LOW-INTENSITY MUSCLE CONTRACTION AND AMPKal ACTIVATION

20,000 g for 2 min at —9°C. To determine the concentration of ATP
and its degradation products, the supernatant of the homogenate was
neutralized with a solution of 2 N KOH and 0.4 M imidazole and then
centrifuged at 20,000 g for 2 min at —9°C. The supernatant was
filtered through a 0.45-um pore Cosmonice filter W (Nacalai Tesque)
and then analyzed by HPLC (DX300, Dionex, Sunnyvale, CA)
equipped with an SPD-10Ai detector (Shimadzu, Kyoto, Japan) and
an AS-8020 autoinjector (Tosho, Tokyo, Japan). The filtrate was
applied to a COSMOSIL 5PE-MS Packed Column (4.6 X 250 mm;
Nacalai Tesque) equilibrated with 20 mM sodium phosphate contain-
ing 25 mM N,N-diethylethanolamine at 1 mi/min. Elution was mon-
itored at 254 nm.

3-MG transport. To assay 3-MG transport, muscles were trans-
ferred to 2 ml of KRB containing 1 mM {*H]3-MG (1.5 uCi/ml)
and 7 mM p-[1-**C]mannitol (0.3 pCi/ml) at 30°C and further
incubated for 10 min (21). The muscles were then blotted onto
filter paper, trimmed, frozen in liquid nitrogen, and stored at
—80°C. Frozen muscles were weighed and processed by incubating
them in 300 wl of 1 M NaOH at 80°C for 10 min. Digestates were
neutralized with 300 ul of 1 M HC], and particulates were
precipitated by centrifugation at 20,000 g for 2 min. Radioactivity
in aliquots of the digested protein was determined by liquid
scintillation counting for dual labels, and the extracellular and
intracellular spaces were calculated.

Statistical analysis. Results are presented as means + SE. Means
were compared by one-way analysis of variance followed by post hoc
comparison with Dunnett’s or Scheffé’s test as appropriate. Unpaired
1-tests were used for comparison as appropriate.
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RESULTS

AMPKal activity was elevated immediately after isolation
and decreased during incubation. To allow the epitrochlearis
muscles to recover from the isolating procedure, we first
determined the incubation period that stabilizes AMPK activ-
ity, as measured in anti-al and anti-a2 immunoprecipitates
from muscles that had been either frozen immediately after
isolation or incubated in KRBP for 60, 100, or 120 min and
then frozen. AMPKa1 kinase activity was lower in the incu-
bated muscle than in muscle frozen immediately after isolation
(Fig. 14). AMPKal activity attained a constant level at 60 min
of incubation and did not change afterwards, whereas
AMPKa?2 activity remained unchanged throughout the incuba-
tion period (Fig. 14). We also investigated whether AMPKal
activity differs between muscles frozen immediately after iso-
lation under anesthesia and muscles incubated for 100 min.
Regardless of whether cervical dislocation was or was not
performed, AMPKa1 activity was higher in the muscles frozen
immediately after isolation under anesthesia than in the incu-
bated muscles; AMPKa?2 activity did not differ between con-
ditions (Fig. 1B).

ES increased AMPKalactivity in a time- and frequency-
dependent manner. Tetanic contraction is a standard procedure
to stimulate AMPK activity in isolated skeletal muscle (21,
35). Even a single 10-s tetanic contraction is enough to activate
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Fig. 2. Low-frequency electrical stimulation (ES) increases predom-
inantly AMPKal activity in a time- and contraction frequency- 0.0 1 L L ) 49 -0
dependent manner in rat epitrochlearis muscles. Isolated muscles 0 2 4 6 8
were electrically stimulated (50 V) to contract at 1 Hz for the
indicated periods (A) or at the frequencies indicated for 2 min (B). To Contraction Periods (min)
tetanically contract the muscles, muscles were stimulated for 10
s/min, repeated 10 times. Isoform-specific AMPK activity was deter- B
mined in anti-al or anti-a2 subunit of AMPK immunoprecipitates. 50 ¢ a o2
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both AMPKal and AMPKa2 (35). To investigate the time
dependency of isoform-specific AMPK activity stimulated by
ES at frequencies lower than the tetanic stimulus (100 Hz),
isolated epitrochlearis muscles were incubated to stabilize
AMPK activity and then stimulated at 1 Hz for various periods.
ES at 1 Hz rapidly activated AMPKal twofold within 2 min
and maintained maximal activity for 2—8 min (Fig. 24). In
contrast, AMPKa?2 activation required =5 min of ES, and the
1.5-fold increase was smaller than that of AMPKal (P < 0.05;
Fig. 2A). To determine whether this effect was dependent on
stimulation frequency, isolated epitrochlearis muscles were
stimulated for 2 min at various frequencies. ES at 1 and 2 Hz
activated predominantly AMPKal, whereas ES at 5 and 8 Hz
activated both AMPKa1 and AMPKa2 (Fig. 2B). ES at 5 and
8 Hz activated AMPKal maximally and to the same degree as
tetanic contraction did, about four times the basal level,
whereas the activity of AMPKa2 was less than the maximal
level achieved at 8 Hz (Fig. 2B).

The primary site responsible for AMPK activation is the
Thr!?? residue in both the al and o2 catalytic subunits (17,
43). To determine whether the ES-induced activation at 1 and
2 Hz of predominantly AMPKal was accompanied by the
phosphorylation of Thr!’2, we measured the degree of phos-
phorylation of Thr!”? by use of a phosphospecific antibody in
homogenates from muscles that had been stimulated by ES at

Basal 0.5Hz 1Hz 2Hz 5Hz 8Hz Tetanus

the two frequencies. Compared with sham-operated muscles,
muscles simulated with ES at 1 and 2 Hz exhibited markedly
increased phosphorylation of Thr'?? (Fig. 3).

ES at 1 and 2 Hz changed neither AMP nor the AMP/ATP
ratio. To determine whether ES-induced activation of
AMPKal results from the conventional changes associated
with increased AMPK activity (33), we measured AMP con-
centration and the AMP/ATP ratio after stimulation. ES at 1
and 2 Hz, which activated AMPKa1 but not AMPKa2, did not
increase AMP concentration or the AMP/ATP ratio (Fig. 4, A
and B). In contrast, ES at 5 and 8 Hz, and tetanic stimulation,
which activated both AMPKal and AMPKa?2, markedly in-
creased AMP concentration and the AMP/ATP ratio (Fig. 4, A
and B).

Basal

Phospho-AMPK ¥

Fig. 3. Low-frequency ES increases phosphorylation of Thr'”? in the AMPK
a-subunit. Isolated muscles were electrically stimulated (50 V) to contract at
1 and 2 Hz for 2 min, and cell lysates were subjected to Western blot analysis
with an anti-phosphorylated AMPK antibody.
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Fig. 4. Adenine nucleotide levels in epitrochlearis muscles treated with low-
frequency ES. Isolated muscles were electrically stimulated (50 V) to contract
for 2 min at the frequencies indicated. To tetanically contract the muscles,
muscles were stimulated for 10 s/min, repeated 10 times. Intracellular AMP
concentration (A) and ATP concentration were determined by HPLC, and the
AMP/ATP ratio (B) were calculated. Values are means * SE; n = 8-9 per
group. **P < 0.01 vs. basal values.

Predominant activation of AMPKal by ES at 1 and 2 Hz
was associated with increased 3-MG transport and ACC phos-
phorylation. We next investigated whether ES at 1 and 2 Hz
acutely affects glucose transport activity and the phosphoryla-
tion state of ACC, a downstream target of AMPK, in skeletal
muscle. ES at 1 and 2 Hz increased the transport of the
nonmetabolizable glucose analog 3-MG in a frequency-depen-
dent manner (Fig. 5). We used a phosphospecific antibody that
recognizes rat ACC1 phosphorylated at Ser’”® to assess the
specific phosphorylation of skeletal muscle ACC, because this
site is equivalent to Ser’® of ACC1 (15, 37). ES at 1 and 2 Hz
increased glucose transport and ACC phosphorylation (Fig. 6).

DISCUSSION

Our data show three novel findings relating to the isoform-
specific AMPK profile in skeletal muscle. First, immediately
after isolation, the activity of AMPKa1 increased greatly but
the activity of AMPKa2 did not change (Fig. 1, A and B).
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Fig. 5. Electrical stimulation increases 3-O-methyl-D-glucose (3-MG) trans-
port in rat epitrochlcaris muscles. Isolated muscles were electrically stimulated
(1 or 2 Hz at 50 V) to contract for 2 min. Values are means + SE; n = 6-10
per group. **P < 0.01 vs. basal values.

Second, muscle contraction induced by ES at 1 and 2 Hz for 2
min activated AMPKal but not AMPKa2 (Fig. 2B), suggest-
ing that AMPKa1 is more sensitive to low-intensity contrac-
tion than AMPKa2 is. Third, contraction-induced AMPKal
activation was associated with increased glucose transport and
ACC phosphorylation (Figs. 5 and 6).

We believe that the marked activation of AMPKal imme-
diately after isolation is a post mortem artifact, on the basis of
previous studies of liver AMPK (8, 14, 33) showing that, in
liver dissected at ambient temperature, 3-hydroxy-3-methyl-
glutaryl-CoA (HMG-CoA) reductase, one of the downstream
targets of AMPK, is highly phosphorylated and inactivated (8).
In contrast, in liver dissected after cold clamping and homog-
enized within 10 s after dissection, most HMG-CoA reductase
is in an unphosphorylated active form (8), indicating that liver
AMPK remains inactive in vivo and is easily activated as a post
mortem artifact. Moreover, in freshly isolated rat hepatocytes,
AMPK activity increases and then decreases to the expected in
vivo level during incubation in oxygenated medium for 60 min
(33). Hardie and Carling (14) proposed that rapid cooling is
required to preserve the in vivo activation state of AMPK and
that incubation in oxygenated medium restores AMPK activity
to in vivo levels. Consistent with this proposal, AMPKal
activation is not observed in muscle after electrically stimu-
lated in situ contraction followed by muscle isolation (40, 46).
In contrast, AMPKa1 activation occurs in muscle after elec-
trically stimulated in situ contraction followed by freeze
clamping (24).

Fig. 6. Low-frequency ES increases phosphorylation of serine in acetyl-CoA
carboxylase (ACC). Isolated muscles were electrically stimulated (50 V) to
contract at 1 or 2 Hz for 2 min, and cell lysates were subjected to Western blot
analysis with an anti-phosphorylated ACC antibody.
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We have not identified the critical step of AMPKal activa-
tion induced by our isolation procedure. Ischemia limits oxy-
gen supply and leads to reduced ATP generation and can
activate AMPK (20), and stopping or reducing the blood or
oxygen supply to muscles during isolation is one possible
cause of AMPKal activation. However, hypoxic energy de-
privation should activate both AMPKa1 and AMPKa2 (20). In
addition, the time needed to freeze the muscle after cervical
dislocation was about 30 s, which was about the same amount
of time needed to freeze the tissue incubated in oxygenated
buffer and then exposed to room air. Furthermore, the activa-
tion of AMPKa1 by muscle isolation under anesthesia without
cervical dislocation (Fig. 1B) shows clearly that cervical dis-
location is not a critical step in the activation of AMPKal. The
freezing procedure after incubation is nearly identical to that
used after isolation. Thus changes in unidentified factors, such
as nervous system input or a soluble factor, might cause the
post mortem artifact and increase skeletal muscle AMPKal
activation during the isolation procedures.

Our finding that low-intensity contraction of skeletal muscle
activated mainly AMPKal1 differs from that of previous stud-
ies showing predominantly AMPKa?2 activation (12, 44, 50).
Our use of a different muscle preparation might explain these
differences. We measured the AMPK activity of muscles that
had been isolated, incubated in KRBP, and then stimulated to
contract, whereas previous studies measured AMPK activity of
muscles isolated after contraction (12, 44, 50). Because isola-
tion can activate AMPKal, the actual contraction-induced
increase of AMPKal activity would not be apparent in the
latter protocol. AMPKa1l could also be activated by isolation
of both contracted and noncontracted muscles. Our incubation
for more than 60 min decreased AMPKxl1 activity to a constant
level and allowed us to observe the activation of AMPKal in
low-intensity stimulated contracted muscle.

The finding that AMPKa1 activation was not accompanied
by an increase in AMP concentration and the AMP/ATP ratio
(Fig. 4, A and B) suggests that AMPKa1 activation induced by
low-intensity contraction is regulated by an AMP-independent
mechanism. Although intracellular energy status is an impor-
tant determinant of AMPK activity (1, 2, 9, 33, 39), recent
studies have shown that AMPK is activated by phosphorylation
in the absence of changes in the concentration of AMP or ATP
or in ADP/ATP or AMP/ATP ratios (11, 22, 32, 45, 51). Our
data (Fig. 4) and those of others (22, 45) are consistent in
showing that the predominant activation of AMPKal is not
accompanied by a decrease in intracellular energy status in
skeletal muscle. SNP activates AMPKa1 in extensor digitorum
longus muscle without depleting ATP (22), and H,O, activates
AMPKal in rat epitrochlearis muscle without increasing AMP
concentration and the AMP/ATP ratio (45). We cannot exclude
the possibility that AMPKal1 is activated by the increase in free
AMP content, which comprises 0.11-0.50% of the total AMP
content (13) and increases markedly in response to muscle
contraction (7, 25). Importantly, however, a study using puri-
fied AMPK showed that AMPKa2 depends more on AMP
activation by the upstream kinase than does AMPKal (41). In
this context, the absence of AMPKa2 activation in our study
also suggests that AMP does not accumulate in muscle and that
AMPKa1l activation involves an AMP-independent mecha-
nism (Fig. 2, A and B). Moreover, we detected parallel in-
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creases in AMP concentration and AMPKa2 activity in mus-
cles stimulated by ES at =5 Hz (Figs. 2B and 44).

Our finding that the predominant AMPKal activation is
accompanied by phosphorylation of the a-subunit in Thr!72
suggests that an upstream kinase is involved in AMPKal
activation by low-intensity contracted muscle (Fig. 3). Two
mammalian AMPKKSs have been identified: Ca2*/calmodulin-
dependent protein kinase kinase (CaMKK) (19, 23) and the
LKB1 complex consisting of LKB1 and two regulatory pro-
teins, called Ste20-related adaptor protein and mouse protein
25 (16). In vitro studies have demonstrated that CaMKK is
activated by Ca®* and calmodulin but not by AMP (19). In an
LKB1-deficient cell line, AMPK can be activated by treatment
with mannitol, 2-deoxyglucose, and the Ca®* ionophore iono-
mycin, but not by the AMP analog AICAR (23). In rat brain
slices, depolarization induced by increasing K* concentration
increases intracellular Ca®* concentration by opening the volt-
age-gated Ca?* channel and activates AMPK without elevating
the AMP/ATP ratio; this activation is blocked by the CaMKK
inhibitor STO-609 (18). AMP concentration did not increase in
muscles stimulated by ES at 1 and 2 Hz (Fig. 4), suggesting
that CaMKK might be responsible for the predominant activa-
tion of AMPKal. In contrast, the LKB1 complex is constitu-
tively active and is not directly activated by AMP, but the
binding of AMP to AMPK facilitates the phosphorylation of
AMPK by the LKB1 complex (16, 40). Thus the LKB1
complex may depend more on AMP to phosphorylate AMPK
than does CaMKK. We cannot discount the possible involve-
ment of yet-to-be-characterized AMPKKSs, and further study is
needed to clarify the AMPKK that activates predominantly
AMPKal in low-intensity contracting skeletal muscle.

Our results show that ES at 1 and 2 Hz activates AMPKal
and increases in the rate of glucose transport and ACC phos-
phorylation, indicating that AMPKal, as well as AMPKa2, is
involved in contraction-stimulated glucose transport and ACC
phosphorylation. Our results are consistent with previous stud-
ies showing that low-intensity muscle contraction increases
glucose transport and ACC phosphorylation (30, 37). ES at 1
and 2.5 Hz for 5 min increases glucose transport in isolated rat
soleus muscles (30). ACC activity decreases after in situ
contraction of rat gastrocnemius muscle stimulated by ES at
0.2 and 1 Hz for 5 min via the tibial nerve, and this decreased
activity is inversely correlated with the concentration of phos-
phorylated ACC (37). Moreover, H2O, activates increased
glucose transport and ACC phosphorylation associated with
AMPKal activation (45). SNP increases glucose transport
associated with AMPKal activation (22). In support of our
observations, contraction-induced glucose transport is not re-
duced by knockout of the al- or a2-subunit of AMPK but is
inhibited by dominant mutants of both isoforms (27, 34).

Our results lead us to hypothesize that I) AMPKal regula-
tion is more sensitive to physical or physiological stress than
AMPKa2 is; 2) AMPKal is the predominant isoform activated
by low-intensity contractions; 3) AMPKal activation induced
by low-intensity contractions is regulated by an AMP-indepen-
dent phosphorylation, whereas AMPKa?2 activation induced by
high-intensity contraction is regulated by AMP-dependent
mechanism; and 4) activation of each isoform enhances glu-
cose transport and ACC phosphorylation in skeletal muscle.
Previous data show that low-intensity exercise, even at a level
(e.g., 30—40% of VOmax) previously believed not to activate
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AMPK, increases skeletal muscle glucose transport and ACC
phosphorylation (4, 28), suggesting the involvement of an
AMPK-independent pathway. Our results suggest that
AMPKa1 may be activated in these muscles by low-intensity
exercise and that measuring the activity may be disturbed by
additional activation during isolation. Only during very-high-
intensity exercise, when the activation by muscle contraction
may exceed that of the isolating stimuli, would AMPKal
activity be detectable.

In summary, we have demonstrated for the first time that
muscle AMPKa1, but not AMPKa2, is activated immediately
after isolation. Stabilizing muscle in KRBP followed by low-
intensity contraction activates AMPKal via phosphorylation
without increasing AMP concentration, and it increases glu-
cose transport and ACC phosphorylation. We conclude that
low-intensity muscle contraction activates AMPKa1 and leads
to enhanced glucose transport and ACC phosphorylation in rat
skeletal muscle.
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It is now recognized that aldosterone is potentially cardio-
toxie, although its local effects in the heart are not well un-
derstood. We examined the effects of aldosterone on cultured
neonatal rat cardiomyocytes in the presence of normal and
elevated extracellular Na* ([Na*],)). We evaluated the intra-
cellular volume of cardiomyocytes in the presence of normal
(141 mEg/liter) and elevated (146 mEq/liter) [Na*], by mea-
suring cell size. Intracellular Na* was measured using sodi-
um-binding-benzofuran-isophthalate as a fluorescent sodium
indicator, and cardiac hypertrophy was assessed using B-type
natriuretic peptide transcription and *H-leucine incorpora-
tion. Cardiomyocytes shrank in the presence of 146 mEq/liter
Na* due to the increased extracellular osmolarity at early
phase. Aldosterone (107 mol/liter) mitigated the shrinkage by
stimulating Na* uptake by the cells. This effect of aldosterone

was blocked by SM 20220, a Na*/H* exchanger 1 (NHE1) in-
hibitor, but not by eplerenone, a mineralocorticoid receptor
blocker. Seventy-two hours of exposure to aldosterone in the
presence of 146 mEqg/liter Na* led to increases in cardiomyo-
cyte size, *H-leucine incorporation, and B-type natriuretic
peptide and NHE1 transcription that were significantly
greater than were seen in the presence of 141 mEq/liter Na*.
All but the last were blocked by either eplerenone or SM20220;
the increase in NHE1 transcription was blocked only by
eplerenone. Aldosterone exerts a beneficial effect via NHE1 to
block cardiomyocyte shrinkage in the presence of elevated
[Na*], at early phase, but long-time exposure to aldosterone
in the presence of elevated [Na*], leads to cardiomyocyte hy-
pertrophy via genomic effects mediated by the mineralocor-
ticoid receptor. (Endocrinology 147: 1314-1321, 2006)

HE BODY RESPONDS to a salty meal by decreasing the
secretion of aldosterone from the adrenal cortex; in-
creasing the secretion of antidiuretic hormone from the pos-
terior pituitary, and activating drinking behavior, thereby
stabilizing levels of circulating Na™ (1, 2). However, if one’s
diet is continuously high in Na* or if a large amount of Na*
is acutely taken in, the circulating Na™ level will tend to rise.
When that happens, somatic cells are subject to fluid loss due
to the increase in the extracellular osmolarity, which causes
them to shrink. Oxidative stress is also increased, and a
life-threatening crisis can occur in severe cases (3, 4). But
despite its vital importance, the regulatory system that
strictly governs the levels of circulating Na* is not well
understood.

Aldosterone has traditionally been seen as a key regulator
of fluid and electrolyte balance, acting via the mineralocor-
ticoid receptor (MR) in the epithelium of the kidney (distal
nephron), colon, and salivary glands (5). However, we re-
cently showed that aldosterone is also synthesized in the
hearts of patients with heart failure or hypertension (6-8),
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Abbreviations: BNP, B-type natriuretic peptide; ENaC, epithelial Na*
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and thatin neonatal rat cardiomyocytes it induces expression
of angiotensin-converting enzyme, creating a vicious circular
cascade involving the renin-angiotensin-aldosterone-system
(9). In addition, others have shown that aldosterone induces
vascular inflammation and apoptosis within the cardiovas-
cular system (10, 11). The molecular mechanisms by which
aldosterone exerts its local effects are not fully characterized,
however.

The Na*/H* exchanger 1 (NHE1) is a ubiquitously ex-
pressed housekeeping transporter that catalyzes the electro-
neutral countertransport of extracellular Na* and intracel-
lular protons (12, 13). In addition to mediating the
transcellular absorption of Na*, NHEI1 plays a major role in
the regulation of intracellular pH, cell volume and, possibly,
cell proliferation (13). Aldosterone regulates Na™ homeosta-
sis and, consequently, extracellular volume in large part by
controlling NHEI1 activity in the kidney (12-14). There are
also reports that aldosterone up-regulates NHE1 activity by
both genomic or nongenomic means (15, 16); that NHEI
serves as a critical downstream regulator contributing to
cardiac remodeling in response to various hypertrophic fac-
tors (16, 17); and that inhibition of NHE1 suppresses pro-
gression of cardiac hypertrophy (18).

With that as background, we hypothesized that, in the face
of an acute increase in the extracellular Na* concentration -
([Na*],), aldosterone would act nongenomically on NHE1 to
promote cellular Na* uptake and fluid retention to attenuate
cell shrinkage. If those conditions persisted, however, aldo-
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sterone would act genomically, causing cardiomyocyte hy-
pertrophy by way of NHE1. To test this hypothesis, we
investigated the direct actions of aldosterone—i.e. those in-
dependent of hemodynamic overload—in cultured neonatal
rat cardiomyocytes.

Materials and Methods

In this in vitro study, [Na™], was either 141 mEq/liter or 146 mEq/
liter, which is within the physiological range. Cellular fluid changes
were evaluated by measuring cell size (19) and changes in the intracel-
lular Na™ concentration ([Na*];) were measured using sodium-binding
benzofuran isophthalate (SBFI), a fluorescent Na* indicator (20). To
examine NHE1 activity, intracellular H* concentration ([H*],) was mea-
sured using LysoSensor Green DND-153 (21). Cardiac hypertrophy was
assessed using ®H-leucine incorporation (22) and B-type natriuretic pep-
tide (BNP) gene expression (9, 19, 23), two sensitive makers of cardiac
hypertrophy, as indices. In addition, we also tested the effects of
eplerenone, a specific MR blocker (24), and SM 20220, a NHE1 inhibitor
(25), on the genomic and nongenomic actions of aldosterone.

Agents used

Aldosterone was purchased from Steraloid Co. (Wilton, NH). SBFI-
acetoxymethyl ester (SBFI-AM) was purchased from Sigma Chemical
Co. (St. Louis, MO) (20). LysoSensor Green DND-153 as a pH indicator
was purchased from Molecular Probes (Eugene, OR) (21). Eplerenone
was provided by Pfizer Co., Ltd. (New York, NY) (24). SM 20220, which
is a specific inhibitor of NHE1 in cultured neurons and glial cells with
an IC;, of 5 and 20 nM, respectively, was provided by Sumitomo Phar-
maceuticals Co., Ltd., Research Division (Osaka, Japan) (25, 26).

Preparation of cardiomyocytes

All animal procedures conformed to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved
by the Animal Research Committee at Kumamoto University. Cardio-
myocytes were obtained from 1- to 2-d-old Wistar rats. Ventricular cells
were dispersed in a balanced Na™ solution containing 0.04% collagenase
IT (Sigma) and 0.06% pancreatin (Sigma) (9, 19, 22, 23). The cardiomy-
ocytes were isolated on a discontinuous Percoll gradient using 40.5%
and 58.5% Percoll (Sigma) prepared in balanced Na* solution. Ventric-
ular cells were injtially suspended in the 58.5% Percoll layer (19, 22, 23).
After centrifugation at 3000 rpm for 30 min at 15 C, the cardiomyocytes
had migrated to the interface between the layers.

Cell culture

Purified cardiomyocytes were plated at a density of 3.0X10* cells/
em? in six-well plates (2.9 X 10° cells /well) in DMEM (GIBCO, Carlsbad,
CA) supplemented with 10% fetal bovine serum (Moregate Bio Tech,
Bulimba, Australia) and antibiotics (100 U/ml penicillin G and 100
g/ ml streptomycin; GIBCO). The cells were allowed to attach for 30 h,
after which the medium was replaced with serum-free DMEM, and the
cells were incubated for an additional 12 h. After this preconditioning
period, the cells were incubated in serum-free DMEM containing 1
mg/ml BSA (Sigma) with the indicated test substances (9, 19, 22, 23).
Medium containing 146 mEq/liter Na* was made by simply adding
NaCl (Wako, Osaka, Japan) to the normal 141 mEq/liter Na* medium
(27). pH was 7.3 *= 0.2 in both media.

Measurement of cell size

Surface areas of cardiomyocytes were measured using Lumina Vision
(Mitani Co., Fukui, Japan). Cardiomyocytes in the culture wells were
chosen at random for measuring cell sizes from five to eight preparations
and two different people blindly measured cell sizes.

3H.leucine incorporation

Cardiomyocytes were plated at 3.0x10* cells/cm? in 96-well dishes
and treated as described above. *H-leucine (3 uCi/ml, 2.15 X 1072
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mol/liter; PerkinElmer, Yokohama, Japan) was then added to each well
just after the last treatment, as previously described (22). After incu-
bating 72 h, the cells were harvested using an Omnifilter-96 Harvester
{PerkinElmer) (28), and *H-leucine incorporation was measured using
a MicroBeta TriLux (PerkinElmer) (28).

Quantitative real-time RT-PCR

For real-time RT-PCR, total RNA was extracted from cardiomyocytes
cultured in six-well plates using an RNeasy Mini Kit (QIAGEN, Bulimba,
Germany) (9, 23) and treated with deoxyribonuclease I (QIAGEN) to
eliminate any contaminating genomic DNA (9, 23). The oligonucleotide
primers and TagMan probes used to analyze expression of rat BNP
mRNA were designed from GenBank databases (M25297) using Primer
Express version 1.0 (Applied Biosystems, Foster City, CA) as previously
described (9, 23). The forward primer was 5'-181-CAG AAG CTG CTG
GAG CTG ATA AG-203-3'; the reverse primer was 5'-258-TGT AGG
GCCTTG GTC CTT TG-239-3'; and the TagMan probe was 5'-207-AAA
GTC AGA GGA AAT GGC TCA GAG ACA GCT C-237-3'. Primers and
the TagMan probe set for rat NHE1 (No. 185248084) were purchased
from Assays-on-Demand Gene Expression Products (Applied Biosys-
tems), and those for rat glyceraldehyde-3-phosphate dehydrogenase
were from PerkinElmer Applied Biosystems. Two-step real time RT-PCR
was carried out using TagMan Reverse Transcription Reagents (Applied
Biosystems) and a TagMan Universal Master Mix kit (Applied Biosys-
tems) (29) with an ABI Prism 7900 sequence detection system (Applied
Biosystems) (29).

Measurement of BNP and NHE1 protein levels

We measured BNP levels in these culture mediums after 72 h using
a BNP ELISA Kit (Peninsula Laboratories Inc., San Carlos, CA). NHE1
protein levels were measured by Western blotting using a polyclonal
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) after 72 h culture
as described (16).

Measurement of intracellular Na™

After incubating cardiomyocytes for 2 h in medium containing 141 or
146 mEq/liter Na™, [Na™*]; was determined as previously described (20).
Briefly, cardiomyocytes grown on glass-bottomed dishes were incu-
bated with 10 umol/liter SBFI-AM for 90 min at room temperature in
presence of the nonionic surfactant Pluronic F-127 (0.05% wt/vol;
Sigma). After washing out the external dye, we allowed the intracellular
SBFI-AM to be deesterified to active SBFI for 20 min before proceeding
with [Na*}; measurements. The cells were incubated in DMEM con-
taining 141 and 146 mEq/liter Na*, and [Na*]; levels at a single cell were
measured as a function of SBFI fluorescence using an Ion Optix dual-
wavelength ratiometric photon counting system (11). The cells were
pretreated with SM 20220 or eplerenone just before this measuring. After
measuring for 60 sec, 1077 mol/liter aldosterone was added to the
medium.

Measurement of intracellular H*

After incubating cardiomyocytes for 2 h in a medium containing 141
or 146 mEq/liter Na™, intracellular H* levels ([H*],) were examined
(21). Cardiomyocytes grown on glass-bottomed dishes were incubated
with 1 umol/liter LysoSensor Green DND-153 for 30 min. After washing
out the external dye, the cells were incubated in DMEM containing 141
and 146 mEq/liter Na*, and [H*]; levels in a single cell with 1077
mol/liter aldosterone were measured using LysoSensor Green DND-153
fluorescence with Lumina Vision (Mitani Co., Fukui, Japan). The cells
were pretreated with SM 20220 or eplerenone just before this
measurement.

Statistical analysis

Data are expressed as means * SEM. Statistical analysis was per-
formed using one-way ANOVA followed by multiple comparisons us-
ing Fisher's protected least-significant difference and unpaired Stu-
dent’s { tests, as appropriate. Values of P < 0.05 were considered

significant.
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Results

In the present study, we evaluate the actions of aldosterone
in time course divided into early phase (0-6 h) and late phase
(72 h).

Effect of aldosterone on cardiomyocyte size in the presence
of normal and elevated [Na*], at early phase

Figure 1A shows the morphology of neonatal rat cardio-
myocytes after 2 h in the presence of normal (141 mEq/ liter)
or elevated (146 mEq/liter) [Na*], with and without 10~7
mol/liter aldosterone. There was no change in the size of the
cells in the presence of 141 mEq/liter Na™ with or without
aldosterone. In the presence of 146 mEq/liter Na™ without
aldosterone, however, the cells became substantially smaller,
and this shrinkage was blocked by the addition of
aldosterone.

Figure 1B shows the time-dependent changes in the size
of cardiomyocytes over a period of 24 h. In the absence of
aldosterone, the cells shrank significantly in the presence of

A

Na;141mEq/L
Fic. 1. A, Photomicrographs showing
cardiomyocytes after 2 h in the pres-
ence of 141 mEqg/liter or 146 mEq/liter
Na* with (+) or without (=) 10~" mol/
liter aldosterone (ALDO). B, Time-de-
pendent changes in the sizes of cardi-
omyocytes during incubation in the
presence of 141 mEq/liter or 146 mEq/
liter Na* with or without 10~ moV¥/
liter aldosterone. Open circle, Without
10~7 moVliter aldostercne in the pres-
ence of 141 mEq/liter Na™; closed cir-
cle, without 10~ 7 mol/liter aldosterone
in the presence of 146 mEq/liter Na™;
open triangle, with 10~7 molfliter al-
dosterone in the presence of 141 mEq{
liter Na*; closed triangle, with 10~
moVliter aldosterone in the presence
of 146 mEq/liter Na*. *, P < 0.01; **,
P<0.0001vs.0h; 1, P <0.0L; 1, P <
0.0001 vs. 141 mEqg/liter Na* without
aldosterone; n = 20. C, Sizes of cardi-
omyocytes incubated for 2 h in the
presence of 146 mEq/liter Na* with
107 molliter aldosterone (ALDO)
alone or in combination with 10~% mol/
liter eplerenone (EPLE) or 10™7 mol/
liter SM 20220 (SM); n = 20.
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146 mEq/liter Na* over the course of 6 h (P < 0.0001; vs. 141
mEq/liter Na* without aldosteroneat1, 2, 3, and 6 h); again,
this shrinkage was blocked by addition of 1077 mol/liter
aldosterone. The ability of aldosterone to block cell shrinkage
in the presence of elevated [Na*], apparently reflects its
ability to stimulate Na™* uptake by the cells and thus increase
[Na*];. Figure 1C showed the effects of eplerenone and SM
20220 on the cell sizes of cardiomyocytes with 1077 mol/liter
aldosterone in the presence of 146 mEq/liter Na* at 2 h. SM
20220, but not eplerenone, blocked cell recovery induced by
aldosterone in the presence of 146 mEq/liter Na*.

Effect of aldosterone on the level of intracellular Na™ and
intracellular H* in the presence of normal and elevated
[Na™], at early phase

In Fig. 2, 10~7 mol/liter aldosterone did not elevate in-
tracellular sodium concentrations in SBFI-loaded cardiomy-
ocytes with 141 mEq/liter Na* (Fig. 2A). There was an in-

ALDO () ALDO ()
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FiG. 2. Fluorescence ratios indicating the time-dependent changes in
[Na*]i at [Na™], = 141 or 146 mEqg/liter. The arrow indicates addition
of 107 moVliter aldosterone (ALDO). A, In the presence of 141 mEq{
liter Na™*; B, in the presence of 146 mEq/hter Na*; C, with 10~
mol/liter SM 20220 (SM) in the presence of 146 mEq/liter Na ; D, with
1075 mol/liter eplerenone (EPLE) in the presence of 146 mquhber
Na*.

crease in [Na*); after adding 107 mol/liter aldosterone to
cardmmyocytes in the presence of 141 and 146 mEq/hter
Na™ (Fig. 2B). It appears that the aldosterone-induced Na*
uptake was mediated by the NHE], as the effect was signif-
icantly inhibited by the NHE1 antagonist SM 20220 (1077
mol/liter) (Flg 2C). In contrast, the MR antagonist
eplerenone (10~ mol/liter) had no effect (Fig. 2D).

In Fig. 3, we measured the level of intracellular H* ([H*])
in the cardiomyocytes using LysoSensor Green DND-153
with 1077 mol/liter aldosterone for examination of the
acth1ty of NHEL1. Levels of [H*}; in the cardiomyocytes with
1077 mol/liter aldosterone in the presence of 146 mEq/liter
Na™* were significantly lower than those in the presence of
141 mEq/liter Na™. SM 20220 blocked aldosterone-induced

Endocrinology, March 2006, 147(3%:1314-1321 1317

Relative Light Unit

Sl min

ALDO

FiG. 3. Fluorescence ratios with 10”7 mol/liter aldosterone (ALDO)
indicating the time-dependent changes in {H*]; at [Na*], = 141 or 146
mEq/liter. Open triangle, In the presence of 141 mEq/liter Na*, closed
triangle, in the presence of 146 mEq/liter Na*, open square, with 10~ -7
molliter SM 20220 in the presence of 146 mEgq/liter Na*; closed
square, with 105 mol/liter eplerenone in the presence of 146 mEqg/
liter Na™. *, P < 0.05; **, P < 0.005; ***, P < 0.0005 vs. fluorescence
ratios with 107 molliter. aldosterone in the presence of 141 mEq/liter
Na™ ateach time; 1, P < 0.05; 11, P < 0.005 vs. flucrescence ratios with
10~7 mol/liter aldosterone in the presence of 146 mEqg/liter Na* at
each time; n = 8.

H" discharge, but eplerenone did not block aldosterone-
induced H* discharge in the presence of 146 mEq/liter Na™.

Effect of aldosterone on cardiomyocytes size in the presence
of normal and elevated [Na™], at late phase

Seventy-two hours of exposure to 1077 mol/liter aldoste-
rone significantly increased cardiomyocyte size in the pres-
ence of both 141 mEq/liter and 146 mEq/liter Na* (P < 0.005,
P < 0.0005, respectively), although the increase was signif-
icantly greater the presence of the latter (P < 0.0005 vs.
normal Na*) (Figs. 4A and 5A). The effect of aldosterone on
cell size was significantly attenuated by either e+plerenone or
SM 20220 in the presence of 146 mEq/liter [Na™}, (both P <
0.0005) (Figs. 4B and 5A). In the absence of aldosterone,
neither eplerenone nor SM 20220 affected the cell size in the
presence of 141 mEq/liter Na* at 72 h. In Figs. 1A and 4, they
were different cells before and after aldosterone stimulation.

Effect of aldosterone on °H-leucine incorporation by
cardiomyocytes at late phase

Indicative of induction of cell hypertrophy, 1077 mol/liter
aldosterone significantly increased *H-leucine incorporation
by cardiomyocytes in the presence of either 141 mEq/liter or
146 mEq/liter Na™ at late phase (P < 0.05, P < 0.05, respec-
tively) and, as with cell size, the effect was more pronounced
in the presence of the latter (Fig. 5B). This effect in the presence
of 146 mEq/liter Na* was significantly attenuated by inhibiting
NHEI using SM 20220 (P < 0.0005). In the absence of aldoste-
rone, neither eplerenone nor SM 20220 affected 3H-leucine in-
corporation in the presence of 141 mEq/liter Na™ at 72 h.

Effect of aldosterone on BNP gene expression and BNP
expression by cardiomyocytes at late phase

We found that long-time exposure to 10~7 mol/liter al-
dosterone in the presence of 146 mEq/liter Na* induced a
significant increase in BNP gene expression by cardiomyo-
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Na;146mEq/L
+ALDO+EPLE

Na;146mEq/L
+ALDO+SM

Fic. 4. A, Photomicrographs showing cardiomyocytes after 72 h in
the presence of 141 mEg/liter or 146 mEg/liter Na* with (+) or with-
out (=) 10”7 mol/liter aldosterone (ALDO). B, Photomicrographs
showing cardiomyocytes after 72 h in the presence of 146 mEq/liter
Na* with 107 mol/liter aldosterone (ALDO) alone or in combination
with 10~5 mol/liter eplerenone (EPLE) or 10~7 mol/liter SM 20220
(SM).

cytes (P < 0.0005) that was accompanied by a substantial
increase in cell size (Fig. 5C). Moreover, the effect of aldo-
sterone on BNP gene expression was significantly greater in
the presence of 146 mEq/liter Na* than in the presence of 141
mEq/liter Na* (P < 0.05). Both the BNP gene expression and
the hypertrophy were attenuated by either eplerenone or SM
20220 (P < 0.005, P < 0.0005, respectively, for BNP gene
expression). Eplerenone and SM 20220, without aldosterone,
did not affect BNP gene expression levels in the presence of
141 mEq/liter Na* at 72 h. SM 20220 or eplerenone with 1077
mol/liter aldosterone did not inhibit the effect of aldosterone
by these parameters in the presence of 141 mEq/liter Na* at
72 h.

In the supplemental figure published on The Endo-
crine Society’s Journals Online web site at http://endo.
endojournals.org, 1077 mol/liter aldosterone significantly
increased BNP levels in cardiomyocytes in the presence of
either 141 mEq/ liter or 146 mEq/liter Na™ at the late phase
(P < 0.05, P < 0.05, respectively) and, as with BNP gene
expression, the effect was more pronounced in the presence
of the latter. This effect in the presence of 146 mEq/liter Na™
was significantly attenuated by inhibiting NHE1 using SM
20220 (P < 0.05). In the absence of aldosterone, eplerenone
and SM 20220 did not affect BNP levels in the presence of 141
mEq/liter Na* at 72 h.
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Fic. 5. Effects of aldosterone and [Na*], on cell size (A), >H-leucine
incorporation (B), and BNP gene expression (C) at late phase. Car-
diomyocytes were incubated for 72 h in the presence 141 mEq/liter or
146 mEq/liter Na* with or without 10~7 mol/liter aldosterone (ALDO)
alone or in combination with 10~% mol/liter eplerenone (EPLE)or 10~7
molliter SM 20220 (SM). *, P < 0.05; **, P < 0.005; ***, P < 0.0005;
n = 10-20. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.

Effects of aldosterone on NHE1 gene and protein expression
by cardiomyocytes at late phase

NHEI1 gene expression was also significantly increased by
10~7 mol/liter aldosterone (P < 0.05) in the presence of
Na*141 and 146 mEq/liter (Fig. 6A). Aldosterone also in-
creased NHE1 protein levels in the presence of Na* 141 and
146 mEq/liter (Fig. 6B). The effect of aldosterone on NHE1
gene expression was significantly attenuated by eplerenone
(P < 0.05); in contrast, SM 20220 had no effect (Fig. 6A).

Discussion

We found that acute exposure to elevated [Na*], caused
cardiomyocytes to rapidly shrink as a result of fluid loss to
the outside driven by the increase in extracellular osmolarity.
Aldosterone strongly suppressed this loss of fluid by induc-
ingNa* uptake, as indicated by the observed increase in SBFI
fluorescence, which diminished the osmotic pressure gradi-
ent across the cell membrane. We believe these findings show
that aldosterone exerts a protective effect against cardiomy-
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Fic. 6. A, Effect of aldosterone on NHE1 gene expression in cardi-
omyocytes incubated for 72 h in the presence of 141 or 146 mEq/liter
Na* with or without 10~7 mol/liter aldosterone (ALDO) alone or in
combination with 10~ mol/liter eplerenone (EPLE) or 10~" mol/liter
SM 20220 (SM). *, P < 0.05,n = 10. B, Western blots of NHE1 with
or without 10~7 mol/liter aldosterone (ALDO) in the presence of 141
or 146 mEq/liter Na*. GAPDH, Glyceraldehyde-3-phosphate dehy-
drogenase

ocyte dehydration in the presence of elevated [Na*], at early
phase. It appears that this effect is mediated by the NHEI
because it was blocked by the NHE1 antagonist SM 20220. At
early phase, we found no evidence that aldosterone acts
acutely via the MR, as indicated by eplerenone’s lack of
effect, or that it acutely induces cellular hypertrophy, as
indicated by the absence of up-regulated BNP transcription
or *H-leucine incorporation (data not shown). These findings
also suggest that aldosterone may contribute to the rapid
regulation and maintenance of circulating Na* levels by
regulating the movement of Na™ into cardiomyocytes like
principal cells of the kidney distal tubules (30). It has been
reported that the nongenomic effects of aldosterone on NHE
were blocked by eplerenone in mesenteric resistance vessels
(31). We cannot positively deny the effects of aldosterone on
NHE1 via the classical MR in cardiomyocytes (31, 32).

In one recent study, aldosterone was shown to induce Na*
influx into human umbilical vein endothelial cells, leading to
cell swelling, even when the Na* concentration in the culture
medium was unchanged (33). It was suggested that this effect
was mediated via the epithelial Na* channel (ENaC). At one
time, ENaCs were thought to exist only in the kidney; that
was until the ENaC é-subunit was identified in human heart
(34). The function and significance of the ENaC in heart is not
yet known, but it is possible that, along with NHE], it con-
tributes to mediating the acute effects of aldosterone in re-
sponse to a rise in [Na*]),.

Na*/K* adenosine triphosphatase (Na*/K* ATPase),
which mediates the active transport of Na* out and K* into

Endocrinology, March 2006, 147(3):1314-1321 1319

the cells, is present in cardiomyocytes (35). It is notable that
Na*/K* ATPase has been reported to be reversely sup-
pressed by aldosterone in the myocardium (36). Therefore, the
inhibitory action of aldosterone on Na*/K* ATPase in the
myocardium would not conflict with the possible effect of al-
dosterone on the intracellular influx of sodium by NHEI1 be-
cause both actions take sodium into cells in the myocardium.

Secretion of aldosterone from the adrenal gland is dimin-
ished by a high Na™ diet, reducing circulating levels of the
hormone (2). On the other hand, it was recently reported that,
in rats, the concentration of aldosterone in cardiac and vas-
cular tissues are increased by high Na* intake (37). In view
of our present findings, we suggest that cell shrinkage caused
by the increase in extracellular osmolarity associated with
high Na™* intake would stimulate local synthesis of aldoste-
rone, which in tumn stimulates uptake of extracellular Na™
and water into the cells, thereby stabilizing the electrolyte
and fluid balance across the cell membrane. Naturally, we
understand that there are many reports disputing the theory
about cardiac aldosterone synthesis (38, 39). It is still unclear,
however, which of sodium, potassium, chloride, angiotensin
11, ACTH, or others is actually the key regulator for cardiac
aldosterone synthesis in vivo (40, 41). There are many issues
that we should study in the future.

In sharp contrast to the effects of aldosterone at early
phase, we found that long-time aldosterone exposure in-
duces cardiomyocyte hypertrophy, as indicated by increased
cell size, increased incorporation of 3H-leucine, and in-
creased BNP transcription. That these effects could be sup-
pressed by either eplerenone or SM 20220 means that the
effects of aldosterone are mediated via both the MR and
NHEI at late phase. In addition, we also found that aldo-
sterone induces NHE1 gene expression via the MR
(eplerenone sensitive) at late phase, which is consistent with
earlier reports (15, 16).

The effects of aldosterone at late phase observed in the
present study are in agreement with those of Karmazyn et al.
(16) and complement them by adding the observation that
aldosterone-induced myocardial hypertrophy is dependent
on[Na*],aswellas on the NHE1 activity. Elevation of [Na*};
via NHET1 likely leads to Ca?* overload via the Na*/Ca**
exchanger, which would in turn stimulate hypertrophic sig-
naling (42). Also, it is possible that the increase in cell pH
directly resulting from NHEI1 activation might be the signal
for the induction of the hypertrophic response. Furthermore,
inflammatory cytokines may be involved in this system of
aldosterone-induced myocardial hypertrophy depending on
the [Na*], level. In any event, eplerenone would be useful
for treating and / or preventing myocardial hypertrophy. The
results of both the RALES trial and the EPHESUS trial sup-
port this idea for the MR antagonist (43, 44). Also, as sug-
gested by Young and Funder (45), the NHE1 antagonist
might also be good for reducing cardiac fibrosis, although
this agent has not been used in a clinical stage yet.

We used aldosterone at a concentration of 10~ mol/liter,
which is a close approximation to the circulating levels seen
in vivo, particularly under hyperaldosteronemic conditions.
This actually may be somewhat conservative, however, be-
cause aldosterone concentrations are reportedly an order of
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magnitude higher in cardiac tissues than in the peripheral
circulation (40).

The effect of aldosterone in the heart should be discussed
because cardiomyocyte MR is normally occupied by endog-
enous glucocorticoid in physiological status because 118-
hydroxysteroid dehydrogenase type 2 is not normally ex-
pressed in the cardiomyocytes and there are high levels of
circulating cortisol (46); however, in pathophysiological
states, such as hypertension, heart failure, or neonatal stage,
it has been hypothesized that mineralocorticoids can access
cardiac MR and thereby produce cardiac damage (46).

We previously reported that aldosterone synthesis is ac-
tivated in both the adrenal gland and hearts of patients with
heart failure or hypertension (6—8). Moreover, as mentioned
above, aldosterone levels are higher in the myocardium than
in the circulation (40). Taken together, these findings suggest
that a continuous intake of excess salt stimulates cardiac
hypertrophy together with local production of aldosterone in
the heart, irrespective of circulating aldosterone levels. Con-
sistent with that idea, we observed that long-time elevated
[Na*], induced a small increase in cardiac hypertrophy even
in the absence of added aldosterone. This may be explained
by the endogenous production of aldosterone by the cells.
We have to regardless the fact that there are many reports
disputing the theory about cardiac aldosterone synthesis (38,
39) and also that the detrimental effects of aldosterone on the
heart may be due to adrenal derived aldosterone (47).

From a clinical viewpoint, the results of the present study
highlight the benefit of reducing salt in the diet and are
consistent with earlier reports emphasizing the importance
maintaining a low-salt diet to prevent cardiac hypertrophy
and subsequent heart failure (27). In that regard, our findings
indicate that by maintaining a low-salt diet and thus reduc-
ing local cardiovascular levels of aldosterone, one mitigates
the chronic effects of this potent mediator of cardiac hyper-
trophy. Observational studies of the Yanomamo Indians, a
no-salt culture, reinforce this view (48, 49).

In conclusion, aldosterone acutely induces Na* uptake via
NHE] in the presence of elevated [Na*],. This rapid, non-
genomic protective effect against cellular fluid loss is a pos-
itive and physiological attribute. In the face of elevated
[Na*],, however, long-time exposure to aldosterone induces
pathological genomic effects via MR that lead to cardiomy-
ocyte hypertrophy. The MR antagonist eplerenone could
thus be useful for suppressing cardiac hypertrophy, without
affecting the beneficial effects of aldosterone at early phase.
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Summary

To investigate the precise role of Notch/Rbp-j signaling in the pancreas, we inactivated Rbp-j by crossing Rbp-j floxed mice
with Pdx.cre or Rip.cre transgenic mice. The loss of Rbp-j at the initial stage of pancreatic development induced accelerated
« and PP cell differentiation and a concomitant decrease in the number of Neurogenin3 (Ngn3)-positive cells at E11.5. Then at
E15, elongated tubular structures expressing ductal cell markers were evident; however, differentiation of acinar and all
types of endocrine cells were reduced. During later embryonic stages, compensatory acinar cell differentiation was ob-
served. The resultant mice exhibited insulin-deficient diabetes with both endocrine and exocrine pancreatic hypoplasia. In
contrast, the loss of Rbp-j specifically in 8 cells did not affect B cell number and function. Thus, our analyses indicate that
Notch/Rbp-j signaling prevents premature differentiation of pancreatic progenitor cells into endocrine and ductal cells dur-

ing early development of the pancreas.

Introduction

The pancreas plays a key role in the maintenance of nutritional
homeostasis through its exocrine and endocrine functions. The
acini and ducts form the exocrine pancreas that produces and
transports digestive enzymes into the duodenum. Besides, there
are five known endocrine cell types in the pancreas: glucagon-
producing a cells, insulin-producing B cells, somatostatin-pro-
ducing & cells, pancreatic polypeptide (PP)-producing PP cells,
and ghrelin-producing ¢ cells (Heller et al., 2005).

Notch signaling regulates various developmental processes,
such as neurogenesis, somitogenesis, angiogenesis, and hema-
topoiesis (Ishibashi et al., 1995; Hrabé de Angelis et al., 1997;
Xue et al., 1999; Han et al., 2002). Interaction of a Notch receptor
with its ligand induces cleavage of the receptor’s intracellular
domain (Notch ICD), which translocates to the nucleus and binds
to Rbp-j to induce the expression of Hes family transcriptional
repressors (Kageyama and Ohtsuka, 1999). Rbp-j is a key medi-
ator of Notch signaling because it is expressed ubiquitously and
associates with all four types of Notch receptors (Kato et al.,
1996). Various Notch-related genes are expressed in the devel-
oping pancreas (Lammert et al., 2000). However, multiple anom-
alies and early embryonic lethalities of mice with homozygous
deletions of genes such as DIl1, Notch1, Notch2, Jagged1,
Rbp-j, or Hes1 limits assessment of the importance of Notch/
Rbp-j signaling in the pancreas (Swiatek et al., 1994; Ishibashi
et al., 1995; Oka et al., 1995; Hrabé de Angelis et al., 1997;
Apelqvist et al., 1999; Hamada et al., 1999; Xue et al., 1999; Jen-
sen et al., 2000a). Although excess a cell differentiation in the
pancreas has been reported at around E10 in mice with a gener-
alized KO of Dil1 or Hes1 (Apelqvist et al., 1999; Jensen et al.,
2000a), because B cells start to expand at around E13 and their
differentiation occurs independently of a cells (Jensen et al.,

2000b), the influence of Notch signaling on B cells remains to
be elucidated. To address this issue, we created mice with de-
velopmental stage-specific deletion of Rbp-j in the pancreas
using the Cre/loxP-mediated DNA recombination system.

Results

Accelerated premature differentiation of « and PP cells
but not of B, 3, and ¢ cells in pancreatic Rbp-j KO

(PRKO) mice

By crossing floxed Rbp-j (Rbp-i", designated as F/F) mice with
Pdx.cre mice, we generated pancreatic Rbp-j KO (Rbp-/"
Pdx.cre, designated as PRKO) mice (Gu et al., 2002; Han et al,,
2002; see the Supplemental Data available with this article on-
line). The Pdx.cre mouse begins to recombine loxP sites in the
pancreatic epithelium before E9.5 {Figure S1B). Notch signaling
negatively regulates proneural basic helix-loop-helix (bHLH)
factors through Hes activation (Kageyama and Ohtsuka, 1999).
A unigue proendocrine bHLH transcription factor, Ngn3, is re-
quired for the development of pancreatic endocrine lineages
(Gradwohl et al., 2000; Gu et al., 2002). We observed a prema-
ture increase in the number of Ngn3* cells in the pancreatic buds
of PRKO mice (Figure S2A). At E11.5, a few scattered o cells
among the protruding epithelial cells of F/F mice were observed
(Figures 1E and 1E'). In PRKO mice, the number of a and PP cells
increased and they surrounded the pancreatic buds (Figures 1F,
1F’, 14, and 1J'). However, B, 8, and ghrelin-producing cell differ-
entiation was not enhanced in the mutants (Figures 1D, 1D/, 1H,
1H', and S3B). The number of Ngn3* cells decreased in PRKO
mice compared with control mice (Figures 1M-1N’ and S2B).
The number of proliferating cells detected by phosphohistone
H3 (pHH3) immunostaining was comparable between control
and mutant mice (Figures 10-1P’). No apoptotic cells were
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Figure 1. Accelerated premature differentiation of « and PP cells but not B, 3, and ¢ celis in pancreatic Rbp-j KO (PRKO) mice
A-P’) HE staining (A~B'), and immunostaining (C-P") of representative serial pancreatic sections from F/F mice and PRKO mice at E11.5.

detected in the pancreatic epithelia of control or mutant mice
(Figures S3C-S3E). These data indicate that earier commitment
to proendocrine (Ngn3") cells induced by defective Notch sig-
naling results in precocious endocrine cell differentiation and
a substantial loss of proendocrine cells during early pancreatic
development.

Elongated tubular structures with decreased branching
morphogenesis in the pancreas of the PRKO mouse

At E15, pancreatic Pdx1* epithelium of control mice exhibited
complex and ramified networks (Figure 2B). However, in the mu-
tant, branching of Pdx1* epithelium was severely impaired, and
dilated tubular structures were prominent (Figure 2B’). The de-
creased epithelial branching was not associated with increased
cell death or decreased proliferation, because these cells were
not apoptotic (Figure 2D’), but exhibited active division (Fig-
ure 2M’). Moreover, acinar and B cells were scarcely differenti-
ated (Figures 2C’' and 2H’), and aggregated a cells existed
around the columnar tubular epithelium (Figure 2G’). The cells
lining the lumens of tubular structures showed positive staining
with cytokeratin (CK) and Dolichos biflorus agglutinin (DBA) lec-
tin (Dor et al., 2004) (Figures 2K-2L"). The glucose transporter 2
(Glut2), expressed on the surface of differentiated B cells (Fig-
ure 2N), is also thought to be a marker of early pancreatic pro-
genitor cells (Pang et al., 1994); however, Glut2 was not ex-
pressed in the tubular epithelium (Figure 2N’). In the control
pancreas, Hes1 expression was not detected (Figure 20), but
scattered Ngn3™ cells were evident at this stage (Figure 2P). In
the mutant pancreas, expression of Hes1 and Ngn3 was virtually
absent (Figures 20’ and 2P'). ISL1 is a LIM homeodomain pro-
tein whose expression is initiated after Ngn3 extinction but be-
fore hormone production (Ahligren et al., 1997). ISL1 expression
was not detected in the tubular epithelium (Figure 2QY). This
analysis of various differentiation markers shows that the cells

lining these tubular structures are not early progenitors, nor
are they on the endocrine lineage. The tubular morphologies
and high columnar epithelium resembling that of the large pan-
creatic duct rather suggest that the cells positive for ductal
markers are duct cells. We confirmed that all of these cells were
derived from Rbp-j-deficient cells by lineage tracing (Figure S4).

At later embryonic stages of PRKO mice, the acinar cell area
was much smaller and CK* ductal cells occupied a larger area
compared with F/F mice (Figures SSA-S5F). Atthough compen-
satory acinar growth was observed (Figures S5E-S5H), the in-
terval sections revealed a much smaller pancreas in the mutant
than in the control mouse (Figure S5i).

PRKO mice are born with pancreatic hypoplasia

and exhibit insulin-deficient diabetes

The adult PRKO mouse exhibited a small pancreas (Figure 3A).
The absolute pancreatic weight (PRKO, 209 + 73 mg versus F/F,
685 x 81 mg; p = 0.0038; Figure 3B) and the ratio of pancreatic
weight to total body weight (data not shown) were lower in PRKO
mice than in F/F mice. In pancreatic sections from PRKO mice,
the number of islets per pancreas area was reduced (PRKO,
0.15 x 0.06 versus F/F, 0.62 + 0.13 islets/mm?; p = 0.015; Fig-
ures 3C and 3D), and the size of the islets was smaller compared
with F/F mice (Figure 3C). The relative endocrine cell mass was
quantified by estimating the hormone-positive area pertotal pan-
creatic area in multiple pancreatic sections. The  cell mass ofthe
PRKO mice was markedly reduced to about 25% of the § cell
mass of F/F mice (PRKO, 0.21 + 0.08% versus F/F, 1.13 %
0.04%; p < 0.001; Figure 3E), and the absolute a cell mass was
also significantly reduced to about 50% of that of the F/F mice
(PRKO, 0.11 = 0.02% versus F/F, 0.24 = 0.02%; p < 0.001;
Figure 3E). Total pancreatic insulin content (expressed per mg of
pancreas weight) estimated from an acid-ethanol extract of the
whole pancreas. PRKO mice had much lower insulin contents
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Figure 2. Elongated tubular structures with decreased branching in PRKO mice at E15

A~J") Dilated and elongated duct-like structures in PRKO mice. HE staining (A and A"), immunostaining (B-C’ and F-J'), and TUNEL assay (D and D') of serial pancreatic
sactions from F/F mice and PRKO mice at E15. The mammary gland of a postiactating female Wistar rat was used as a positive control for apoptosis (E).

K—Q') Characterization of duct-like cells In PRKO mice. Immunostaining (K-N', P=Q") and HesT1 in situ hybridization (O and O’) of pancreatic sections from F/F and PRKO

mice at E15.

than the F/F mice (PRKO, 0.9 + 0.2 pg/mg pancreas versus F/F,
96.4 x 9.9 pg/mg pancreas; p < 0.001; Figure 3F). In addition to
the scarcity of islets, histological analysis of the adult pancreasin
PRKO mice revealed that the endocrine cells were frequently ob-
served in association with distended pancreatic ducts (Figures
3J, 3L, 3N, 3P, and 3R). The relative ductal hyperplasia observed
during the embryonic stages of PRKO mice (Figure S5D) became
obscured in adult PRKO mice (Figure 3C).

The growth of PRKO mice and F/F mice fed normal chow was
observed for four months. PRKO mice had a leaner phenotype
than F/F mice and exhibited no further weight gain (Figures 3S
and 3T). At eight weeks of age, PRKO mice developed signifi-
cant hyperglycemia during fasting and feeding (fasting—PRKO,
348 + 61 mg/dl versus F/F, 98 = 6 mg/dl; p < 0.001; moming
fed—PRKO, 524 + 59 mg/dl versus F/F, 124 = 12 mg/dl;

p < 0.001; Figure 3U), which was accompanied by notably de-
creased plasma insulin concentrations (fasting—PRKO, below
detection limit versus F/F, 0.48 %+ 0.07 ng/mi; p < 0.001; momning
fed—PRKO 0.04 x 0.03 ng/ml versus F/F, 1.35 = 0.25 ng/ml;
p = 0.0013; Figure 3V). At this age, the mutant mice showed
polyuria and polydipsia, and some appeared lethargic. Daily
food intake increased in PRKO mice compared with control
mice (PRKO, 8.3 £ 0.6 g/24 hr versus F/F, 41 x+ 0.3 g/24 hr;
p < 0.001; Figure 3W), which corresponded to diabetic hyper-
phagia. Thus, PRKO mice exhibited characteristics typical of
diabetes with defective insuiin secretion. Furthermore, PRKO
mice had lower serum amylase activities than F/F mice (PRKO,
711 = 58 U/dl versus F/F, 1121 = 67 U/dl; p = 0.0015; Fig-
ure 3X), presumably due to pancreatic hypoplasia and severe
diabetes.
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Figure 3. The aduft PRKO mouse has a small pancreas, few islets, and low insulin content, which result in overt diabetes

A and B) Small pancreas in an aduit PRKO mouse. Gut regions were dissected (A}, and pancreatic weights were measured at 12 weeks of ags (B).

C-E) Fewer islets and reduced endocrine cell mass in PRKO mice. Pancreatic sections from 10-week-old F/F mice and PRKO mice were immunostained for insulin and
glucagon (C) to determine the number of islets (D), p ce!l arsa (E), and a cell area (E), which were normalized to total pancreatic area.

F) Lower pancreatic insulin content in PRKO mice. Pancreatic insulin content was measured In acid-ethano! extracts from 6-week-o!ld F/F mice and PRKO mice.

G—-R} Duct-associated endocrine cells in PRKO mice. HE staining {G and H) and immunostaining (-R) of serial pancreatic sections from 8-week-old F/F and PRKO mice.
The number of B cells was markedly reduced (J). Endocrine cells are located close to ductal structures (J, L, N, and P).

S and T) Growth retardation in PRKO mice. Gross appearances (S) of 6-day-old (left) and 3-week-old {right} PRKO mice (bottom) and control littermates (top). Growth curve
(T for litters obtained from mating F/F mice and PRKO mice.

U-W) Insulin-deficient diabetes in PRKO mice. Blood glucose concentrations (U) and plasma insulin concentrations (V) from fasted and random-fed 8-week-old male F/F
mice and PRKO mice. Food intake (W) was measured for 24 hr from 16-week-old male F/F mice and PRKO mice.

X) Exocrine pancreatic insufficiency in F/F Rip.cre mice. Amylase activity was measured in serum from F/F mice and PRKO mice at 10 weeks of age.
Bars represent means + SE of n = 4-8 mice. Levels of significance (Student’s t test) are shown ("p < 0.05; **p < 0.01; ""p< 0.001).

B cell-specific Rbp-j KO (BRKO) mice have normal § cell mice (Figure S6). BRKO mice had normal body weight (BRKO,
number and function 35.2 = 2.6 mg/dl versus Rip.cre, 37.0 = 2.5 mg/dl; p = 0.62;
By crossing F/F mice with Rip.cre mice, we next generated Figure 4A). No significant differences were detected in the
B cell-specific Rbp-j KO (Rbp-i"f Rip.cre, designated as BRKO)  levels of blood glucose (BRKO, 160 + 17 mg/d! versus Rip.cre,
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Figure 4. Absence of abnormalities in B cell-specific Rbp- KO mice

A-C) Mstabolic parameters of BRKO mice. Body weight (B), random-fed biood
glucose concentrations (C), and random-fed plasma insulin concentrations (D)
of 19-week-old male Rip.cre mice and BRKO mice.

D) Absence of morphological changes in the pancreas ofthe BRKO mouse. Immu-
nohistochemistry of serial pancreatic sections of 20-week-old Rip.cre mice and
BRKO mice.

Bars represent means * SE of n = 7-8 mice. Levels of significance (Student’s
t test) are shown (NS, not significant).

159 + 15 mg/dl; p = 0.95; Figure 4B) or plasma insulin (8RKO,
2.78 + 1.10 ng/ml versus Rip.cre, 2.67 £ 0.55 ng/ml; p = 0.92;
Figure 4C) in the fed state. Hematoxylin-eosin (HE) staining and
immunohistochemical studies with glucagon, insulin, Pdx1, so-
matostatin, PP, pan-CK, and amylase revealed no abnormaiities
(Figure 4D). These data indicate that Rbp-j is not required for
maintaining B cell function or B cell mass.

Discussion

Using the stage-specific conditional gene targeting approach,
we documented the effects of Notch/Rbp-j signaling on pancre-
atic development and function.

Normally, Ngn3 expression peaks between E13.5 and E15.5
(Apelqvist et al., 1999). In PRKO mice, Ngn3 expression peaked
at E10.5 and then declined at E11.5 (Figure 1), which suggests
that termination of Notch signaling results in earlier commitment
to endocrine cell lineages and earlier loss of endocrine progen-
itor cells. Before E12.5, the majority of endocrine cells formed
are a and PP cells, and a wave of B and & cell generation occurs
after E13 (Pictet and Rutter, 1972; Murtaugh and Melton, 2003).
in PRKO mice, a and PP cell differentiation was enhanced at

Role of Rbp-~j in pancreas development

E11.5, but B and § cell differentiation was not enhanced. it
was recently reported that Ngn3 protein transduction to E11.5
pancreatic cells resulted in a cell differentiation, but the trans-
duction to E15 cells resulted in B cell differentiation (Domi-
nguez-Bendala et al., 2005). In agreement with that report, our
findings suggest that E11 proendocrine cells may lack some
factor that contributes to B or d cell differentiation.

Tubular structures with CK* DBA” cells dominated in the pan-
creas of the PRKO mouse at later embryonic stages (Figure 2).
Thus, residual Pdx1* epithelial cells that have not undergone
endocrine cell differentiation have a tendency to differentiate
into ductal cells. A study demonstrated that genes that partici-
pate in the Notch pathway are upregulated in the metaplastic
ductal epithelium of pancreatic premalignant legions (Miyamoto
et al., 2003). Lineage-tracing studies show that ductal lineage
is separated from Pdx1* Ngn3™ common pancreatic progenitor
cells between E9.5 and E12.5 (Gu et al., 2002); those are
the times when the disruption of Rbp-j genes in PRKO mice
occurs. These findings suggest that the appropriate downregu-
lation of Notch signaling is necessary for pancreatic duct cell
identity.

In the mutant mouse, the number of Pdx1-positive cells
clearly decreased before E15 and the pancreas was small there-
after (Figures 2B', 3A, and 3B). If the role of Notch signaling is
simply to regulate cell fate, hypoplasia of certain types of cell
should be accompanied by hyperplasia of other types of cell.
For instance, in the determination of T and B lymphocytes,
loss of function of Notch1 resulted in blockade of T cell develop-
ment and enhancement of B cell production, while overexpres-
sion of Notch1 resulted in blockade of B cell lymphopoiesis and
the generation of T cells (Pui et al., 1899; Wilson et al., 2001). The
small pancreas and altered pancreatic cell composition in our
mutant mouse suggest that defective Notch signaling allows
premature differentiation of «, PP, and duct cells at the expense
of later differentiating B, 3, and acinar cefls. This mode of regu-
lation is reminiscent of neuronal differentiation, in which Notch/
Rbp-j signaling acts as a gatekeeper between self-renewal and
commitment (Ishibashi et al., 1995).

In PRKO mice, though inadequate, the differentiation and
growth of acinar cells occurred after E15. Persistent Notch ICD
expression in pancreatic epithelium has been shown to inhibit
acinar cell differentiation {Hald et al., 2003; Esni et al., 2004),
and generalized Hes1 KO mice showed increased acinar cell
growth (Jensen et al., 2000a). These results also suggest that
Notch signaling inhibits acinar cell differentiation and prolifera-
tion during later embryonic stages.

The role of Notch signaling in terminally differentiated cells is
unknown, although it was speculated that Notch might confer
some degree of plasticity on postmitotic neurons (Ahmad
et al., 1995). We detected the expression of Notch2 and Dii1
in endocrine cells of adult mice (data not shown). Furthermore,
Ngn3* endocrine progenitor cells were shown to reside within
the pancreatic islets (Gu et al., 2002); however, we found no dif-
ference between BRKO mice and control mice (Figure 4). It was
reported that the B cells in adult islets are mainly formed by self-
duplication of preexisting B cells and that the forced expression
of Notch1 ICD in the adult pancreas does not perturb mature
endocrine cells (Murtaugh et al., 2003; Dor et al., 2004). To-
gether with the resuits of PRKO mice, Notch signaling may be
indispensable only during the early developmental stages of
the pancreas.
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Our data show that Rbp-j is a key molecule in the propagation
of pancreatic progenitor cells and is essential for proper differ-
entiation into mature pancreatic cells.

Experimental procedures

Generation of pancreas- or 8 cell-specific Rbp-} KO mice

The generations of mice bearing a floxed allele of Rbp-jhave been described
previously (Han et al., 2002). Pdx.cre mice in which Cre recombinase is under
the transcriptional control of the mouse Pdx1 promoter were gifts from
Dr. Douglas A. Melton (Gu et al., 2002). Rip.cre mice in which Cre recombi-
nase is under the control of the rat insulin Il promoter were purchased from
the Jackson Laboratory. Mice homozygous for the floxed Rbp-j allele (F/F)
were crossed with Pdx.cre or Rip.cre transgenic mice. The resultant double-
heterozygous mice were then crossed with Rbp-/* mice, resulting in Rbp-7*/
Pdx.cre (PRKO) or Rbp-i Rip.cre (BRKO) mice and their control littermates.
Genotyping and assessment of deletion efficiency were performed by South-
em biot analyses on genomic DNA obtained from tails or other tissues.

Histological analyses

Whole embryos or excised pancreas were fixed with 4% paraformaldehyde
in PBS for ovemight at 4°C then paraffin embedded, and 5 um sections were
cut and mounted on glass slides. Slides were dewaxed, rehydrated, and, in
some instances, subjected to antigen retrieval by autoclaving at 121°C for
five minutes with 10 mM citrate buffer. Endogenous peroxidase was inacti-
vated with 0.3% H,0, in methanol for 30 min. The slides were blocked for
1 hr with a reagent containing casein (DAKO Protein Block Serum-Free
Solution; Daka), then stained ovemight with the following primary antibodies
(Abs): rabbit anti-Pdx1 (Guz et al., 1995), rabbit anti-Hes1 (Jensen et al.,
2000a), rabbit anti-Ngn3 (Schwitzgebel et al., 2000), guinea pig anti-Insutin
(Dako), rabbit anti-Glucagon (Dako), rabbit anti-Somatostatin (Dako), rabbit
anti-PP (Dako), rabbit anti-Ghrelin (Kojima et al., 1999), rabbit anti-pHH3
(Cell Signaling Technology), rabbit anti-pan-CK (Santa Cruz), rabbit anti-
Amylase (Sigma-Aldrich), rabbit anti-Glut2 (Thorens et al., 1992), mouse
anti-ISL1 (Developmental Studies Hybridoma Bank). The slides were washed
with PBS the following day and incubated for 2 hr with the following second-
ary antibodies: biotinylated goat anti-guinea pig IgG; biotinylated goat anti-
rabbit IgG, and biotinylated rabbit anti-goat IgG (all from Vector). The slides
were then incubated with avidin-biotin complex (ABC) reagent (Vectastain
Elite ABC Kit; Vector) for 50 min followed by the addition of diaminobenzidine
tetrahydrochloride (DAB) (Dako) as a substrate-chromogen solution. After
hematoxylin counterstaining and dehydration, slides were mounted in mount-
ing medium (MGK-S; Matsunami) and pictures were taken using an Axioskop
Microscope (Carl Zeiss). Morphometric analyses of pancreas were carried
out using the Scion Image analysis program (Scion). The number of islets
was calculated, with the definition of an islet as a group of endocrine cells
containing at least five visible nuclei. The endocrine cell mass was calculated
as the ratio of each hormone-positive cell area to the total area of the pan-
creas section. An In situ Apoptosis Detection Kit (Takara) was used for
TUNEL {terminal deoxynucleotidyl transferase-mediated dUTP nick end la-
beling) assays, and tissue taken from the involutingmammary gland of a post-
lactating female Wistar rat was used as a positive control for apoptosis.
Counterstaining of these sections was performed with methyl green. For
E15 embryos, in situ hybridization of Hes? was carried out using digoxige-
nin-labeled cRNA probes according to the reported protoco! (Tomita et al.,
2000).

Analysis of metabolic parameters

Blood glucose values were determined from whole venous blood taken from
mouse tails using an automatic glucometer (Glutest Ace, Sanwa Kagaku) or
an enzyme colorimetric assay kit (Glucose CH test, Wako). Blood for insulin
and amylase was taken by retroorbital bleeds. Plasma insulin levels were
measured using an EUSA kit (Morinaga). For glucagon, blood samples
were collected into tubes containing EDTA (1 mg/m! blood) and aprotinin
(500 KIE/mI blood). For measurements of pancreatic insulin contents, pan-
creas were quickly dissected, weighed, and frozen in liquid nitrogen. Insulin
was extracted by mechanical homogenization in iced acid ethanol. After
24 hr at 4°C, samples were centrifuged, and the supematant was collected
and stored at —20°C. Insulin concentrations were determined by ELISA.
Amylase activity was measured according to the Caraway method using

a kit (Amylase-Test Wako, Wako). All values are expressed as mean + stan-
dard error.

Supplemental data

Supplemental Data include six figures, Supplemental Results, and Supple-
mental Experimental Procedures and can be found with this article online
at http://www.celimetabolism.org/cgi/content/full/3/1/59/DC1/.
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