PGP9.5, GAP43, and TH in the LV at 3-day after
administration of NE. Newly developed nerves were prominent at the
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Fig. 4. (A) Dopamine B-hydroxylase (DBH)-Cre transgenic mice were crossed with CAG-CAT-EGFP mice. In the double-transgenic mice (Cre*/EGFP*), Cre-loxP recombination
deletes the CAT gene cassette, leading to the expression of EGFP in sympathetic neurons. (B) Representative section of heart along the long axis from control and NE-infused mice
(28-day) stained by HE. Scale bar indicates 2 mm. (C) Double- immunofluorescent staining for GFP and a-Actinin in the LV of control and NE-infused mice at 28-day. Inset shows
high magnification. Scale bar indicates 200 um. (D) Quantitative analysis of the immunostained area for GFP in the LV of control and NE-infused mice. *p<0.01.
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epicardial layer or the perivascular area, indicated sympathetic neurons
(Fig. 3A). The quantitative analysis revealed that PGP9.5, GAP43, and TH
increased 3.2-fold, 9.1-fold, and 3.8-fold respectively, in LV at 3-day after
NE administration compared with 0-day. (Fig. 3B, C, D). In contrast, not
only growth cone marker GAP43 -immunostained neurons, but also
nerve fiber marker PGP9.5-immunostained neurons were conspicuous-
ly down-regulated in decompensated hypertrophic LV at 28-day
(Fig. 3A). The quantitative analysis revealed that the immunostained
area of PGP9.5 and TH at 28-day decreased by 88% and 95%, respectively
of that at 3-day and also decreased by 58% and 88%, respectively of that
at 0 day. The immunostained area of GAP43 at 28-day down-regulated
by 92% of that at 3- day, but there was no significant difference between
0-day and 28-day (Fig. 3B, C). These data indicated that sympathetic
nerve density in LV was directly correlated with the NGF expression.

3.6. Cardiac sympathetic nerve density in NE-infused mice using the
Cre-LoxP system

To confirm whether cardiac sympathetic nerve density is truly
attenuated by long-time exposure of NE, we next prepared double-
transgenic conditional knockouts by crossing mice carrying a floxed
CAT- CAG- EGFP allele with mice that expressed Cre recombinase
under the control of the DBH promoter {Fig. 4A), and subjected them
to continuous NE infusion to induce heart failure. The adrenergic cells
of brain, adrenal, and stellate ganglia in these mice showed a strong
GFP signal (data not shown). Longitudinal sections of the whole heart
in NE-infused mice at 28-day showed a marked LVH (Fig. 4B). NE-
treated mice at 28-day had systemic effusion, indicating that they
were in the decompensated stage of heart failure. Immunostaining
revealed that GFP signal were markedly decreased in the LV in NE-
injected mice at 28-day (Fig. 4C), with the positively stained areas for
GFP in the LV following NE-infusion decreased by 87% compared to
controls (Fig. 4D). These data confirmed that long-term NE admin-
istration causes the anatomical cardiac sympathetic denervation
concomitant with severe heart failure,

3.7. Tissue NE content in LV

The NE that is present in the heart is located in the sympathetic
nerve fibers rather than in the myocardium per se. To investigate the
alteration of sympathetic nerve density could correspond to the
sympathetic terminal NE stores, we measured the NE content of the
LV tissue in the contro! and NE-exposed rats. The NE content at 3-day
in the LV of the NE-exposed rats tremendously increased 2.1-fold
compared with the control at 3- day, sequentially down-regulated,
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Fig. 5. Tissue NE concentrations in the LV of control and NE-infused rats, *p<0.01 compared
to control at same day, ns: not significant between control and NE-infused at 7-day.
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and markedly decreased at 28-day (Fig. 5). These data indicated that
the NGF-dependent sympathetic innervation greatly influenced the
patterning of the tissue NE content in the LV and LV performance
estimated by dP/dt and -dP/dt (Fig. 5 and Table 2).

3.8. Analysis of neuronal cell bodies in stellate ganglion

To investigate whether NE-toxicity directly affects the apoptosis of
sympathetic nerve cell body in stellate ganglion, we examine TUNEL
assay and count the number of neuronal cell bodies at 0-, 3-, and 28-
day in NE-infused rats. The small number of TUNEL positive cells was
only observed in the interstitial cells, but not in the neuronal cell
bodies at either 0-, 3-, or 28-day (Fig. 6A). Moreover, the number of
neuronal cell bodies in stellate ganglion was not significantly different
among 0-, 3-, and 28-day (Fig. 6B).

4. Discussion

4.1. Character of NE-infusion model

Continuous NE administration by osmotic pump effectively main-
tained the high plasma NE concentration throughout 28 days in rats.
The level of the concentration reached to a plateau at 3-day after
exposure, maintaining the level until 7-day, however it seemed to
exceed the estimated value at 28-day. It is generally known that in
patients with advanced heart failure, the circulating NE concentration
is higher than the level found in normal subjects (Meredith et al.,
1993). In our model at 28-day, the higher plasma NE level was
presumably modified by heart failure, that is to say, NE induced NE
release. As evidenced by the retention of pleural effusion and ascites
accompanied with weight gain and the prominent increase of LVEDP,
the NE- infused rats at 28-day presented decompensated phase of
heart failure. The mean blood pressure of NE-infused rats at 28 day
was significantly increased, however compared with the other high
blood pressure model, e.g. transaortic constriction mouse or Dahl salt
sensitive rat, the level was not enough to produce pressure overload
induced heart failure (Sheikh et al., 2008; Miyachi et al., 2009). For the
reason of these, we estimated the main etiology of cardiomyopathy in
this model as a result of NE induced cardiac injury with hypertrophy
directly derived from NE.

4.2. Sympathetic hyper-innervation phase towards hypertrophy

The cardiac performance of NE-exposed rats temporally accelerated
at3 day. Around this phase, cardiac muscles were started to be driven by
the increasing circulatory NE via f1 adrenergic receptors. Moreover, at
that time, we confirmed that NE content in the sympathetic nerve
terminal was also upregulated, reasonably accompanied by sympathetic
hyperinnervation. Locally released NE from hyperinervated nerve
terminals was presumably more effective in controlling cardiac
performance than circulatory NE (Chang et al., 1991). Needless to say,
NE itself is a strong cardiac hypertrophic factor and it also derives other
hypertorphic factors, e.g. endothelin-1(ET-1), angiotensin II, leukemia
inhibitory factor (LIF), from cardiomyocytes (Okada et al., 1995; Baker
et al, 1990; Wang et al., 2001). Among these factors, ET-1 has been
proven as a factor which can induce NGF expression in cardiomyocytes
via ET-A receptor/GiPy pathway (leda et al, 2004). In this study, we
observed the augmented NGF expression in the LV of NE-infused rat at
3-day. Although we did not examine the expression of ET-1 in this study,
we speculated that the augmented expression of NGF was presumably
elicited by ET-1. This speculation is strongly supported by the study
of Kaddoura et al. They reported that ventricular expression of ET-1
mRNA is elevated in the first 3 days and falls after that in NE-infused rat
(Kaddoura et al., 1996). Moreover, we recently reported that the
augmented NGF mRNA expression concomitant with upregulated ET-1
mRNA causes cardiac sympathetic hyperinnervation in pressure-
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Fig. 6. (A) TUNEL staining in left stellate ganglion of 0-, 3-, and 28-day after NE infusion. Upper panels show low magnification (scale bar indicates 50 ym) and lower panels show
high magnification (scale bar indicates 100 pm). (B) Quantitative analysis of the neuronal cell body number in the stellate ganglion in 0-, 3-, and 28-day (n=5, respectively) of NE-

infused mice. ns: not significant.

overload induced cardiac hypertrophy (Kimura et al, 2007). It is
noteworthy that the number of neuronal cell bodies in stellate ganglion
was not significantly increased at 3-day after NE infusion, indicating the
sympathetic fibers were sprouted from the peripheral knots by the
augmented NGF expression.

Taken together, our data indicated that the cardiac hyperinnervation
induced by the enhanced NGF expression influenced the facilitation of
cardiac performance in the early period of NE-infused animals.

4.3. Sympathetic denervation phase during heart failure

In our study, the NGF mRNA expression was enormously down-
regulated concomitant with the high plasma concentration in NE-

infused rats at 28-day. This resulted in the cardiac sympathetic
denervation and attenuated tissue NE contents. We also clearly
showed that cardiac sympathetic fibers were markedly reduced in NE-
induced heart failure mice, in which sympathetic nerves could be
traced by EGFP. Furthermore, we showed no clear evidence of that NE-
toxicity directly affects apoptosis of sympathetic neurons in stellate
ganglion. These results suggest that long- exposure of NE causes the
NCF depletion in the heart, which secondary affects the retreating of
peripheral sympathetic fibers from the heart. Our results are strongly
supported by the following two studies. Qin et al. reported that NE-
mediated reduction of NGF and its neurotrophic receptor tyrosine
kinase A (TrkA) involve in the decrease of sympathetic neurotrans-
mitter in heart failure in vivo (Qin et al., 2002). Kaye et al. reported NE
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exposure reduced NGF expression in isolated cardiomyocytes (Kaye
et al, 2000). Although direct correlation between NGF level and
sympathetic nerve density has not been examined in these papers,
they showed that TrkA expression and tyrosine hydroxylase profile
were decreased in CHF and NE-infused animals, indicating sympa-
thetic denervation. The mechanism of NE induced NGF downregula-
tion in vivo still remains unexplained. In vitro study, Kaye showed the
reduced NGF expression is achieved by 10 pmol NE via o-adrenergic
receptor-coupled protein kinase C signal pathway (Kaye et al., 2000).
This NE concentration in the medium is almost 100 times higher than
the plasma concentration of our NE-infusion model at 28-day,
whereas we presume that the myocardial injury dependent on NE-
exposed time and dese might affect the several gene expressions
which regulate NGF production from cardiomyocytes in vivo.
Recently, Rana et al showed that mechanical stretch and o-1-
adrenergic stimulation attenuate the NGF expression via the calci-
neurin-NFAT signaling pathway in cultured neonatal cardiomyocyte
(Rana et al., 2009). The renin-angiotensin-aldosterone system is also
activated in heart failure, however, little is known as to how it affects
the NGF reduction in severe heart failure. Additional studies are
needed to investigate the precise mechanism in vivo.

44, Significance from clinical viewpoint

Many studies demonstrated a high plasma NE concentration con-
comitant with a depressed MIBG reuptake in CHF, and this phenomenon
has been explained as sympathetic denervation (Henderson et al.,
1988). A general definition of denervation seems to include two
meanings. One is functional denervation, As we know, NE uptake
activity in sympathetic nerve ends is reduced in CHF, and this is
considered as a general mechanism in attenuated MIBG reuptake.
Elevated NE level is attributed in the development of cardiac
sympathetic nerve terminal abnormalities in CHF (Bohm et al., 1995).
And we have recently reported that pressure overload induces the
rejuvenation of cardiac sympathetic nerve and LIF and cardiotrophin-1,
derived from failing heart, give rise to the cholinergic transdifferentia-
tion in cardiac sympathetic nerve via gp130 signaling pathway, causing
the functional sympathetic denervation in CHF (Kimura et al., 2007,
Kanazawa et al., 2010).

Second is anatomical denervation, which is more rigorous
definition of the word. [n this study, we demonstrated that long-
exposure of high plasma concentration of NE caused myocardial NGF
reduction, following peripheral sympathetic fiber loss in severe CHF
animals. Moreover, nerve loss and reduced NE content in cardiac
tissue obviously indicated that plasma NE elevation in severe CHF is
derived from peripheral organs, but not a spillover from the cardiac
sympathetic nerve ends.

We speculated that functional sympathetic denervation precedes
anatomical denervation and the latter could be observed in the
advanced stage of heart failure accompanied with long-exposure of
high plasma NE. Because our previous study showed that the
augmentation of LIF and cardiotrophin-1 in failing heart rather than
NGF reduction affects the cardiac sympathetic function via cholinergic
transdifferentiation in heart failure models, such as transaortic
constriction mice and Dahl salt sensitive rats (Kanazawa et al, 2010).
In these conventional models, duration and level of the high plasma NE
concentration might be insufficient to affect the NGF reduction.

In human severe CHF, there are huge evidence that protective
therapy against catecholamine-toxicity improve cardiac function and
prognosis. We are interested in how B-blocker therapy may affect
these processes in sympathetic nerve loss.

Furthermore, as we showed, the cardiac NGF depletion did not result
in the neuronal cell death, which occurred to us that NGF supplement
therapy might be effective for the improvement in cardiac function in
severe CHF (Kreusser et al,, 2006). We are also interested in the in-
fluence of high plasma NE concentration on parasympathetic neurons.
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Further, it has been known that sympathetic denervation is also ob-
served in diabetic heart. Although it could be explained by depletion of
the neurotrophic factors, little is known about the precise mechanism in
diabetic neuropathy. Thus, further studies will be required to investigate
the peculiar mechanism of cardiac denervation in each disease.
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Fujita H, Hida M, Kanemoto K, Fukuda K, Nagata M, Awazu
M. Cyclic stretch induces proliferation and TGF-B1-mediated apop-
tosis via p38 and ERK in ureteric bud cells. Am J Physiol Renal
Physiol 299: F648-F655, 2010. First published April 14, 2010;
doi: 10.1152/ajprenal.00402.2009.—We previously reported that p38
mitogen-activated protein kinase (p38) and phosphorylated ERK are
upregulated in cyst epithelium of human renal dysplasia and obstruc-
tive uropathy in fetal lambs (Omori S, Fukuzawa R, Hida M, Awazu
M. Kidney Int 61: 899-906, 2002; Omori S, Kitagawa H, Koike J,
Fujita H, Hida M, Pringle KC, Awazu M. Kidney Int 73: 1031-1037,
2008). Dysplastic epithelium is characterized by proliferation, apop-
tosis, and upregulation of Pax2 and transforming growth factor
(TGF)-BL. In the present study, we investigated whether cyclic
mechanical stretching of ureteric bud cells, a mimic of the hydrody-
namic derangement after fetal urinary tract obstruction, reproduces
events seen in vivo. Cyclic stretch activated p38 and ERK and
upregulated Pax2 expression in a time-dependent manner in ureteric
bud cells. Stretch-stimulated Pax2 expression was suppressed by a
p38 inhibitor, SB203580, or a MEK inhibitor, PD98059. 5-Deoxyuri-
dine incorporation was increased by stretch at 24 h, which was also
abolished by SB203580 or PD98059. On the other hand, apoptosis
was not induced at 24 h by stretch but was significantly increased at
48 h. TGF-B1 secretion was increased by stretch at 24 h, which was
inhibited by SB203580Q or PD98059. Inhibition of p38 or ERK as well
as anti-TGF- antibody abolished the stretch-induced apoptosis. Fi-
nally, exogenous TGF-1 induced apoptosis of ureteric bud cells,
which was inhibited by SB203580 and PD98059. In conclusion,
cyclic stretch induces Pax2 upregulation, proliferation, and TGF-B1-
mediated apoptosis, features characteristic of dysplastic epithelium,
via p38 and ERK in ureteric bud cells.

dysplastic kidney; obstructive uropathy; kidney development; cell
signaling

MITOGEN-ACTIVATED PROTEIN kinases (MAPKs) are enzymes that
play important roles in various cellular functions including
proliferation, differentiation, and apoptosis. MAPKs are devel-
opmentally regulated in the rat kidney (22). Thus p38 MAPK
(p38) and ERK are strongly expressed in the fetal kidney,
whereas JNK is detected predominantly in the adult kidney.
MAPKSs play an important role in the development of both
normal and abnormal kidneys. The inhibition of p38 or ERK
by specific inhibitors in organ-cultured kidneys results in
disturbed nephron formation, indicating their importance in the
carly stages of kidney development (11). On the other hand, the
persistent fetal expression pattern of MAPKSs, i.e., upregulation
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of p38 and ERK and downregulation of JNK, is observed in
cyst epithelium of human renal dysplasia and an ovine model
of fetal obstructive uropathy, suggesting that dysregulated
MAPKSs may lead to kidney malformation (20, 23).

Renal dysplasia is the major cause of chronic renal failure in
children (37). It is characterized by primitive-appearing dys-
plastic tubules connected to cysts and surrounding peritubular
and pericystic fibromuscular collars (31). Urinary tract obstruc-
tion often accompanies dysplastic kidneys and is suggested to
contribute to the pathogenesis. In animals, prenatal obstruction
of the urinary tract reproduces dysplastic changes, and in utero
relief of obstruction prevents abnormal renal differentiation (7,
25). Upregulation of a transcription factor, Pax2, and proapop-
totic and profibrotic cytokine, transforming growth factor
(TGF)-B1, as well as proliferation and apoptosis are charac-
teristic features of dysplastic epithelium (2, 38-41).

In urinary tract obstruction, tubules are mechanically
stretched (27). Renal tubular epithelium senses and responds to
mechanical stretch via the activation of ion channels and
subsequent increases in intracellular calcium levels. Calcium
influxes activate a number of signaling molecules, including
MAPKSs (1, 27). Mechanical stretch also leads to the activation
of downstream effectors of renal injury such as TGF-B1 and
apoptotic responses (17-19). Although it is not known whether
mechanical stretch stimulates proliferation of renal tubule
cells, it does stimulate proliferation in a variety of cells via
MAPKs in some cases (29). The mechanisms of Pax2 upregu-
lation and the coexistence of increased proliferation and apop-
tosis, characteristics of dysplastic epithelium, remain to be
elucidated. In the present study, therefore, we investigated
whether cyclic stretch recapitulates features seen in in utero
urinary tract obstruction using ureteric bud (UB) cells in an
attempt to clarify the sequence of events leading to the gener-
ation of dysplasia. Using UB cells is highly relevant for
examining the role of cell stretch in fetal urinary tract obstruc-
tion, since renal dysplasia is hypothesized to be caused by
malformed development of UBs (26). Also, we used UB cells
as a representative of immature tubule cells seen during kidney
development. Although UB ceils eventually differentiate into
collecting ducts, they possess characteristics common to im-
mature tubules such as increased proliferation, expression of
Pax2, and activation of p38 and ERK (2, 21, 23).

MATERIALS AND METHODS

Reagents. Antibodies against phosphorylated p38 (P-p38) and
P-ERK were from Cell Signaling Technology (Beverly, MA). Anti-
p38 (C-20) was from Santa Cruz Biotechnology (Santa Cruz, CA).
Anti-ERK (Erk1/2-CT, rabbit polyclonal [gG) was from Upstate
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Biotechnology (Lake Placid, NY). Rabbit anti-Pax2 was from Zymed
Laboratories (South San Francisco, CA). Monoclonal mouse anti-
TGF-B1, -B2, -B3 antibody and human TGF-B1 were from Genzyme
(Cambridge, MA). Horseradish peroxidase-conjugated anti-mouse IgG
and anti-rabbit [gG were from Amersham (Buckinghamshire, UK).
Normal mouse IgG and collagen type I, rat tail was from Upstate
Biotechnology. A p38 inhibitor, SB203580, and a MEK inhibitor,
PD98059, were from Carbiochem-Novabiochem (La Jolla, CA). DMEM,
FBS, penicillin, streptomycin, Hanks’ balanced salt solution, and trypsin-
EDTA were from GIBCO Laboratories (Grand Island, NY). Hoechst
33258 was from Polyscience (Warrington, PA).

Cell culture and mechanical stretch. The UB cell line generated
from mice transgenic for SV40 T-antigen was a generous gift of Dr.
J. Barasch. Cells were grown in DMEM containing 10% FBS, and
were plated at a density of 1 X 10° cells/cm? on silicone rubber dishes
precoated with collagen (10 wg/cm?). Cells were serum deprived for
24 h and then stretched (20% elongation, 20 cycles/min unless
otherwise indicated) for 10 min-48 h using a computer-driven cell-
stretching device (Research Instruments Development Division,
Keio University School of Medicine). In the experiments to inhibit
p38, ERK, or TGF-B1, cells were incubated with 5 pM SB203580,
5 pM PD98059, or 30 wg/ml anti-TGF-B antibody. The cultures
were maintained at 37°C in a humidified atmosphere of 95%
02-5% COs,.

Immunoblot analysis. After 0-48 h of stretching, cells were
washed with cold PBS and lysed in solubilization buffer containing 20
mM HEPES (pH 7.2), 1% Triton X-100, 10% glycerol, 20 mM
sodium fluoride, I mM sodium orthovanadate, | mM PMSF, 10 pg/ml
aprotinin, and 10 pg/ml leupeptin. Insoluble material was removed by
centrifugation (10,500 g, 10 min). The protein content in cell lysates
was measured with a DC protein assay (Bio-Rad Laboratories, Tokyo,
Japan). Lysates were resolved by SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Immobilon, Millipore, Bed-
ford, MA). Nonspecific binding sites were blocked in TBS buffer (10
mM Tris-HCl, pH 7.4, 0.15 M NaCl) containing 0.1% Tween 20 and
5% skim milk overnight at 4°C or for 1 h at 25°C. Antibodies were
added to TBS containing 0.1% Tween 20 in saturating titers and
incubated with mixing for 2 h at 25°C. Bound antibodies were
detected using the ECL Western blotting system (Amersham, Arling-
ton Heights, IL). Blots were scanned and quantitatively analyzed by
Image] software.

Cell proliferation. 5-Deoxyuridine (BrdU) incorporation was mea-
sured by a cell proliferation ELISA system (Amersham). BrdU was
added to the incubation media, and then cells were stretched in the
presence or absence of 5 uM SB203580 or 5 M PD98059 for 24 h.
After fixation and blocking, cells were incubated with peroxidase-
labeled anti-BrdU antibody for 90 min. After washes, tetramethyl
benzidine was added. The absorbance of samples was measured at
450 nm.

TGF-B1 assay. Cells were stretched in the presence or absence of
SB203580 or PD98059 for 24 h. TGF-B1 in the media was measured
using ELISA kits (Quantikine; R&D Systems). To activate TGF-B1,
samples were acidified with 1 N HCI, incubated at room temperature
for 10 min, and neutralized with 1.2 N NaOH. Samples were mea-
sured according to the manufacturer’s instructions.

Cell apoptosis. Cells were stretched in the presence or absence of
SB203580, PD98059, or anti-TGF-B antibody for 24 or 48 h or
incubated with 5 ng/ml TGF-B1 for 24 h. Apoptosis was assessed by
morphology using Hoechst 33258.

RT-PCR analysis. Total RNA was collected from cells using
TRIzol reagent (Invitrogen, Carlsbad, CA): Reverse transcription was
performed with 2 pg of the total RNA using Oligo dT primer and
Moloney murine leukemia virus reverse transcriptase (Invitrogen).
The primers are forward 5'-CCG AAT ACA AGC GAC AGA
ACC-3’ and reverse 5'-TCA CCG TTG GAG CGA GGA ATC-3' for
Pax2, and forward 5'-CCT GCA AGA CCA TCG ACA TG-3' and
reverse 5'-ACT CAG GCG TAT CAG TGG GG for TGF-B1. Con-
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ditions for amplifications are as follows: following a 5-min denatur-
ation at 95°C, 30 cycles consisting of 95°C for 1 min, 55°C (Pax2), or
58°C (TGF- B1) for 1 min, and 72°C for | min, with a final extension
of at 72°C for 7 min. GAPDH was used as an internal standard. PCR

products were resolved by agarose gel electrophoresis and visualized
with ethidium bromide.

Statistical analysis. The results are expressed as means * SE.
Statistical analysis was performed with ANOVA followed by multiple
comparisons as appropriate. Statistical significance was determined as
P < 0.05.

RESULTS

Cyclic stretch activates p38 and ERK in a cycle- and
time-dependent manner in UB cells. Cyclic stretching of UB
cells with 20% elongation at 10 cycles/min for 24 h signifi-
cantly increased P-p38 and P-ERK compared with unstretched
cells (Fig. 1). The phosphorylation of p38 and ERK was further
increased by stretching cells at 20 cycles/min. For subsequent
experiments, therefore, cells were stretched at 20 cycles/min
unless otherwise indicated. We next examined the time course
of stretch-dependent activation of p38 and ERK. Cyclic stretch
induced a biphasic elevation of P-p38 with a rapid early peak
at 10 min, although not statistically significant, followed by
a second time-dependent increase (Fig. 2A). The increase
was significant at 24 and 48 h (Fig. 2, A and B). In a similar
manner to p38, ERK1 and ERK2 phosphorylation tended to
increase at 10 min and again at 2 h, with increasing levels
toward 24 h. The phosphorylation was significantly in-
creased 6-24 h after the initiation of stretch, and was
sustained at least up to 48 h (Fig. 2, C and D). The initial
transient increase in P-p38 and P-ERK may be a stress
response. Total p38 and ERK protein levels were unaltered
by stretch throughout the course.

Cyclic stretch increases Pax2 expression via p38 and ERK
in UB cells. Two isoforms of Pax2 were detected by immuno-
blot analysis in UB cells. Cyclic stretch increased Pax2 expres-
sion in a time-dependent manner, with a significant 1.7-fold
increase at 24 h (Fig. 3A). Pax2 was also increased at the
mRNA level by stretch (Fig. 3B). Coincubation with p38
inhibitor SB203580 or MEK inhibitor PD98059 abolished both
the baseline and cyclic stretch-induced in Pax2 expression
(Fig. 3, C and D). Since levels of P-p38 or P-ERK in
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Fig. 1. p38 and ERK are activated by cyclic stretch in a cycle-dependent
manner in ureteric bud cells. Ureteric bud cells were stretched 10-20 cycles/
min for 24 h. Equal amounts of lysates (60 pg) were loaded and immunoblot-
ted with anti-phospho-p38 (P-p38) or anti-phospho-ERK (P-ERK) antibody.
Values are means = SE; n = 5. *P < 0.05 vs. control. **P < 0.05 vs. 10
cycles/min. P < 0.05 vs. 15 cycles/min.
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Fig. 2. p38 and ERK are activated by cyclic stretch in a time-dependent manner in ureteric bud cells. Ureteric bud cells were stretched 20 cycles/min for 048
h. Equal amounts of lysates (60 wg) were loaded and immunoblotted with anti-P-p38, anti-p38 (A and B), anti-P-ERK, or anti-ERK antibody (C and D).
Representative immunoblots and quantitative analyses are shown. Values are means = SE; n = 3. *P < 0.05 vs. 0 h.

SB203580- or PD98059-treated unstretched cells, respectively,
were less than those in unstretched control cells, and since
those in SB203580- or PD98059-treated stretched cells were
equal to those in unstretched control cells, Pax2 expression is
thought to be regulated by p38 and ERK.

Cyclic stretch increases BrdU incorporation via p38 and
ERK in UB cells. We next examined whether cyclic stretch
stimulates proliferation of UB cells. BrdU incorporation was
increased 1.9-fold in cells stretched for 24 h compared with
unstretched cells (P < 0.05, Fig. 4). Stretch-induced BrdU
incorporation was completely inhibited by coincubation with
SB203580 or PD98059, demonstrating that the proliferation
was mediated by p38 and ERK.

Cyclic stretch induces TGF-f1 secretion via p38 and ERK in
UB cells. We then examined whether cyclic stretch stimulates
secretion of TGF-B1, a mediator of fibrosis in urinary tract
obstruction. The amount of total (latent and active) TGF-B1 in
the medium of cells stretched for 24 h was significantly
increased compared with that of unstretched cells (Fig. 5A).

TGF-B1 mRNA was also increased by stretch (Fig. 5B).
Coincubation with SB203580 or PD98059 abrogated stretch-
induced TGF-B1 secretion (Fig. 5A). The results show that
stretch-stimulated TGF-B1 secretion in UB cells was mediated
by p38 and ERK.

Cyclic stretch induces apoptosis at 48 h via p38, ERK, and
TGF-B in UB cells. Finally, we investigated whether cyclic
stretch stimulates apoptosis in UB cells. At 24 h, percent
apoptosis of stretched cells was not different from that of
control cells (Fig. 6A). At 48 h, however, apoptosis was
significantly increased by stretch (Fig. 6B). Stretch-induced
apoptosis was abrogated by SB203580 or PD98059. Since
TGF-B1 was increased by stretch, and TGF-B1 is a proapop-
totic cytokine, the role of TGF-B1 in the stretch-induced
apoptosis was examined using monoclonal anti-TGF-B-neu-
tralizing antibody. As expected, anti-TGF-B antibody abro-
gated stretch-induced apoptosis in UB cells whereas nonspe-
cific IgG had no effect. Under unstretched conditions, no
difference in percent apoptosis was observed between control
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Fig. 3. Pax2 expression is increased by cyclic stretch via p38 and ERK in ureteric bud cells. A: ureteric bud cells were stretched 20 cycles/min for 0-24 h. Equal
amounts of lysates (60 pg) were loaded and immunoblotted with anti-Pax2 antibody. Two isoforms of Pax2 were identified. A: representative immunoblot and
quantitative analysis. B: Pax2 mRNA levels were detected by RT-PCR. C: cells were treated with a p38 inhibitor, SB203580, or a MEK inhibitor, PD98059,
under unstretched conditions (left) or stretched for 24 h in the presence or absence of SB203580 (middle) or PD98059 (right). Representative immunoblots are
shown. D: quantitative analyses. Values are means * SE; n = 3. *P < 0.05 vs. control. **P < 0.05 vs. control +SB203580 or control +PD98059.

cells and cells treated with SB203580, PD98059, or anti-
TGF-B antibody. While p38 and ERK mediate the stretch-
induced TGF-B1 secretion, they may also serve as downstream
signaling molecules of TGF-B1 in promoting apoptosis. To
examine this possibility, the effect of exogenous TGF-B1 on
UB cells was examined in the presence or absence of
S$B203580 or PD98059. TGF-B1 stimulated apoptosis of UB
cells, which was completely inhibited by SB203580 or
PD98059 (Fig. 7). These results demonstrate that p38 and ERK
are both upstream and downstream signaling components of
TGF-B1 in UB cells.

DISCUSSION

The present study demonstrates that cyclic stretching of UB
cells, a mimic of fetal urinary tract obstruction, reproduces
events seen in vivo. Thus p38 and ERK are activated by stretch
and mediate Pax2 upregulation, cell proliferation, and secretion
of TGF-B1, which subsequently induces apoptosis. p38 and
ERK also serve as downstream molecules of TGF-B1 signaling
(Fig. 8). The sequence of events is similar to that seen in in
utero urinary tract obstruction. In our previous study in fetal
lambs, cells positive for P-ERK, a proliferation marker Ki-67,
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5 wM PD98059 for 24 h. BrdU incorporation was measured by a cell
proliferation ELISA system. Values are means + SE; n = 7. *P < 0.05 vs.
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and TGF-{3 were observed in dilated tubules and cysts as early
as 48 h after obstruction (23). Apoptosis in tubules and cysts,
on the other hand, was detected 20 days after obstruction. This
is in agreement with a previous study in adult rats, where cell
proliferation preceded apoptosis after urinary tract obstruction
(36). Proliferation was increased in tubules immediately after
obstruction, whereas apoptosis was observed at day 25. The
temporal relationship of these events has not been understood.
The present study suggests that apoptosis is delayed because it
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TGF-B1 in the medium was measured using ELISA Kits. Values are means *

SE; n = 3. *P < 0.05 vs. control. B: TGF-B1 mRNA level was detected by
RT-PCR.
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Apoptosis was determined by morphology using Hoechst 33258 staining. At
48 h, stretch increased apoptosis, which was inhibited by 5 uM SB203580, 5
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is a secondary phenomenon induced by TGF-B1 secreted from
tubules of the obstructed kidney.

In renal tubule cells, p38 and ERK have been shown to be
activated by stretch in vitro or in vivo following obstruction (1,
16, 19, 33). In NRK-52E renal epithelial cells, p38 was
activated by stretch and mediated apoptosis (19). The expres-
sion of p38 was increased in tubules of rat obstructed kidneys,
and a p38 inhibitor ameliorated fibrosis (33). ERK, on the other
hand, was activated by stretch via phospholipase A, in rabbit
proximal tubule cells (1). In a rat unilateral ureteric obstruction
model, the spatial pattern of ERK activation preceded that of
BrdU incorporation, suggesting a role of ERK in cell prolifer-
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Fig. 7. TGF-BI increases apoptosis via p38 and ERK in ureteric bud cells.
Ureteric bud cells were incubated with 5 ng/ml TGF-B1 for 24 h in the
presence or absence of 5 pM SB203580 or 5 pM PD98059. Apoptosis was
determined by morphology using Hoechst 33258 staining. Values are means *+
SE; n = 4. *P < 0.05 vs. control.
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Fig. 8. The role of p38 and ERK in the stretch-induced proliferation and
apoptosis of ureteric bud cells. Dashed lines are suggested from previous
studies.

ation (16). We also showed that the temporospatial expression
of P-ERK and that of p38, to a lesser extent, correlated with
Ki-67 and TGF-B expression in an ovine model of fetal
obstructive uropathy (23). These results suggest a role of ERK
and p38 in cyst formation and fibrosis. The present study
confirms that p38 and ERK mediate proliferation and TGF-B1
secretion induced by stretch. This is in contrast to the previous
study by Stambe et al. (33) in adult rats, which showed that p38
blockade alleviated fibrosis without altering TGF-B1 expres-
sion. The discrepancy may be explained by differences in
experimental design, degree of p38 inhibition, or tissue spec-
ificity.

TGF-B1 is a cytokine implicated in apoptosis, extracellular
matrix deposition, and epithelial-mesenchymal transformation
in various tissues. In NRK-52E renal epithelial cells, TGF-B1
was shown to be released by cell stretch and induce apoptosis
(18). In the adult rat obstructed kidney, TGF-B was increased
and administration of anti-TGF- antibody diminished apopto-
sis and fibrosis (18). In a similar manner to adults, TGF-B1
may contribute to the pathogenesis of interstitial fibrosis,
fibromuscular collar formation, and the maintenance of an
undifferentiated state of cyst epithelium in obstructed fetal
kidneys. Its protein and mRNA expression is upregulated in the
epithelium of human renal dysplasia and an ovine model of
fetal obstructive uropathy (23, 40). In a study by Yang et al.
(40), TGF-B1 expression was correlated with that of a-smooth
muscle actin (a-SMA), a marker of fibrosis, in tubules, cysts,
and the interstitium in fetal urinary obstruction. They further
demonstrated that TGF-1 upregulated a-SMA in epithelial-
like cells isolated from dysplastic kidneys (41). Also, the
epithelial-mesenchymal transformation has been demonstrated
in fetal urinary obstruction, which was associated with disrup-
tion of the epithelial basement membrane and migration of
transitioning cells, resulting in the generation of peritubular
collars of fibrous tissue (3). TGF-B1 has been demonstrated to
induce epithelial mesenchymal transformation in collecting
duct cells and Madin-Darby canine kidney (MDCK) cells (13,
30). These findings support the role of TGF-B1 in the patho-
genesis of dysplasia.

p38 and ERK have been shown to mediate increases in
TGF-B production by various stimuli in a number of cells. In
mesangial cells, p38 mediated stretch-induced TGF-B1 pro-
duction (9). In proximal tubule cells, both p38 and ERK
mediated high glucose-stimulated TGF-B expression (8). The
present study demonstrated that cyclic stretch stimulated
TGF-B1 secretion via p38 and ERK in UB cells. p38 and ERK
mediate proapoptotic and profibrotic effects of TGF-B1 as
well. Thus we showed that p38 and ERK mediate the proapop-
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totic effect of TGF-B1. Stambe et al. (33) demonstrated that a
p38 inhibitor reduced the expression of connective tissue
growth factor, a downstream mediator of TGF-B1, in the
obstructed adult kidney. TGF-B1 was shown to induce epithe-
lial-mesenchymal transformation via p38 and ERK in NRK-
52E cells and via ERK in MDCK cells (28, 30).

Pax2 is a transcription factor that plays an important role
during kidney development. It is required for mesenchymal
cell growth and prevention of apoptosis (6, 35). Pax2 knockout
mice are characterized by hypoplasia and agenesis of the
urogenital system (6). On the other hand, it is overexpressed in
cyst epithelium of renal dysplasia, obstructed ovine fetal kid-
neys, and polycystic kidney disease (PKD), a condition char-
acterized by the progressive expansion of multiple cysts which
exhibit similar features to dysplasia i.e., increased proliferation
and apoptosis (2, 23, 38, 39). Overexpression of Pax2 results in
cystic diseases, whereas the reduction in Pax2 gene dosage
decreased cyst formation in cpk mice, a murine model of
rapid-onset PKD (5, 24). Pax2 is expressed in UBs and imma-
ture tubules during kidney development (23). In the adult
kidney, its expression is confined to collecting ducts, a deriv-
ative of the UB, but becomes reexpressed in regenerating
proximal tubules during experimental acute tubular necrosis
(12). These findings suggest a role of Pax2 in cell proliferation.
The expression and function of Pax2 are closely analogous to
those of p38 and ERK. In cyst epithelium of fetal urinary tract
obstruction, p38 and P-ERK are coexpressed with Pax2 (23).
The inhibition of p38 and ERK disrupts normal kidney devel-
opment in a similar matter to Pax2 deficiency. The present
study demonstrates that the phosphorylation of p38 and ERK is
correlated with Pax2 expression. Taken together, Pax2 expres-
sion in cyst epithelium of obstructed fetal kidneys is thought to
be due to the activation of p38 and ERK.

While stretch-induced apoptosis has been shown, prolifera-
tion has not previously been demonstrated in vitro in renal
epithelial cells. It is well known that stretch stimulates prolif-
eration in cells of mesenchymal origin, including vascular
smooth muscle cells, endothelial cells, myoblasts, and mesen-
chymal stem cells (10, 14, 32). In several of these cell types,
stretch-induced proliferation is mediated by p38 or ERK (4,
14). The phenotypic characteristics of cells may affect the
responses to stretch. It is possible that cells of mesenchymal
origin or of immature fetal phenotype are more prone to
proliferate in response to stretch. In this regard, it is of note that
only fetal urinary tract obstruction at an early stage of devel-
opment produces dysplastic kidneys (25). Obstruction at later
stages results in hydronephrosis without abnormal parenchy-
mal architecture. In obstructed adult kidneys, proliferation of
tubule cells is seen only transiently at an early stage (36). In
dysplastic kidneys, on the other hand, prominent proliferation
persists beyond birth. Thus stretch-induced proliferation
may be unique to UB cells or immature tubules and may be
an important factor leading to dysplasia in in utero urinary
obstruction. In support of this possibility, previous studies
showed that .proliferation is crucial for cyst development
(15, 34).

We recently reported that the expression of MAPKs is also
dysregulated in a murine model of PKD, DBA/2-pcy/pcy (pcy)
mice (21). In renal cystic disease, fluid accumulation within
cyst lumens might stretch cyst walls and activate p38 and ERK,
which in turn stimulate cell proliferation. Administration of a
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MEXK inhibitor in pcy mice inhibited cyst formation and im-
proved renal function, demonstrating the role of ERK in cyst
formation in PKD. Similar therapeutic effects may be expected
in fetal urinary tract obstruction and renal dysplasia. p38
blockade may also be beneficial in cystic diseases. While a
previous study demonstrated the role of p38 in stretch-induced
apoptosis and fibrosis in urinary obstruction, the present study
suggests that p38 is also important in cell proliferation and
probably for cyst formation (19). One has to keep in mind,
however, that p38 or ERK inhibition disturbs normal nephro-
genesis (11).

In conclusion, in vitro studies on cultured immature tubule
cells in stretch devices have elucidated the mechanisms by
which cells convert the mechanical stimulus into cellular re-
sponses. In utero urinary tract obstruction may modify the
functions of renal tubule cells to activate p38 and ERK, which
in turn stimulate proliferation and TGF-B1 secretion, leading to
cyst formation and dysplastic changes. Elucidation of mecha-
nisms leading to MAPK activation may allow development of
novel therapeutic strategies for renal dysplasia without affect-
ing normal kidney growth and differentiation.
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The (Pro)renin Receptor/ATP6AP2 is Essential for Vacuolar
H"-ATPase Assembly in Murine Cardiomyocytes

Kenichiro Kinouchi, Atsuhiro Ichihara, Motoaki Sano, Ge-Hong Sun-Wada, Yoh Wada,
Asako Kurauchi-Mito, Kanako Bokuda, Tatsuya Narita, Yoichi Oshima, Mariyo Sakoda,
Yoshitaka Tamai. Hiromu Sato, Keiichi Fukuda, Hiroshi Itoh

Rationale: The (pro)renin receptor [(P)RR], encoded in ATP6AP2, plays a key role in the activation of local
renin-angiotensin system (RAS). A truncated form of (P)RR, termed M8.9, was also found to be associated with
the vacuolar H"-ATPase (V-ATPase), implicating a non-RAS-related function of ATP6AP2.

Objective: We investigated the role of (P)RR/ATP6AP2 in murine cardiomyocytes.

Methods and Results: Cardiomyocyte-specific ablation of Atp6ap2 resulted in lethal heart failure; the cardiomyo-
cytes contained RAB7- and lysosomal-associated membrane protein 2 (LAMP2)-positive multivesicular vacuoles,
especially in the perinuclear regions. The myofibrils and mitochondria remained at the cell periphery.
Cardiomyocyte death was accompanied by numerous autophagic vacuoles that contained undigested cellular
constituents, as a result of impaired autophagic degradation. Notably, ablation of Afp6ap?2 selectively suppressed
expression of the V, subunits of V-ATPase, resulting in deacidification of the intracellular vesicles. Furthermore,
the inhibition of intracellular acidification by treatment with bafilomycin Al or chlorequine reproduced the
phenotype observed for the (P)RR/ATP6AP2-deficient cardiomyocytes.

Conclusions: Genetic ablation of Afp6ap2 created a loss-of-function model for V-ATPase. The gene product of ATP6AP2
is considered to act as in 2 ways: (1) as (P)RR, exerting a RAS-related function; and (2) as the V-ATPase-associated
protein, exerting a non—RAS-related function that is essential for cell survival. (Circ Res. 2010;107:30-34.)

Key Words: V-ATPase m autophagy m heart failure m bafilomycin m renin-angiotensin system

Atpbap2-floxed mice were bred with mice that expressed the Cre
recombinase under the control of the cardiomyocyte-specific a-myosin
heavy chain (a-MHC) promoter (Online Figure II).>> The resulting
Atpbap2'*”Y aMHC-Cre ™’ mice represent cardiac-specific Ap6ap2
CKO mice. The control male mice were littermates that were
heterozygous for a-MHC-Cre (aMHC-Cre'"; Atp6ap2 *'Y), thereby
excluding Cre-mediated toxicity as the basis for phenotypic dispar-
ity. An expanded Methods section is available in the Online Data
Supplement at http://circres.ahajournals.org.

Activation of the (pro)renin receptor [(P)RR], the gene
product of ATP6AP2, plays a key role in the local
renin-angiotensin system (RAS). We have shown that (P)RR
activation is involved in the development of cardiac fibrosis and
proteinuria in hypertension and diabetes. Interestingly, a trun-
cated form of (P)RR, termed MS8.9, was also found to be
associated with the vacuolar H+-ATPase (V-ATPase), impli-
cating a non-RAS-related function of the gene products of
ATP6AP2." In the present study, we show that gene products of
ATP6AP2 are essential for cardiomyocyte survival via regulat-
ing V-ATPase function.

Results and Discussion
The CKO mice were born at the expected mendelian fre-
quency, without any gross cardiac anomalies being noted in

Methods

We generated conditional knockout (CKO) mice in which exon 2 of
the Ambap2 gene was flanked by loxP sites (Online Figure I).

the newborn mice, although cardiomyocyte-specific ablation
of Atp6ap?2 inevitably resulted in heart failure and the mice
died within 3 weeks of birth (Figure la through Ic). Ventric-
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ular functions were severely impaired on postnatal day
(PD)18 (fractional shortening, 12.87=4.73% versus
27.69%20.58% for CKO versus control; n=3; P<0.05) (Fig-
ure 1d, Online Video I). The CKO mice showed significantly
increased ratios of heart weight—to—body weight beginning
on PD14 (Figure le). The levels of cardiac stress markers,
including atrial natriuretic peptide, brain natriuretic peptide,
a-skeletal actin, connective tissue growth factor, and mono-
cyte chemoattractant protein-1, were increased as early as
PDI10 (Figure If). Histological examination of the CKO mice
on PD18 revealed that clusters of degenerating cardiomyo-
cytes with extensive vacuolation, especially in the perinuclear
region, were embedded in areas of replacement fibrosis
(Figure 2a and 2b). Electron microscopic examination of the
CKO cardiomyocytes revealed perinuclear accumulations of
numerous multivesicular vacuoles (Figure 2¢ and 2d). The
myofibrils and mitochondria were located exclusively at the
cell periphery. In addition, we observed large, electron-dense
autophagic vacuoles that contained partially digested or
undigested cellular constituents, such as mitochondria and
aberrant vacuoles, scattered in the field of cell debris around
the perinuclear region (Online Figure I1I). The accumulation
of microtubule-associated protein 1 light chain 3 (LC3)-1I (a
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Non-standard Abbreviations and Acronyms

a-MHC a-myosin heavy chain

Cko conditional knockout

LAMP2 lysosomal-associated membrane protein 2
LC3 microtubule-associated protein 1 light chain 3
MEFs mouse embryonic fibroblasts

PD postnatal day

(P)RR (projrenin receptor

RAS renin-angiotensin system

V-ATPase vacuolar H*-ATPase

phosphatidylethanolamine conjugate) and p62/SQSTMI. as
well as the induction of genes in response to amino acid
starvation (eg. the genes for asparagine synthetase, activating
transcription factor 4, and C/EBP homologous protein) re-
flected defective autophagic protein degradation in the CKO
mice (Figure 2e and 2f).

To examine the underlying cellular mechanism responsible
for cardiac death, we examined the role of the ATP6AP2
protein in the function of V-ATPase, which maintains a
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Figure 1. Cardiomyocyte-specific ablation of Atp6ap2 inevitably caused heart failure. a, PCR genotyping of myocardial DNA,
showing conditional deletion of floxed Atp6ap2 contingent on coinheritance of a-MHC-Cre. b, ATP6AP2 protein was deleted from myo-
cardium. *P<0.05 vs WT control. ¢, Kaplan-Meier survival curve showing lethality by 3 weeks of birth in the CKO mice. d, Echocardio-
graphic data representing left ventricular dilation and compromised contraction in the CKO hearts on PD18. Values represent
means=SEM. LVEDD indicates left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; FS, fractional short-
ening; and PWT, posterior wall thickness. n=3, *P<0.05 vs WT control. e, HW/BW ratios of WT and CKO. n=4, *P<0.05 vs WT con-
trol. f, Expression of cardiac stress genes in the CKO mice. Nppa indicates atrial natriuretic peptide; Nppb, brain natriuretic peptide;
Acta-1, a-skeletal actin; Ctgf, connective tissue growth factor; and Ccl2; monocyte chemotactic protein-1. n=4, *P<0.05 vs WT

control.
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luminal acidic environment in the intracellular vesicular
compartments (Figure 3a).*5 Mouse embryonic fibroblasts
(MEFs) were obtained from male mice that were hemizygous
for the floxed Atp6ap?2 allele. The Atpbap2 gene was ablated
by infecting the MEFs with the Cre adenovirus (Ad-Cre)
(Online Figure IVa). Quantitative PCR and Western blot
analyses showed that =90% of the ATP6AP2 protein was
missing in the floxed MEFs after Ad-Cre treatment, as
compared with the wild-type (WT) MEFs (Online Figure IVb
and Figure 3b). V-ATPase is a large multisubunit complex
that is organized into the V| and Vg sectors. In mammals, the
V, sector is composed of 8 different subunits (A through H),
whereas the V sector contains 6 different subunits (a, c, c'’,
d, e, and the accessory subunit Ac45%) (Figure 3a). Western
blot and immunohistochemical analyses revealed that the
levels of subunits al, a2, a3, and ¢ were significantly
decreased in the floxed MEFs after Ad-Cre infection, as
compared with the WT MEFs (Figure 3b and 3c). In contrast,
the level of V, subunit E2 was unaffected. Consistent with
these findings, LysoTracker staining revealed that the loss of
ATP6AP2 was accompanied by impaired vesicular acidifica-
tion (Figure 3c). Taken together, these findings suggest that
genetic ablation of ATP6AP2 selectively affects the stability
and assembly of the Vg subunits, thereby compromising
vesicular acidification.

Consistent with the findings observed for cultured cells,
ATP6AP2-depleted hearts revealed that the characteristic
perinuclear vacuoles in the cardiomyocytes were positive for
late endosomal/lysosomal markers RAB7 and/or LAMP2
(Figure 3d). The levels of the c-subunit of the V sector but
not the E2 subunit of the V1 sector markedly reduced in the
CKO cardiomyocytes.
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Figure 2. Extensive vacuolation of Atp6ap2-disrupted cardio-
myocytes. a and b, Masson trichrome-stained, short-axis cross
sections of the hearts of the CKO mice on PD18. Scale bars:

2 mm (left panels) and 50 um (center and right panels). ¢ and
d, Ultrastructures of the vacuoles in the cardiomyocytes. Scale
bars: 5 um (left panels), 2 um (center panels); 1 um (right
upper panel), and 2 um (right lower panel). A indicates autoph-
agic vacuole; and V, vesicular structure. e, Increased expression
of LC3-Il and p62 in ATP6AP2-depleted myocardium. *P<0.05
vs WT control. f, Expression of genes response to amino acid
starvation in the CKO mice. Asns indicates asparagine syn-
thetase; Atf4, activating transcription factor 4; and Gadd153,
C/EBP homologous protein. n=4, *P<0.05 vs WT control.

To investigate whether disruption of intracellular acidifi-
cation accounts for the phenotype of the ATP6AP2-deficient
cardiomyocytes, we treated cultured cardiomyocytes with
bafilomycin Al or chloroquine. Sequential time-lapse micro-
scopic analysis revealed that intracellular vacuoles accumu-
lated over time (Figure 4; Online Video II). These vacuoles
were positive for RAB7 (Figure 4). Interestingly, Aipbap?2
mRNA expression in the cultured cardiomyocytes was strik-
ingly upregulated after treatment with either bafilomycin Al
or chloroquine (Online Figure V).

The biogenesis of the multisubunit complex of V-ATPase
requires the coordinated association of V, subunits, which are
synthesized in the cytosol, with Vg subunits, which are
targeted to the vacuolar membrane. Studies in yeast cells
have shown that the loss of a V, subunit has little effect on the
stability of the remaining V, subunit, whereas the loss of any
single Vg subunit affects the stability and assembly of the
remaining Vg subunits. In yeast, several additional genes
(Vmal2p, Vma2lp, and Vma22p) that are required for
V-ATPase assembly have been identified.” The V subunits
were detected at greatly reduced levels in the mutant cells that
lacked these assembly factors, an effect that is similar to that
observed after the loss of a V, subunit.® Interestingly, there is
no known yeast homolog of the mammalian ATP6AP2. It is
possible that ATP6AP2 is an assembly chaperone of
V-ATPase, representing a function that is unique to mam-
mals. An alternative scenario is that ATP6AP2 is a compo-
nent of the V, sector itself rather than an assembling factor.
Atp6ap?2 mRNA expression was upregulated in cells that
were treated with bafilomycin Al or chloroquine, which
suggests that ATPOAP2 senses the acidity levels of the
intracellular compartments and accordingly regulates
V-ATPase activity.
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Figure 3. ATP6AP2 is indispensable for the assembly of V-ATPase. a, Structure of the V-ATPase and putative colocalization of ATP6AP2 and
the V-ATPase. TM & CD indicates transmembrane and cytosolic domain; and ECD, extracellular domain. b and ¢, The levels of V,, subunits are
decreased significantly in the floxed MEFs after deletion of the Atp6ap2 gene. The V, subunit E2 appears to be unaffected. ¢, Defective acidification
in the floxed MEFs after deletion of the Atp6ap2 gene. Scale bars: 50 um. d, Immunofiuorescence staining of left ventricular tissues from WT and
CKO mice on PD18. The vacuoles in the actinin-positive cardiomyocytes are RAB7-positive and LAMP2-positive. The levels of the c-subunit of the
Vo sector of the V-ATPase are markedly reduced in the CKO cardiomyocytes, whereas the depletion of ATPBAP2 had no effect on the expression
of the subunit E2 in cardiomyocytes. Nuclei were counterstained with DAPI (blue). Scale bar: 10 um.

In conclusion, the gene product of Atp6ap?2 is considered to
act in 2 ways: (1) as (P)RR, exerting an RAS-related
function?; and (2) as the V-ATPase-associated protein, ex-
erting a non—-RAS-related function that is essential for cell

Control

Bafilomycin

;\)/‘\H l/'

Chloroquine

survival.'® The phenotypes observed after genetic ablation of
Atpbap?2 are ascribed to V-ATPase loss of function. Further
characterizing the function of ATP6AP2 as an assembly
chaperone of V-ATPase and the pathological function of

Figure 4. Inhibition of vesicular acidification by
bafilomycin A1 or chloroquine mimics the in
vivo cardiac phenotype that results from abla-
tion of Atp6ap2. The rat cardiomyocytes were
treated with bafilomycin A1 (100 nmol/L) or chloro-
quine (10 umol/L) for 24 hours and then stained
either with RAB7 plus DAPI or LysoTracker Red.
Note that treatment with bafilomycin A1 or chloro-
quine reproduces the RAB7-positive intracellular
vesicles by inhibiting vesicular acidification. Scale
bars: 100 um (left panels) and 20 um (center
and right panels).
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