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Relative light units were normalized to the protein amounts deter-
mined with BCA Protein Assay Reagent (Pierce, Rockford, IL).
Microarray analysis. Primary cultures of cardiomyocytes, grown in
serum-free medium OPTI-MEM for 24 h, were treated with vehicle
{ethanol) or various ligands for 3 h with or without pretreatment of 10
wM RU-486. Total RNA was isolated using TRIZOL-Reagent (In-
vitrogen) according to the manufacturer’s protocol and further puri-
fied using the RNeasy Mini Kit (Qiagen, Valencia, CA). We used
pooled RNA samples from three independent experiments, and DNA
microarray analysis were performed two times as follows: first exper-
iment (vehicle, COR, ALD, or CVZ treatment) and second experiment
(vehicle, COR, ALD, CVZ, RU-486, COR + RU-486, ALD +
RU-486, or CVZ + RU-486 treatment). Using pooled RNA samples,
preparation of the labeled cRNA and microarray hybridization were
performed by Bio Matrix Research (Nagareyama, Japan) as follows.
Isolated total RNA were amplified and labeled as described in the
" GeneChip Expression Analysis Technical Manual (Affymetrix, Santa
Clara, CA). First, total RNA (1 pg) was converted into double-
stranded ¢DNA using the One-Cycle cDNA Synthesis Kit (Af-
fymetrix). Double-stranded cDNA was purified by using a GeneChip
Sample Cleanup Module (Affymetrix). In vitro transcription reactions
were performed using a GeneChip IVT Labeling Kit, which includes
T7 RNA polymerase and Biotin-labeled ribonucleotides. Biotin-la-
beled cRNA was purified using a GeneChip Sample Cleanup Module.
The concentration of cRNA was calculated from light absorbance at
260 nm using an ultraviolet spectrophotometer. Next, CRNA (15 pg)
was fragmented at 94°C in the presence of a fragmentation buffer
(Affymetrix). cRNA (15 pg) was hybridized to the Affymetrix GeneChip
Rat Genome 230 2.0 Array (Affymetrix), on which 31,099 probe sets
and 12,379 gene sets are represented. The array was incubated for
16 h at 45°C and then automatically washed and stained with the
GeneChip Hybridization, Wash and Stain Kit (Affymetrix). The Probe
Array was scanned using a GeneChip Scanner 3000 7G. The raw data
were normalized and analyzed using GeneChip Affymetrix GCOS 1.2
software and GeneSpring 7.3.1 (Agilent Technologies, Palo Alto,
- CA). In per-chip normalization, a raw intensity value was divided by
the median value of the chip measurements, and then, each gene was
normalized to the respective control to enable relative changes in gene
expression levels between samples. The signal values and the present
(P flag), absent (A flag), or marginal (M flag) calls were computed for
all probe, sets and only probe sets with the present call were used in
the further analysis. Only the significantly cxpressed genes in both
experiments were considered to be valid, and Ingenuity Pathway
Analysis (hitp:/fwww.Ingenuity.com; Ingenuity Systems, Redwood
City, CA) was used to map those probes to genes with annotation, to
perform pathway analysis, and to create gene networks. Functional
classifications according to Gene Ontology (GO) terms were per-
formed by using ExPlain (BIOBASE, Wolfenbiittel, Germany, www.
biobase.de). The data discussed in this publication have been
deposited in the National Center for Biotechnology Information’s
Gene Expression Omnibus [GEO (11)] and are accessible through
~ GEO Series accession no. GSE12752 (http://www.ncbi.nlm.nih.
gov/geo/query/facc.cgi?acc =GSE12752).

Real-time quantitative RT-PCR. Total RNA from primary cul-
tures of cardiomyocytes was reverse-transcribed with oligo(dT)
primers using the SuperScript I1I First-Strand Synthesis System for
RT-PCR (Invitrogen). Real-time quantitative RT-PCR (qRT-PCR)
was performed with the LightCycler TagMan Master, Universal
ProbeLibrary Set, Rat, and LightCycler ST300 systems (Roche,
Basel, Switzerland) according to the manufacturer’s instructions.
Relative expression levels were calculated on the basis of standard
curves generated for each gene, and mRNA for glyceraldehyde-3-
phosphate dehydrogense (Gapdh) was used as an internal control.
The primer sequences used in this study are as follows: Gapdh:
5’-agccacatcgetcagaca-3' and 5'-gcccaatacgaccaaatce-3'; Kif15:
5’-ctgcagcaagalglacaccaa-3’ and S’-tcatctgagcgtgaaaacctc-3',
Bcat2: 5'-gicgglgactgeaagtigg-3' and 5'-cctttcttctgggettetrg-3”;

E1365

Slc2a4 (glucose transporter 4, GLUT4): 5’ -tgcagtgectgagtcticttt-3’
and 5'-ccagtcactcgetgetga-3'; Foxola: 5'-tcaggctaggagtiagt-
gagca-3' and 5'-ggggtgaagggcatctit-3'; Fbxo32 (atrogin-1): 5'-
cactctacactggcaacagca-3’ and 5'-ggtgatcgtgagacctttgaa-3'; GdfS
(myostatin): 5'-tgggcatgatcttgetgtaa-3' and 5’-tgttactttgacticta-
aaaagggatt-3'; Sgkl. 5'-ctcctatgcatgcaaacacc-3' and 5'-uttgtt-
gagagggactiggag-3';, Nppb (brain natriuretic peptide, BNP): 5'-
glcagtegetigggetgt-3' and 5'-cagagctggggaaagaagag-3'; Pigs2
(COX-2): 5'-accaacgctgccacaact-3 and 5'-gcccaatacgaccaaatce-
3", and Pla2g4a (cytoplasmic phospholipase A2, PLA2). 5'-
tcteattiaactctgggaactge-3' and 5'-cagetgeaggaattctcacac-3'.

Measurement of amino acid concentration. Measurement of amino
acid concentration of cultured neonatal rat cardiomyocytes was per-
formed as described previously (19) with minor modification. In brief,
after medium replacement to the serum-free medium OPTI-MEM,
cultured neonatal rat cardiomyocytes were infected or transfected with
KLF15-expressing adenoviruses or siRNA oligonucleotides, respec-
tively, and cultured for 24 h. Next, the medium was replaced to fresh
OPTI-MEM, and the cells were further cultured with or without CVZ
for 24 h. The cells were washed three times with PBS and lysed in 1
ml of ice-cold methanol for 5 min, except for the dish with the same
protocols for counting the number of cells. Cellular lysates and
recovery efficiency control Phe-dS were collected in 15-ml tubes, 1 ml
of chloroform was added to the lysates, and the mixtures were briefly
voltexed. The mixtures were centrifuged at 1,000 g, 4°C for 5 min,
and the supernatants were transferred to new 15-ml tubes. This
chloroform precipitation method was again repeated, and the super- -
natants were concentrated and dried with a AES2010 SpeedVac
system (Savant Instruments, Holbrook, NY} and redisolved in 200 pl
of MilliQ ultra pure water (Millipore). Quantification of collected
amino acid was performed with high-performance liquid chromatog-
raphy-tandem mass spectrometry assay using Agilent 1100 HPLC
(Agilent) interfaced to an Applied Biosystems/Sciex API 4000 triple
quadrupole mass spectrometer (Applied Biosystems, Foster City,
CA). Data collection and processing were performed with Sciex
Analyst version 1.4.2 software (Applied Biosystems).

Statistical analysis. Except for DNA microarray analysis, we per-
formed all experiments in triplicate, and the results are expressed as
means * SE of three independent experiments as indicated. The
statistical significance of differences between groups was calculated
either by one- or two-way ANOVA, and the difference was consid-
ered significant at P < 0.05.

RESULTS AND DISCUSSION

GR in rat cardiomyocytes and its ligand specificity. At first,
to verify the feasibility to use isolated rat cardiomyocytes for
identification of GR target genes, the presence of GR was
confirmed in Western blot analyses. As shown in Fig. 14,
ligand-dependent nuclear localization of endogenous GR was
clearly demonstrated in the presence of either endogenous or
synthetic corticosteroids, COR and ALD, or CVZ, respec-
tively, at the concentration of 100 nM for 1 h. Moreover,
ligand-activated GR was shown to be able to induce expression
of GRE-driven luciferase reporter gene (Fig. 1B). ALD, as
previously reported (2, 38), appeared to be a weaker agonist
compared with the other two glucocorticoids, since proportions
of nuclear-translocated GR (Fig. 14) and transactivation po-
tential (Fig. 1B) were relatively smaller. We previously char-
acterized CVZ as a GR-specific ligand without MR activation
capacity (see introduction). To test whether this is also the case
in rat GR and MR, we transfected the expression plasmids for
rat GR or MR together with GRE-luciferase reporter gene in
COS-7 cells. After treatment with 100 nM of COR or ALD,
both rat GR and MR translocated in the nucleus. However,
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Fig. 1. Characterization of endogenous glucocorticoid receptor (GR) in rat
cardiomyocytes and effects of synthetic and endogenous corticosteroids.
A: subcellular localization of GR in neonatal rat cardiomyocytes. After treat-
ment of the cardiomyocytes with or without 100 nM of each corticosteroid for
I h as indicated, cytosolic extracts (C) and nuclear extracts (N) were prepared,
Western immunoblotting for GR were performed, and signal intensity of the
band for GR relative to that for a-actinin of each extract was quantified as
described in MATERIALS AND METHODS. Means * SE of 3 independent exper-
iments and representative photographs are shown. P < 0.05 vs. cytosolic
extract treated with vehicle (*) and vs. nuclear extracts treated with vehicle
(**). CVZ, cortivazol; COR, corticosterone; ALD, aldosterone. B: effect of
corticosteroids on glucocorticoid response element (GRE)-dependent reporter
gene expression in neonatal rat cardiomyocytes. The cardiomyocytes were
transfected with 2 pg of reporter plasmids p2xGRE-LUC and treated with 100
nM of each ligand as indicated in the presence (filled bars) or absence (open
bars) of 10 pM RU-486 for 24 h. Results are expressed as relative expression
levels to the vehicle-treated samples and means * SE of 3 independent
experiments are shown. P < 0.05 vs. cells treated with vehicle (*) and vs.
RU-486 (—; **). C: ligand specificity of rat GR and mineralocorticoid receptor
(MR) nuclear translocation. COS-7 cells expressing either FLAG-tagged rat
GR or MR were cultured with or without 100 nM of each ligand as indicated
for 2 h, and immunofluorescent analysis was performed as described in
MATERIALS AND METHODS. Experiments were repeated 3 times with almost
identical results, and representative results are shown. D: ligand specificity of
rat GR and MR reporter gene assay. COS-7 cells were cotransfected with 2 pg
of reporter plasmids p2xGRE-LUC and 100 ng of either p3xFLAG-rGR or
p3xFLAG-rMR and were cultured with 100 nM of each ligand as indicated in
the presence (filled bars) or absence (open bars) of 10 .M RU-486 for 24 h.
Results are expressed as relative light units (RLU)/pg of protein in the extract,
and means * SE of 3 independent experiments are shown. P < 0.05 vs. cells
treated with vehicle (*) and vs. RU-486 (—; **).

CVZ failed to promote nuclear translocation of not GR but MR
(Fig. 10). This issue is further supported by the luciferase
assay in which CVZ again failed to induce MR-dependent
reporter gene activation (Fig. 1D). It was also shown that the
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GR antagonist RU-486 shut down GR-dependent GRE-lucif-
erase reporter gene activation by either CVZ, COR, or ALD;
however, RU-486 did not repress ALD or COR-inducible
MR-dependent reporter gene activation (Fig. 1, B and D). We,
therefore, concluded that CVZ and RU-486 are useful to
differentiate GR-dependent gene expression profile from that
of MR as GR-specific agonist and antagonist, respectively.
Global analysis of gene expression after treatment with
corticosteroids in rat cardiomyocytes. To identify which set of
gene expression is influenced by GR, we analyzed gene ex-
pression changes after exposure of cells to COR, ALD, and
CVZ in the absence or presence of RU-486. Because our
preliminary experiments using several cell lines showed that
expression of many GR target genes was induced by COR at
the concentration of 100 nM in 3 h and previous reports
indicated that a concentration of 100 nM of COR was consid-
ered to be equivalent to maximal and supraphysiological level
in cultured cells (13, 22), we in the present study set the
concentration of these ligands and the time periods of exposure
as 100 nM and 3 h, respectively. We also expected that this
relatively short exposure would avoid secondary effects of the
products of GR-regulated genes. The results of our microarray
analyses were summarized in Fig. 2 and Table 1 [the detailed
results were uploaded in Supplemental Table 1 (Supplemental
data for this article can be found on the American Journal of
Physiology-Endocrinology and Metabolism website)]. Among
12,379 genes, 7,351, 7,478, 1,507, 7,803, 7,863, and 7,845
genes were considered to be relevant for further analysis for
CVZ-, COR-, ALD-, CVZ + RU-486-, COR + RU-486-, and
ALD + RU-486-treated cells, respectively (see MATERIALS AND
METHODS for details). Four hundred genes were significantly
induced, and 57 genes were repressed after treatment with
either CVZ, COR, or ALD (Table 1). For classification, a Venn
diagram was applied, and it was revealed that treatment with
CVZ, COR, and ALD induced 351 (categories 1, 4, 6, and 7),
192 (categories 2, 4, 5 and 7), and 87 (categories 3, 5, 6, and
7) genes, respectively, with significant overlap between each
(Fig. 2A). RU-486 sensitivity of the genes in categories 1, 4,
and 7 was 91.1% (for CVZ), 95.1% (for CVZ) and 79.6% (for
COR), and 94.6% (for CVZ) and 75% (for COR), respectively
(Table 1). We, therefore, may indicate that expression of the
majority of those genes induced by CVZ or COR in categories
1, 4, and 7 was considered to be mediated through GR. Indeed,
the gene set that was induced by CVZ and COR (categories 4
and 7) contained many classical glucocorticoid-regulated
genes, e.g., PDK4, SGK, and FKBPS, and the fold inducibility
appeared to be greater in CVZ than in COR or ALD (Supple-
mental Table 1). When CVZ and COR were compared, 159
genes were induced by both CVZ and COR, corresponding to
categories 4 and 7, but 192 genes (54.7% of CVZ-induced
genes, corresponding to categories I and 6) were induced not
COR but by CVZ, and 33 (17.2% of COR-induced genes,
corresponding to categories 2 and 5) were induced by COR but
not by CVZ. Considering that CVZ has stronger agonistic
activity compared with COR or ALD, it was unexpected that
these 33 genes (category 2 and 5) were not induced by CVZ,
RU-486 sensitivity of those 33 genes belonging to categories 2
and 5 was slightly lower (60.6% for COR) than that of 192
genes of categories | and 6 (89.5% for CVZ). Concerning the
genes in categories 2 and 5, fold inducibility by COR was
marginal, and RU-486 sensitivity was equivocal (Supplemental
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Fig. 2. Venn diagrams of corticosteroid-induced (A) or -repressed (B) genes
and Gene Ontology analysis (C). A and B: venn diagrams. After isolation of
total RNA from neonatal rat cardiomyocytes treated with either CVZ, COR, or
ALD, with or without RU-486, DNA microarray analysis was performed, and
data mining was done as described in MATERIALS AND METHODS. Venn diagrams
illustrate the overlaps in CVZ, COR, and ALD target genes. The category
numbers (C1-C14) and the number of upregulated (>1.5-fold vs. vehicle; A)
and downregulated (<0.5-fold vs. vehicle; B) genes are depicted (See Table 1
and Supplemental Table 1 for details). C: Gene Ontology. The gene set
induced by each corticosteroid was functionally classified according to Gene
Ontology terms by using ExPlain software as described in MATERIALS AND
METHODS, and results are shown.

Table 1); it appears that the mode of their gene expression
might be distinct from that of canonical GR target genes.
Interestingly, RU-486 sensitivity of the genes in category 7
appeared to be lower in ALD-induced cases than in CVZ- or
COR-induced cases (Supplemental Table 1), suggesting that
RU-486 sensitivity of not all but some GR target genes may be
influenced by ligand context.

Concerning ALD action, mRNA expression of 87 genes was
induced by ALD (categories 3, 5, 6, and 7). Among 384 genes
that were induced by either CVZ or COR (categories 1, 2, 4, 5,
6, and 7), only 71 genes (18.5% of 384 genes) were induced by
ALD (81.6% of 87 ALD-induced genes). When the genes
belonging to category 7 were excluded, we could not find
known glucocorticoid-regulated genes in the ALD-induced
gene set. Moreover, fold inducibility of the majority of ALD-
induced genes appeared to be marginal (Supplemental Table
1), and RU-486 sensitivity was relatively low (50, 66.7, 50,
41.1% for ALD, in categories 3, 5, 6, and 7, respectively)
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(Table 1). We, thus, may consider that, at least as far as a
number of induced genes and their fold inducibility, glucocor-
ticoids appear to be a major determinant of GR-mediated gene
expression in cardiomyocytes.

The total number of downregulated genes (n = 57) was
smaller than that of upregulated genes (n = 400) in rat
cardiomyocytes, and again CVZ appeared to be stronger than
COR or ALD (Supplemental Table 1 and Fig. 2B). In clear
contrast to transcriptional induction, RU-486 is known to have
a similar transrepressive effect when compared with agonistic
glucocorticoids, including CVZ and COR (17). The ligand-
based approach, therefore, did not appear to be merited in
further analysis of those repressed genes, and we focused on
the induced genes in the following sections.

GO analysis of corticosteroid target genes. Results of GO
analysis were represented as boxed charts in Fig. 2C. The
pattern of the charts was similar between CVZ-induced genes
and COR-induced ones; these ligands influenced such genes
belonging to, for example, protein modification/metabolism,
cell differentiation, nucleic acid metabolism, transcription, apop-
tosis, and lipid metabolism. However, the number of genes in
each category was drastically different between CVZ-induced
genes and COR-induced ones (Fig. 2C). We (52, 53) and others
(49) previously indicated that CVZ may have distinct target
gene sets when compared with natural glucocorticoids, since
CVZ has a phenylpyrazol moiety at the A ring of steroid
structure. Indeed, Miller et al. (32) also revealed that, while
CVZ and DEX overlap in regulation of most genes, each
steroid regulates expression of an exclusive set of transcripts in
CEM-C7-14 cells (sensitive to apoptosis by both DEX and
CVZ) and CEM-C1-15 cells (DEX-resistant but CVZ-sensi-
tive). Moreover, they showed that 57 genes were regulated
uniquely to a statistically significant extent by CVZ in both
clones and many of the CVZ specific genes are key compo-
nents of various signal transduction pathways and not all but
some are related to apoptosis. The fact that the order of the
number of induced genes was CVZ > COR > ALD in our
study may support such an idea that CVZ may have a distinct
target gene set.

These gene expression profiles suggested numerous roles of
corticosteroids in various aspects of cardiac physiology and
that glucocorticoids and mineralocorticoid, and GR and MR as
well, appeared to have distinct sets of target genes in cardio-
myocytes. For example, among others, corticosteroids induced
mRNA expression of FKBP5 via GR, in the descending rank
order of CVZ, COR, and ALD, with efficient suppression by
RU-486 (Supplemental Table 1). It, therefore, may be con-
cluded that FKBPS gene expression is driven by the glucocor-
ticoid-GR axis. Because FKBPS is shown to be contained in
GR chaperon complex with heat shosk protein-90, this result
may indicate that the ultrashort feedback loop of GR operates
in cardiomyocytes (4). Glucocorticoids have been known to
induce myocardial hypertrophy in vivo, however, and the
effects of glucocorticoids on the cell size of cardiomyocytes
are still controversial in vitro (10, 14, 26, 51). Indeed, several
reports have suggested that treatment of cardiomyocytes with
COR alone has had a little effect for the cell growth and
enlargement (24, 28). In our experimental settings, DNA mi-
croarray and qRT-PCR analysis revealed that, in cultured
cardiomyocytes, CVZ and COR induced mRNA expression of
several prohypertrophic genes such as SGK and BNP (Supple-
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Table 1. Classification of corticosteroid-induced and -repressed genes in DNA microarray analysis
cvz COR ALD
Category Total RU sensitive RU insensitive RU sensitive RU insensitive RU sensitive RU insensitive
No. of Upregulated Genes
Cl 180 164 16 0 0 0 0
C2 30 0 0 19 11 0 0
C3 16 0 0 0 0 8 8
C4 103 98 5 82 21 0 0
Cs 3 0 0 1 2 2 1
C6 12 8 4 0 0 6 6
C7 56 53 3 42 14 23 33
Total 400 323 28 144 48 39 48
No. of Downregulated Genes
C8 44 38 6 0 0 0 0
C9 4 0 0 2 2 0 0
C10 1 0 0 0 0 0 1
Cl1 6 6 0 4 2 0 0
Ci2 0 0 0 0 0 0 0
C13 1 0 1 0 0 0 1
Cl4 1 0 1 0 1 0 1
Total 57 44 8 6 5 0 3

No. of genes grouped by the category classified in Venn diagrams as shown in Fig. 2 together with the presence or absence of antagonism by RU-486
(RU-sensitive or -insensitive, respectively) for upregulated (>1.5-fold) or downregulated (<0.5-fold) genes in DNA microarray analysis as described in
MATERIALS AND METHODS. RU-486-sensitive, ([X + RU-486] —1)/([X] — 1) <0.5; RU-insensitive, ([X + RU-486] — 1)/([X] — 1) >0.5 [X is either cortivazol
(CVZ), corticosterone (COR), or aldosterone (ALD), and square brackets depict fold induction in Supplemental Table 1].

mental Table 1 and Fig. 3). In contrast, CVZ and COR also
induced mRNA expression of atrophy-related genes, i.e.,
FOXOla, atrogin-1, and myostatin (Supplemental Table 1 and
Fig. 3), which are known as the regulators of muscle mass via
the ubiquitin-proteasome pathway (30). CVZ or COR treat-
ment of cultured cardiomyocytes for 72 h did not significantly
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Fig. 3. Time course of mRNA expression of glucocorticoid-regulated genes in
rat cardiomyocytes. Total RNA was isolated from neonatal rat cardiomyocytes
after treatment with 100 nM CVZ (circles), COR (squares), or ALD (triangles)
for the indicated time periods, and was analyzed in qRT-PCR as described in
MATERIALS AND METHODS. mRNA expression levels were normalized to glyc-
eraldehyde-3-phosphate dehydrogenase (Gapdh) and relative expression lev-
els to the 0-h samples are presented. Means = SE of 3 independent experi-
ments are shown. BNP, brain natriuretic peptide. *P < 0.05 vs. cells treated
with each ligand at 0 h.

affect their cell size (data not shown). Together, it is indicated
that glucocorticoids have distinct sets of target genes in cardio-
myocytes, and, among them, balance between prohypertrophic
genes and proapoptotic genes might, at least in part, determine
cell size. Such balance might be regulated not only by glu-
cocorticoids but also by various extra- and/or intracellular
factors, e.g., hypertension and metabolic status. Indeed, it has
been reported that glucocorticoid-induced cardiac enlargement
of the rat heart was transient, and extension of treatment
duration with a high level of glucocorticoid brought about
anabolic to catabolic state transformation with the loss of the
cardiac growth (6, 25).

Of note, it was revealed that glucocorticoids induce mRNA
expression of numerous transcription factors, including
FOXOla, C/EBPB, PGC-la, and a member of Kruppel-like
transcription factors KLF9 and KLF15 (Supplemental Table
2). Their induction response was greater in CVZ and COR than
in ALD and significantly repressed by RU-486, and their
mRNA expression is also considered to be transcriptionally
regulated by GR (Supplemental Table 2). Because not all but
many of them are known to be involved in various metabolic
processes (9), our results may indicate that glucocorticoid-GR
modulates complex metabolic milieus via cascade of regulation
of gene expression in the heart.

Glucocorticoid-mediated amino acid catabolism via the
KLF15 pathway. In the present study, Ingenuity Pathway
Analysis returned the highest score to the gene network in-
volving KLF15 and correlating with cardiovascular system
development and function, amino acid metabolism, and small
molecular biochemistry (Supplemental Table 3). KLFs are a
subclass of the zinc finger family of DNA-binding transcription
factors, and recent studies have revealed the physiological
importance of several members of the KLF family in the heart
and vessels (3). Especially, KLF15 was recently reported to be
an inhibitor of cardiac hypertrophy (12). KLF15 is also con-
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sidered to be involved in amino acid catabolism to induce treatment with corticosteroids) in a time- and concentration-
branched-chain aminotransferase 2 (BCAT2) gene expression, dependent manner (Fig. 4, A and B). Moreover, such induc-
which is rate-limiting for amino acid breakdown in skeletal tion response was cancelled by introduction of siRNA
muscle and increases alanine production for liver gluconeo- against GR (Fig. 4C), indicating that mRNA induction of
genesis (12). KLF15 is mediated through GR. It is known that gene

We showed that glucocorticoids induce mRNA expression expression of BCAT2 and GLUT4 is transcriptionally con-
of KLF15 in cardiomyocytes. This issue was further supported trolled by KLF15 (12, 15). We showed that mRNA expres-
by qRT-PCR analysis and siRNA experiments; after treatment sion of BCAT2 and GLUT4 (Slc2a4) genes was increased
with not ALD but CVZ or COR in cardiomyocytes, mRNA  after treatment with CVZ and COR with a lag time of ~3-6
expression of KLF15 was rapidly increased (from 3 h after h after apparent induction of KLF15 mRNA in cardiomyo-
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Fig. 4. KLF15 is a GR target gene involved in the amino acid catabolic pathway in rat cardiomyocytes. A: time course of mRNA expression of KLF15 and its
target genes. Total RNA was isolated from neonatal rat cardiomyocytes after treatment with 100 nM of CVZ (circles), COR (squares), or ALD (triangles) for
the indicated time periods and was analyzed in qQRT-PCR as described in MATERIALS AND METHODS. mRNA expression levels were normalized to Gapdh, and
relative expression levels to the 0-h samples are presented. Means * SE of 3 independent experiments are shown. *P < 0.05 vs. cells treated with each ligand
at 0 h. B: concentration-dependent regulation of KLF15 gene expression by glucocorticoids. Total RNA was isolated from neonatal rat cardiomyocytes after
treatment with the indicated concentrations of CVZ (circles) or COR (squares) for 3 h. mRNA expression levels were normalized to Gapdh, and relative
expression levels to the vehicle-treated samples are presented. Means * SE of 3 independent experiments are shown. *P < 0.05 vs. cells treated with vehicle.
C: effect of GR knockdown on glucocorticoid-dependent induction of mRNA expression of KLF15 and BCAT2. The cardiomyocytes were transfected with
control small-interfering RNA (siRNA) or siRNA oligonucleotides for GR, KLF15 as indicated, and cultured for 24 h. Next, the cells were treated with vehicle
or 100 nM CVZ for 12 h, and total RNA was analyzed with qRT-PCR. Results were normalized to Gapdh, and relative expression levels to vehicle-treated
samples are presented. Means * SE of 3 independent experiments are shown. *P < 0.05 vs. vehicle-treated cells. D: Western blot analysis for KLF15 protein.
Control siRNA, siRNA against GR (si-GR), siRNA against KLF15 (si-KLF15), Cre-expressing adenoviruses [Ad-Cre, multiplicity of infection (MOI) = 5], and
floxed FLAG-tagged KLF15-expressing adenoviruses (Ad-KLF15, MOI = 10) were introduced in cardiomyocytes and were cultured in the presence or absence
of 5 uM MG-132 for 12 h as indicated. Next, whole cell extracts were prepared, and Western immunoblot was performed with anti-KLF15 antibodies (/eft and
right) and anti-FLAG antibodies (middle). Experiments were repeated 3 times with almost identical results, and representative photographs are shown.
E: induction of mRNA expression of BCAT2 and GLUT4 by KLF15. Ad-Cre and Ad-KLF15 were infected in rat cardiomyocytes as indicated, and the cells
were cultured for 24 h. Total RNA was prepared and analyzed with qRT-PCR. Results were normalized to Gapdh, and results are expressed as relative expression
levels to Ad-KLF15(—) cells. Means = SE of 3 independent experiments are shown. *P < 0.05 vs. Ad-KLF15(—) cells.
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cytes (Fig. 4A). In addition, the fact that siRNA for either
GR or KLF15 shut down hormone-dependent induction of
BCAT2 mRNA expression (Fig. 4C) strongly argues the
critical importance of the glucocorticoid-GR-KLF15 path-
way for BCAT2 gene expression.

Next, we further addressed the role of GR-dependent KLF15
induction in cardiomyocytes. In Western blot analysis, the
KLF15 protein band was not detected after treatment of car-
diomyocytes with CVZ alone. However, addition of the pro-
teasome inhibitor MG-132 generated significant signal for
KLF15 protein in the presence of CVZ, which was canceled in
the copresence of siRNA against GR or KLF15. Infection of
adenovirus carrying flag-tagged KLF15 in cardiomyocytes
induced exogenous KLF15 protein expression, which was
again increased by MG132 treatment (Fig. 4D). These results
further confirmed the role of glucocorticoids for cardiac
KLF15 expression and suggested that KLF15 may be a labile
and rapid turnover protein. Using this adenoviral system, we
revealed that overexpression of KLF15 in cardiomyocytes
significantly increased mRNA expression of BCAT2 and
GLUT4 (Fig. 4E).

Next, we examined the role of glucocorticoids and KLF15
on amino acid metabolism in rat cardiomyocytes. Adenovirus-
mediated overexpression of KLF15 decreased the concentra-
tions of Val, Leu, and Ile (Fig. 5A4), indicating that KLF1S,
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Fig. 5. Effects of glucocorticoid on intracellular concentration of amino acids.
A: overexpression of KLFI5 reduces the intracellular concentration of
branched-chain amino acid (BCAA) in cardiomyocytes. Ad-Cre and Ad-
KLF15 were infected in cultured rat cardiomyocytes, and the cells were
cultured with fresh medium for 24 h. Measurement of amino acid concentra-
tion was performed as described in MATERIALS AND METHODS, and results are
presented with means * SE of 3 independent experiments. *P < 0.05 vs.
Ad-KLF15(=) cells. B: glucocorticoid differentially modulates amino acid
concentration in rat cardiomyocytes. The cardiomyocytes were transfected
with siRNA oligonucleotides for KLF15 (K) or control (C) as indicated and
cultured for 24 h. Next, the cells were treated with vehicle or 100 nM CVZ for
24 h. Results are presented with means = SE of 3 independent experiments.
*P < 0.05 vs. vehicle-treated cells.
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most possibly via BCAT? induction, may degrade branched-
chain amino acid (BCAA). As previously reported (41), treat-
ment of cardiomyocytes with CVZ upregulated mRNA expres-
sion of glutamine synthase, which catalyses condensation of
Glu and ammonia to form Gln (Supplemental Table 1, and also
see Ref. 21) and increased Gln with a reciprocal decrease in
Glu (Fig. 5B). However, this alteration in the concentrations
of Glu to Gln was not affected by siRNA-mediated knock-
down of KLF15 (Fig. 5B). In clear contrast, the concentra-
tions of Val, Leu, and Ile were decreased after treatment
with CVZ and affected by KLF15 knockdown (Fig. 5B). At
this moment, the precise role of BCAA in cardiac physiol-
ogy remains unknown. In peripheral tissues, BCAA is
shown to play an important role in multiple metabolic
processes, including regulation of insulin sensitivity, protein
synthesis, and energy production and expenditure (18, 23,
43). Further study, therefore, might clarify an as yet uniden-
tified physiological role of glucocorticoids via alteration in
amino acid composition in the heart.

Glucocorticoids enhance prostaglandin biosynthesis via GR.
GO analysis also revealed the role of glucocorticoids in lipid
metabolism in rat cardiomyocytes (Supplemental Table 2).
Notably, it was striking that glucocorticoid-GR signaling pro-
motes gene expression of the enzymes involved in the prosta-
glandin biosynthesis, including PLA2 and COX-2 in cardio-
myocytes (Supplemental Tables 1 and 2), since this issue
appears to be contradictory to the current knowledge that
glucocorticoids elicit their anti-inflammatory properties via
suppression of inflammatory induction of PLA2 and COXs and
subsequent synthesis of proinflammatory prostaglandins (37).
However, we confirmed our microarray data in QqRT-PCR. As
shown in Fig. 6, A and B, CVZ and COR significantly induced
mRNA expression of these genes in a dose-dependent fashion,
and these gene expressions were efficiently canceled by the GR
antagonist RU-486. Moreover, introduction of siRNA against
GR diminished the glucocorticoid-mediated upregulation of
mRNA expression of PLA2 and COX-2 (Fig. 6C). We also
confirmed this issue at protein levels in Western blot analysis
as well. COX-2 protein expression was enhanced by 10.5- and
2.8-fold after treatment with CVZ and COR, respectively. On
the other hand, other steroid hormones, including ALD, estra-
diol, and progesterone, did not significantly induce COX-2
protein expression (Fig. 6D). This glucocorticoid-mediated
upregulation of COX-2 protein expression was almost compa-
rable to that after treatment with IL-1B and lipopolysaccharide
and was not observed in cardiac fibroblasts (Fig. 6D and data
not shown). Glucocorticoid also induced mRNA expression of
COX-1 and prostaglandin D, synthase by a lesser degree
compared with that of COX-2 and PLA2 (Supplemental Table
1 and data not shown).

During the preparation of this manuscript, it was reported
that COX-2 are induced by glucocorticoids in cultured rat
cardiomyocytes (46). Our present work strongly indicates that
glucocorticoid triggers the production of a certain class of
prostaglandins/eicosanoids via induction of mRNA expression
of these enzymes. Recently, it was shown that both COX-1 and
COX-2 are expressed in the myocardium and that selective
COX inhibitor caused an incomplete inhibition of prostaglan-
din E; (PGE3) production from heart muscle (47), indicating
that both COX isoforms are enzymatically active and contrib-
ute to PGE; generation in the myocardium. Using cultures of
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Pigs2 (cyclooxigenase-2; COX-2) and Pla2g4a (cytoplasmic
phospholipase A2; PLA2) in neonatal rat cardiomyocytes. The
cells were cultured in the presence of each ligand for the
indicated time periods, and mRNA expression of COX-2 and
PLA2 was determined with qRT-PCR as described in MATERI-
ALS AND METHODS. mRNA expression levels were normalized
to Gapdh mRNA, and relative expression levels to the vehicle-
treated samples at each time point are presented as fold
(means * SE of 3 independent experiments are shown). RU,
RU-486. *P < 0.05 vs. cells treated with vehicle. B: concen-
tration-dependent regulation of Prgs2 and Pla2g4a gene ex-
pression by glucocorticoids. Total RNA was isolated from
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rat neonatal ventricular myocytes, Mendez and Lapointe (31)
demonstrated an induction of COX-2 in vitro. Liu and cowork-
ers (29) found a constitutive expression of both COX isoforms
in rat hearts, which was enhanced by lipopolysaccharide in-
fused in vivo. The biological function of COX-2 in the cardio-
myocytes might be of major clinical concern, since the phar-
macological role of COX-2 inhibitor still remains to be clari-
fied (7). Further study is now ongoing to identify which
eicosanoid products are mainly generated in cardiomyocytes
under exposure to excess glucocorticoids and to clarify the role
of such products in cardiac physiology.

In conclusion, our ligand-based approach involving CVZ
and RU-486 as well as COR and ALD appears to be powerful
to comprehensively identify target genes of the glucocorti-
coid-GR system. We think that such an approach could be
applicable to an in vivo model as well as cultured cells.
Because GR-MR redundancy is hazardous for identification of
physiological function of corticosteroids in nonepithelial tis-
sues that express both receptors but not 113-HSD2, our ap-
proach may be deserved for such purposes.

Recent basic and clinical studies have highlighted the role of
corticosteroid signaling in cardiac physiology and pathophys-

Log [ligand] (M) -

Cardiac fibroblasts

neonatal rat cardiomyocytes after treatment with the indicated
concentrations of CVZ (circles) or COR (squares) for 3 h and
analyzed in qRT-PCR as described in MATERIALS AND METH-
oDs. *P < 0.05 vs. cells treated with vehicle. C: effect of GR
knockdown on glucocorticoid-dependent induction of mRNA
expression of COX-2 and PLA2. Neonatal rat cardiomyocytes
were transfected with siRNA oligonucleotide for GR or control
siRNA as indicated and cultured for 24 h. Next, the cells were
treated with vehicle or 100 nM CVZ and COR for 12 h. Total
RNA was prepared and analyzed with gRT-PCR. *P < 0.05 vs.
vehicle-treated cells. D: effects of glucocorticoids on COX-2
protein expression in neonatal rat cardiomyocytes. Rat cardio-
myocytes (left) or cardiac fibroblasts (right) were treated with
vehicle or 10 ng/ml interleukin (IL)-18, 100 ng/ml lipopoly-
saccharide (LPS), 100 nM each of estradiol (E2), progesterone
(PROG), CVZ, COR, ALD, or 10 .M RU-486 (RU). Whole
cell extracts were prepared, and 10 pg of protein were sepa-
rated in SDS-PAGE. Protein expression of COX-2 and a-ac-
tinin was analyzed in Western blot as described in MATERIALS
AND METHODS. Experiments were repeated 3 times with almost
identical results, and representative results are shown.
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iology. Our ligand-based microarray analyses have clearly
demonstrated that glucocorticoid-GR signaling may play var-
ious roles via alteration in the gene expression program and
control complexed metabolic milieus in cardiomyocytes. Be-
cause ALD did not significantly contribute to expression of a
majority of those genes that were induced via GR, we may
strengthen that not MR but rather GR signaling should have
important roles for maintenance of cardiomyocyte function, at
least in the neonatal stage. Moreover, it is of particular interest
that glucocorticoids are shown to be involved in amino acid
catabolism and prostaglandin biosynthesis in the heart. In any
case, further studies, therefore, should be performed to
clarify how these corticosteroid-receptor systems coordinat-
edly regulate the gene expression program in concert with
endocrine systems and contribute to maintenance of cardiac
function.
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Renal Damage Inhibited in
Mice Lacking Angiotensinogen Gene
Subjected to Unilateral Ureteral Obstruction

Yasumitsu Uchida, Akira Miyajima, Eiji Kikuchi, Norihide Kozakai, Takeo Kosaka,
Masaki leda, Keiichi Fukuda, Takashi Ohigashi, and Mototsugu Oya

OBJECTIVES

To determine how angiotensin II {Ang II) contributes to renal interstitial fibrosis, the inflam-

matory response, and tubular cell apoptosis and proliferation in unilateral ureteral obstruction
using mice genetically deficient in angiotensinogen (Agt™' ™).

METHODS

The left kidney of wild-type mice (WT; C57BL/6) and Agt™’~ mice was obstructed for 2

weeks, and then both kidneys were harvested. The serum Ang 11 levels were determined by
radicimmunoassay. The expression of transforming growth factor-8 in renal tissue was
assessed using enzyme-linked immunosorbent assay. The renal tissue was stained with
Masson's rrichrome. Renal tubular proliferation and apoptosis was detected by immunostain-
ing for proliferating cell nuclear antigen and single-stranded DNA, respectively. Interstitial
leukocyre and macrophage infiltration was investigated by immunostaining for CD45 and

F4/80, respectively.
RESULTS

The serum Ang II levels in the Agt ™/~ mice were significantly lower than those in the WT mice

(P < .01), and tissue transforming growth factor-8 in the obstructed kidney of Agt_/ ~ ice was
significantly lower than that in WT mice (P < .05). lnterstitial collagen deposition was
significantly lower in the Agt™~ obstructed kidneys than in the WT obstructed kidneys (P <
01). Tubular proliferation was significantly greater and tubular apoptosis was significancly lower
in the Agt™™ obstructed kidneys than in the WT obstrucred kidneys (P < .01 and P < .01,
respectively). [nterstitial infiltration by leukocytes and macrophages was significantly lower in
the Age™’~ abstructed kidneys than in the WT obstructed kidneys (P < .0l and P < .01,

respectively).

938-943, 2009. © 2009 Elsevier Inc.

The results of the present study support the targeting of Ang 1l as a reasonable approach by
which to prevent renal tissue damage in unilateral ureteral obstruction.

UROLOGY 74:

CONCLUSIONS

ngiotensin Il (Ang II} has been shown to be
A'mvolved in the pathophysiologic changes in ex-
perimental models of tubulointerstitial fibrosis, in-
cluding unilateral ureteral obstruction (UUO).! Ang Il is a
potent inducer of transforming growth factor-8 (TGF-8) in
several cell types, such as tubular epithelial cells and mes-
angial cells.** We previously confirmed that Ang I signif-
icantly increased TGF-B in normal rat kidney 52E cells.
Morrissey et al.® used an Ang Il receptor blocker and Ang
Il-converting enzyme inhibitor in UUQ, which resulted in

a decrease in interstitial fibrosis accompanied by a decrease
in TGF-B. Therefore, the Ang II-TGF-8 pathway is impor-
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tant for understanding the pathophysiologic mechanism of
tubulointerstitial fibrosis in UUO.

Approximately 80% of che kidney volume is occupied
by the renal tubules,” and a positive correlation has been
found between the histologic presence of tubular atrophy
and a decreased glomerular filtration rate in glomerulo-
nephritis.* In UUO, it has been suggested that renal
tubular apoptosis is related to renal tissue loss and dys-
function.” Accordingly, it is important to focus on the
renal tubular damage in UUO. We have previously re-
ported that TGF-B may play a role in renal tubular cell
apoptosis in UUQ.® Newly generated mice genetically
deficient in angiotensinogen (Agt™'™) can be used to
study the role of Ang II, which exists upstream of TGF-8,
in the inflammatory damage in the obstructed kidney.
The present study was undertaken to determine how Ang
Il contributes to renal interstitial fibrosis, inflammatory
responses, and tubular cell apoptosis and proliferation
using Agt™"" mice.

0090-4295/09/$34.00
doi:10.1018/j.urology.2009.02.059



MATERIAL AND METHODS

Experimental Design

Female wild-rype (WT: C37BLOY and imgiotensmogen knock-
out (Ag T mice (o= IQferoup) cenerated oz previeusly
described 2! were used at 8 weeks of age. The UUO model was
created with the mice under intraperitoneal pentobarbital-in-
duced anesthesia. The left ureter was ligated with sitk 4-0 suture
through an abdominal midline incision under sterile condicions.
The obstructed and unobstructed kidneys were harvested after
intraperitoneal pentobarbiral administcation at day 14. The
mice were handled according to approved institutional guide-
lines.

Measurement of Serum Angiotensin

Peripheral blood was collected by retro-orbital venous plexus
puncture, and the serum Ang Il concentration was measured by
radioimmunoassay (Mitsubishi Kagaku BCL, Tokyo, Japan).

Tissue TGF-f3 Assay

The harvested kidneys were hemisected, weighed, and homog-
enized with acid-ethanol (90% EtOH in 0.2 M HCL: 43 mL of
100% EtOH, | mL of 10 M HCI, and 4 mL of water). The
samples were maintained for 24 hours at 4°C. The water was
volatilized with an evaporator. The samples were resuspended
in 0.7-1 mL of Dulbecco’s modified Eagle’s medium containing
0.1% bovine serum albumin, vortexed, and centrifuged at 8000
rpm for 30 minutes. The supernatant was transferred to another
tube. After equilibration at neutral pH with 1 N NaOH, the
samples were filtered, collected, and assayed for TGF-8 by
enzyme-linked immunosorbent assay using a Quantikine assay
kit (MB1OOB, R&D Systems, Minneapolis, MN). The results
were normalized and are expressed as ng/mg tissue TGF-B.

Determination of Interstitial Collagen Deposition

The slides were stained with Masson's trichrome. For each
section, 10 fields were digitized and scanned at 200X magnifi-
cation using imaging software (Photoshop, Adobe, San Jose,
CA). The number of points overlapping the blue collagen
staining was counted using a grid superimposed on the image.

Immunohistochemistry to

Stain CD45, F4/80, Single-Stranded

DNA, and Proliferating Cell Nuclear Antigen

Wedges of hemisected obstructed and contralateral kidneys
were placed in 10% formalin and embedded in parafhn. Paraf-
fin-embedded sections (4 um) were cut onto glass slides. The
sections were dewaxed in xylene, rehydrated in decreasing
concentrations of ethanol, and washed 3 times in phosphate-
buffered saline for 10 minutes. Endogenous peroxidase was
quenched for 45 minutes with a 0.6% methanol solution. After
washing in fileered water and phosphate-buffered saline, a
blocking step was included using 1% bovine serum albumin plus
avidin and biotin blocking solutions (Vector Kit, Vector Lab-
oratories, Burlingame, CA) for 30 minutes. Primary antibody
(polyclonal anti-CD45 antibody, Santa Cruz Biotechnology,
Santa Cruz, CA,; polyclonal antiproliferating cell nuclear anti-
gen [PCNA| antibody, Santa Cruz Biotechnology; monoclonal
anti-F4/80 antibody, Serotec, Oxford, UK; and polyclonal anti-
single-stranded DNA {ssDNA) antibody, Dako, Glostrup, Den-
mark) was then applied at room remperature for [ hour. Diluted
biotinylated secondary antibody {Vector Laboratories) was ap-
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plied for 30 minutes. The sections were then incubated with
avidin-biotin peroxidase complex (Vector Laboratories) and
developed with diaminobenzidine. The slides were washed and
counterstained with 10% hemaroxylin for 1-2 minutes. Positive
PCNA and ssDNA cells from renal tubules were counted in 10
high-power fields (HPFs) at 400X magnification by 2 indepen-
dent investigators unaware of the which kidney was with which
group. Positive interstitium CD43 cells and F4/80 cells were
evaluated in the same manner as that for PCNA and ssDNA.

Statistical Analysis

All results are expressed as the mean * SD and were analyzed
for significance by one-way analysis of variance and multiple
comparison tests.

RESULTS

Measurement of Serum Ang Il

First, the Ang Il concentrations in serum were measured
with radioimmunoassay to confirm whether Ang Il was
detected in Agt™'™ mice. The serum concentration of
Ang Il in Agt™'™ mice was lower than the lower limit of
detection (<10.0 £ 0.0 pg/mL, n = 10). In conrrast,
serum Ang Il was detected in the WT mice (1593 %
62.0 pg/mL, n = 10, P < .01).

Measurement of Tissue TGF-f

Concentration in Mice With UUO

Next, to confirm whether renal tissue TGF-8 in Agt™/~
mice was affected, we measured the TGF-8 concentra-
tion in kidney rissue, using an enzyme-linked immu-
nosotbent assay {Table 1). The tissue TGF-§ content in
the unobstructed kidneys in the Agt ™~ mice was slightly
lower than that in the unobstructed kidneys in WT mice,
although the difference was not statistically significant
(P = .1252). However, the tissue TGF-B content in the
obstructed kidneys in the Agt™'~ mice was significantly
lower than that in the obstructed kidneys in the WT
mice (P < .05). Furthermore, although the tissue TGF-8
content in the obstructed kidneys was significantly greater
than that in the unobstructed kidneys in WT mice {105.2 =
516 vs 27.1 * 16.3 pg/mg tissue, respectively; P < .01), no
statistically significant difference was found in the Agt'™
mice (37.1 £ 29.2 vs 11.5 = 5.7 pg/mg tissue, respec-
tively; P = .072).

Interstitial Collagen Deposition in UUO

To determine the difference between the WT mice and
Agt"‘ mice with interstitial Gbrosis in UUQO, we stained
the slides with Masson's trichrome and determined the
blue-stained collagen deposition (Table 1). UUQO re-
sulted in a marked accumulation of interstirial collagen
compared with the contralateral unobstructed kidneys in
WT mice (19.8% * 4.3% vs 2.4% = 1.8%, respectively;
P < .0001). The same effect was seen in the Agf/* mice
(8.3% * 2.1% vs 1.2% = 1.2% for obstructed vs unob-
structed, respectively; P < .0001). However, the intersti-
tial collagen deposition in the obstructed kidneys in the
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Table 1. Tissue TGF-B concentration and positive interstitial collagen deposition, CD45, F4/80 cells, ssDNA, and PCNA

nuclei
Collagen CD45 F4/80 ssDNA PCNA
TGF-B (pg/mg Deposition (Positive (Positive (Tubular (Tubular

Group tissue) (%/HPF) Cells/HPF) Cells/HPF) Nuclei/HPF) Nuclei/HPF)
WT (n = 10)

Obstructed 105.2 + 51.6* 19.8 = 4.3 246 =547 26.3 = 5.3" 45.0 + 6.67 15.2 = 3.3"

Unobstructed 27.1 = 16.3 24 +1.8 1.4+10 1.4+11 0.3+0.5 3613
Agt™"" (n = 10)

Obstructed 37.1 +29.2F 83+21' 118+26' 11.2+37*%% 248+50'S 26.2+523%5

Unobstructed 11.5 5.7 1.2+1.2 0.3 05 22+1.7 02+04 5.0+20

TGF-B = transforming growth factor-B8; ssDNA = single-stranded DNA; PCNA = proliferating cell nuclear antigen; WT = wild type; Agt™"~ =

angiotensinogen deficient.

* P < .01 compared with unobstructed counterpart.

T P < .0001 compared with unobstructed counterpart.

' P < .01 compared with obstructed kidney of WT mice.
8 P < .05 compared with obstructed kidney of WT mice.

Agt”’” mice was significantly lower than in the ob-
structed kidneys in the WT mice (P < .01; Fig. 1A,B).
No difference in interstitial collagen deposition was ob-
served in the unobstructed kidneys of either group.

Detection of Interstitial Leukocyte

and Macrophage Infiltration in UUO

We also investigated the inflammatory changes in UUQ.
Leukocyte infiltration was evaluated by immunostaining
for CD45, and macrophage infiltration was evaluated by
immunostaining for F4/80. The obstructed kidneys had
significantly greater leukocyte and macrophage infiltra-
tion compared with the unobstructed kidneys in the WT
mice (24.6 £ 5.5and 26.3 = 53 vs1.4 = 1.0and 1.4 =
1.1 cells/HPF, respectively; P < .0001; Table 1). The
same effect was seen in the Agt™'” mice, with corre-
sponding values of 11.8 = 2.6 and 11.2 = 3.7 vs 0.3 =
0.5 and 2.2 = 1.7 cells/HPF (P < .0001 and P < .01,
respectively; Table 1). The obstructed kidneys in the
Agt™'™ mice had significantly lower leukocyte and mac-
rophage infiltration than did the obstructed kidneys in the
WT mice (P < .0l and P < .01, respectively; Table 1 and
Fig. 1C-F). No differences were found in interstitial leu-
kocyte infiltration and macrophage infiltration in the
unobstructed kidneys of both groups.

Apoptosis in UUO

To determine renal tubular apoprosis, ssDNA immuno-
staining was performed in paraffin-embedded sections.
The obstructed kidneys had significantly greater tubular
apoptosis than the unobstructed kidneys of the WT mice
(45.0 = 6.6 vs 0.3 = 0.5 nuclei/HPF, respectively; P <
.0001; Table 1). The difference between the obstructed
and unobstructed kidneys was apparent from the apopto-
tic cell counts. The same effect was seen in the Agt '~
mice, with corresponding values of 24.8 = 5.0 vs 0.2 =
0.4 nuclei/HPF (P < .0001; Table 1). However, tubular
apoptosis was significantly lower in the obstructed kid-
neys of the Agt ™/~ mice than in the obstructed kidneys of
the WT mice (P < .01; Table 1 and Fig. 1GH). No
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difference was found in tubular apoptosis in the unob-
structed kidneys between the 2 groups.

Tubular Proliferation in UUO

We next examined renal proliferation by immunostain-
ing for PCNA. In the WT and Agt”" mice, renal tubules
in the obstructed kidneys showed significantly more pro-
liferation (15.2 = 3.3 and 26.2 * 5.3 nuclei/HPF, re-
spectively) than did the unobstructed kidneys (3.6 = 1.3
and 5.0 = 2.0 nuclei/HPF; P < .0001 and P < .01,
respectively; Table 1). No significant difference was found
in tubular proliferation in the unobstructed kidneys between
the 2 groups, although the tubular proliferation was signif-
icantly greater in the obstructed kidneys in the Agt™~ mice
than in the WT mice (P < .01; Table 1 and Fig. 11,)).

COMMENT

Ang Il has been considered an important factor in
UUO."*" Several animal studies of UUO have demon-
strated that drugs such as Ang Il receptor antagonists®'*'®
and angiotensin-converting enzyme inhibitors,*!7 used
clinically for hypertension, ameliorate UUO-induced re-
nal interstitial fibrosis by inhibiting hormonal signaling.
This downregulation of hormonal signaling results in
TGF-B inhibition, subsequent to inhibiting interstitial
fibrosis. TGF-B has been reported to exert its action
directly by stimulating the synthesis of extracellular ma-
trix components and reducing collagenase production or
indirectly through other profibrogenic factors, such as
connective tissue growth factor, involving Smad pro-
teins.'®

Fern et al.'® reported that angiotensinogen expression
is related to renal interstitial fibrosis in UUO using neo-
natal mice. However, few studies of UUQO using mature
mice lacking the angiotensinogen gene to delete Ang Il
have been done, and the renal inflammatory responses in
the various studies have been different. On the basis of
the concept that renal tissue injury by UUQO is promoted
by Ang I, the study of mice lacking the angiotensinogen
gene might help elucidate the role of Ang Il in renal
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Figure 1. Interstitial fibrosis detected by Masson's trichrome
staining (200x). (A) Wild-type (WT) obstructed kidney and (B)
angiotensinogen-deficient (Agt™/~ ) obstructed kidney showing
leukocyte infiltrations detected by immunostaining for CD45
(400%). (€) WT obstructed kidney and (D) Agt™ "~ obstructed
kidney showing macrophage infiltration detected by immuno-
staining for F4/80 (400 X). (E) WT obstructed kidney and (F)
Agt /' obstructed kidney showing tubular apoptosis detected
by immunostaining for single-stranded DNA (400x). (G) WT
obstructed kidney and (H) Agt™”~ obstructed kidney showing
tubular proliferation detected by immunostaining for proliferat-
ing cell nuclear antigen (400x). (1) WT obstructed kidney and
(J) Agt™"~ obstructed kidney.

tubular damage and interstitial fibrosis of UUQO. There-
fore, we sought to contirm the underlying effects of Ang
Il on renal tubular damage and interstitial fibrosis m
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UUOQO by comparing mice lacking the angiotensinogen
cene (Agt /) and WT mice.

Although Ang 11 basically induces fbrosis through
TGE-B signaling,”** it has been reported that TGF-8 stim-
ulates angiotensinogen gene expression, at least in proximal
tubular cells, suggesting that a positive feedback loop further
enhances renal injury.?® Our data have shown that the
serum concentration of Ang Il in Agt™’™ mice was less than
the lower limit of detection, and, accordingly, the tissue
TGF-B increase in the obstructed kidneys was significantly
inhibited in the Agt™~ mice, a finding that was not signif-
icantly different from that in the Agt™'™ contralateral un-
obstructed kidneys. This implies that Ang I1 exists upstream
of TGF-B and that Ang Il plays an important role in TGF-$
induction. Nevertheless, TGF-B was not completely inhib-
ited in the obstructed kidneys of the Agt™"™ mice, as we
observed a complete reduction of serum Ang I in the
Agt™™ mice. Taken together, these findings seem to indi-
cate that Ang Il is partly involved in TGF-B induction
because the TGF-B inhibition in the Agt™~ UUO model
was moderate.

Because TGF-B is known to be a pro-fibrotic and
pro-apoptotic cytokine,*' we investigated how these
cellular events were affected by UUO in Agt™'™ mice.
QOur results showed that renal interstitial fibrosis was
significantly lower in the obstructed kidneys of Agt™/~
mice compared with those in WT mice and that tubular
apoptosis was significantly lower and tubular proliferation
significantly greater in the obstructed kidneys of Agt™'~
mice compared with the levels in the obstructed kidneys of
WT mice. These results suggest that the Ang II-TGF-$
pathway is a key player in the development of these
cellular events in UUO.

TGF-B has long been known to have anti-inflamma-
tory properties. Mice lacking the TGF-B gene die with
multiorgan inflammation, along with other effects, in-
cluding overexpression of adhesion molecules.”” How-
ever, the response to TGF-B might depend on a variety of
factors. Koyanagi et al.?’ reported that a monoclonal
antibody to TGF-B1 blocked the cardiac inflammation
induced by chronic inhibition of nitric oxide synthesis
with N“-nitro-L-arginine methylester, suggesting a pro-
inflammatory role for TGF-B or its downstream media-
tors. El Chaar et al.'” demonstrated that 1D11, a mono-
clonal antibody that is active against all 3 isoforms of
TGF-B, significantly decreased macrophage infiltration
into the kidneys of UUQO, suggesting that TGF-8 con-
tributes to the inflammatory effect in UUO. However, it
remains controversial whether TGF- 8 promotes or inhib-
its an inflammatory response. Qur results showed that
renal interstitial infileration of leukocytes and macro-
phages in the obstructed kidneys was significantly lower
in Agt™/~ mice compared with WT mice. Therefore, the
UUO-induced inflammatory changes in the obstructed
kidney were inhibited in Agt /" mice compared with
those in WT mice. These findings suggest that the Ang
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H-TGF-8 pathway may exert a progressive effect on the
inflammatory response in UUO.

Explaining the mechanism of renal injury by the Ang
[I-TGF-B pathway using our results appears insufficient,
because TGF-B is not differentially regulated in the set-
ting of UUO in Agt™'~ animals. [t has been reported for
other pathways that Ang 11, by way of the Ang Il type [
receptor, activates the Smad signaling system and the
Rho/Rho kinase pathway that upregulates connective
tissue growth factor production and results in renal fibro-
sis not mediated by the Ang 1I-TGF-g8 pathway.** Fur-
thermore, it was reported that Ang Il by way of the Ang
II type 1 receptor and Ang Il type 2 receptor activates the
nuclear factor (NF)-xB pathway and causes inflammatory
responses through the regularion of NF-«B'® and pro-
inflammatory genes, such as several chemokines or adhe-
sion molecules.** We have previously demonstrated that
dehydroxymethylepoxyquinomicin, an NF-«B activation
inhibitor, did not affect TGF- acrivity in the obstructed
kidneys of UUO but did ameliorate interstitial fibrosis,
tubular apoptosis, and leukocyte infiltration, suggesting
that the NF-«B pathway seems to be substantially asso-
ciated with downstream TGF-S-induced cellular events
in UUO.? It is conceivable that Ang II is involved in
the renal morphologic events of UUO in a way that
could be either dependent on, or independent of, the
TGE-B pathway.

Of particular interest is the result that interstitial fi-
brosts and tubular apoptosis occurred in Agt™~ mice,
despite the loss of Ang 1. Factors other than the Ang Il
pathway may be implicated in these events, as described
in our report. ¢ is believed that these changes are in-
duced by intrarenal pressure and result in tubular cell
stretch and the release of other mediators.*27 Neverthe-
less, the cause of the fibrosis or apoptosis in the ob-
structed kidneys of Agt ™/~ mice is unknown and remains
to be elucidated.

When a patient presents with an obstructed kidney,
the patient should be treated as soon as the obstruction
has been detected. However, a considerable period can
elapse between the diagnosis and relief of the obstruc-
tion; furthermore, renal damage is not immediately re-
versed by relieving the obstruction. Additionally, pro-
longed obstruction leads to irreversible renal dysfunction.
It would be very useful if the renal damage and renal
dysfunction could be prevented by pharmacologic agents
until the obstruction could be ameliorated. Addirional
analysis targeting Ang 1l is required.

CONCLUSIONS

Our results have indicated that targeted deletion of the Agt
gene results in inhibition of renal tissue TGF-B, followed by
inhibition of fibrotic and renal tubular apoptosis, and inhi-
bition of the inflammatory response in the obstructed kid-
neys of mice subjected to UUQ. The results of the present
study support the targeting of Ang Il as a reasonable ap-
proach o prevent renal tissue damage in UUQO.,
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Abstract. The heart is abundantly innervated, and the nervous system precisely controls the
function of this organ. The density of cardiac innervation is altered in diseased hearts, which
can lead to unbalanced neural activation and lethal arrthythmia. For example, diabetic sensory
neuropathy causes silent myocardial ischemia, characterized by loss of pain perception during
myocardial ischemia, and it is a major cause of sudden cardiac death in diabetes mellitus. Despite
the clinical importance of cardiac innervation, the mechanisms underlying the control of this
process remain poorly understood. We demonstrate that cardiac innervation is determined by the
balance between neural chemoattractants and chemorepellents within the heart. Nerve growth
factor (NGF), a potent chemoattractant, is synthesized abundantly by cardiomyocytes, and is
induced by the upregulation of endothelin-1 during development. By comparison, the neural
chemorepellent Sema3a is expressed at high levels in the subendocardium in the early stage of
embryogenesis and is downregulated as development progresses, leading to epicardial-to-
endocardial transmural sympathetic innervation patterning. We also show that the downregula-
tion of cardiac NGF is a cause of diabetic neuropathy and that NGF supplementation prevents
silent myocardial ischemia in diabetes mellitus. Both Sema3a-targeted and Sema3a-
overexpressing mice display sudden cardiac death or lethal arrhythmias due to disruption of
innervation patterning. The present review focuses on the regulatory mechanisms controlling
cardiac innervation and the critical roles of these processes in cardiac performance.

Keywords: cardiac nerve, nerve growth factor, Sema3a, arrhythmia, sudden cardiac death,
cardiac disease

Introduction

correspond to different areas of influence over cardiac
function to effectively control heart rate and myocardial

Cardiac tissues are extensively innervated by auto-
nomic nerves. The sympathetic nervous system produces
norepinephrine and increases the heart rate, conduction
velocity, as well as myocardial contraction and relax-
ation. It is well known that sympathetic innervation
density, which is high in the subepicardium and the
central conduction, is stringently regulated in the heart
(1). Regional differences in sympathetic innervation
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contraction and relaxation. Despite the clinical impor-
tance of cardiac innervation, little is known about the
developmental and regulatory mechanisms underlying
cardiac sympathetic innervation patterning. Moreover,
to date there has been no experimental demonstration of
the consequences of disrupting this patterning.

The density of cardiac innervation is altered in
diseased hearts, as in cases of congestive heart failure
and myocardial infarction. Following myocardial injury,
cardiac nerves undergo Wallerian degeneration, which
may be followed by neurilemmal cell proliferation and
axonal regeneration, resulting in heterogeneous innerva-
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tion. Unbalanced sympathetic innervation may trigger
lethal arrhythmia through ion channel modulation in
cardiomyocytes (2). Also of clinical concern is the
development of cardiac sensory denervation in diabetes
mellitus (DM) patients. As the sensory nervous system
is responsible for pain perception, cardiac sensory dener-
vation can lead to diabetic sensory neuropathy and silent
myocardial ischemia. This condition is characterized by
loss of pain perception during myocardial ischemia and
frequently leads to sudden cardiac death (SCD) in DM
patients. Despite the severity of these complications,
the molecular mechanisms underlying the control of
innervation density in pathological hearts are poorly
understood. Addressing these questions requires a better
understanding of the anatomical distribution of cardiac
nerves and the molecular mechanisms regulating inner-
vation during development.

In this article, we review the regulatory mechanisms
involved in neural development in the heart and also
discuss the critical role of innervation patterning in
cardiac performance.

Cardiac nerve development

Neural crest cells migrate and form sympathetic
ganglia by mid-gestation and subsequently proliferate
and differentiate into mature neurons (3). The cardiac
sympathetic nerves extend from the sympathetic neurons
in stellate ganglia, which are located bilateral to the
vertebra. Sympathetic nerve fibers project from the base
of the heart into the myocardium and are located
predominantly in the subepicardium of the ventricle.
The central conduction system, which includes the
sinoatrial node, atrioventricular node, and His bundle,
is abundantly innervated compared with the working
myocardium. We and others have reported that this
regional difference in cardiac sympathetic innervation
(innervation patterning) is highly conserved among
mammals.

The cardiac nervous system also involves afferent
nerves. The sensory signals generated in the heart are
conducted through cardiac afferent nerves, primarily
thinly myelinated Ad-fibers and nonmyelinated C-fibers.
The sensory nerve fibers project to the upper thoracic
dorsal horn via dorsal root ganglia neurons, which are
also derived from neural crest cells.

A major challenge to analysis of cardiac innervation
of the heart has been the lack of suitable molecular
markers. Recent advances in immunohistochemical
technology now allow autonomic nerves to be stained
using antibodies against nerve-specific markers, such
as tyrosine hydroxylase (TH), a sympathetic marker;
calcitonin gene-related peptide (CGRP), a sensory

314

marker; protein gene product 9.5 (PGP 9.5), a general
peripheral nerve marker; and growth-associated protein
43 (GAP43), a nerve sprouting marker. As discussed
below, we and others have used these specific neural
markers to demonstrate that the organization of cardiac
innervation is strictly controlled in the heart during
development, whereas in diseased hearts, innervation
density and organization are dramatically altered.

Nerve sprouting and SCD

Sympathetic stimulation is important in the generation
of SCD in diseased hearts. There is circadian variation
in the frequency of SCD that parallels sympathetic nerve
activity. f-Blocker therapy prevents SCD secondary to
ventricular tachyarrhythmia in ischemic heart disease or
congestive heart failure. Immunohistochemical analysis
of cardiac nerves in explanted hearts of transplant
recipients reveals a positive correlation between nerve
density and clinical history of ventricular tachyarrhythmia
(4). Zhou et al. showed that nerve growth factor (NGF),
which is critical for sympathetic nerve sprouting, is
upregulated after myocardial infarction (MI) in animal
models, resulting in the regeneration of cardiac sympa-
thetic nerves and heterogeneous innervation (5). In other
experiments, augmented myocardial nerve sprouting
through NGF infusion after MI results in a dramatic
increase in SCD and a high incidence of ventricular
tachyarrhythmia, compared with animals not receiving
NGF infusion (6). These results demonstrate that NGF
upregulation and nerve sprouting in diseased hearts may
cause lethal arrhythmia and SCD. However, the mole-
cular mechanisms that regulate NGF expression and
sympathetic innervation in the heart are poorly under-
stood.

The endothelin-1 (ET-1) / NGF pathway is critical
for cardiac sympathetic innervation ’

In general, the growth-cone behavior of nerves is
modulated by coincident signaling modulated by neural
chemoattractants and chemorepellents synthesized in the
innervated tissue. NGF, a potent neural chemoattractant,
is a prototypic member of the neurotrophin family
that plays critical roles in the differentiation, survival,
and synaptic activity of the peripheral sympathetic and
sensory nervous systems (7). The level of NGF expres-
sion within innervated tissue corresponds approximately
to innervation density. NGF expression increases during
development and is altered in diseased hearts.

ET-1 is a critical factor in the pathogenesis of cardiac
hypertrophy, hypertension, and atherosclerosis. Gene
targeting of ET-1 and its receptor -ET, results in un-
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expected craniofacial and cardiovascular abnormalities
not observed in other hypertrophic factor-deficient mice
(8). Although these phenotypes are consistent with
interference of neural crest differentiation, the role of
ET-1 in neural crest development remains undetermined.
We hypothesized that ET-1 affects the induction of
neurotrophic factors and that the disruption of ET-1
contributes to the immature development of neural
crest—derived cells.

We found that ET-1, but not angiotensin II, phenyle-
phrine, leukemia inhibitory factor, or IGF-1, upregulates
NGF expression in primary cultured cardiomyocytes (9).
ET-1-induced NGF augmentation is not observed in
cardiac fibroblasts and is specific to cardiomyocytes.
ET-1-induced NGF augmentation is mediated via the
ETa receptor, Gify, PKC, the Src family, EGFR, extra-
cellular signal-regulated kinase, p38MAPK, activator
protein-1, and the CCAAT /enhancer-binding protein &
element. To study the role of the ET-1/NGF pathway in
the development of the cardiac sympathetic nervous
system, we analyzed various mouse models of modified
genes. NGF expression, cardiac sympathetic innerva-
tion, and norepinephrine concentration are reduced in
ET-1-deficient mouse (Ednl™") hearts, but not in the
hearts of angiotensinogen-deficient mice (4zg”"). In
Edn1”~ mice, the sympathetic stellate ganglia exhibited
excessive apoptosis and display loss of neurons at the
late embryonic stage. Moreover, we demonstrate that
cardiac-specific overexpression of NGF in Ednl~~ mice
rescues the heart from sympathetic nerve retardation.
These findings indicate that ET-1 is a key regulator of
NGF expression in cardiomyocytes and that the ET-1
/NGF pathway is critical for sympathetic innervation
in the heart. Given that ET-1 is strongly induced in
pathological conditions, the ET-1/NGF pathway may
also be involved in NGF upregulation and nerve
regeneration after myocardial infarction.

NGF is critical for cardiac sensory innervation and
rescues the diabetic heart from neuropathy

The cardiac autonomic nervous system is composed
of efferent and afferent nerves. The cardiac sensory
nervous system is responsible for pain perception and
for initiating a protective cardiovascular response during
myocardial ischemia. Cardiac sensory nerve impairment
causes silent myocardial ischemia, which is a major
cause of sudden death in DM patients. Despite the
severity of this complication, the alterations in cardiac
sensory innervation in diabetic sensory neuropathy and
the molecular mechanism underlying this process are
poorly understood. Moreover, little is known about the
anatomical distribution of cardiac sensory nerves and the
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molecular mechanism controlling innervation during
development.

Unlike somatic tissues, visceral organs, such as the
heart, are believed to be rich in autonomic efferent
innervation but poor in nociceptive afferent nerves. In
fact, Zahner et al. report that vanilloid receptor-1-
immunopositive sensory nerves are enriched in the
epicardium but scarce in the myocardium (10). We
show that cardiac sensory innervation is rich not only at
epicardial sites but also in the ventricular myocardium
and that sensory innervation increases with development
(11). In a screen of several neurotrophic factors, we
showed that development of cardiac sensory nerves
coincides with synthesis of NGF in the heart. Cardiac
nociceptive sensory nerves that are immunopositive for
CGRP, including the dorsal root ganglia and the dorsal
horn, are markedly retarded in NGF-deficient mice,
while cardiac-specific overexpression of NGF rescues
the heart from these deficits. Thus, NGF synthesis in
the heart is critical for the development of the cardiac
Sensory nervous system.

To investigate whether NGF is involved in diabetic
neuropathy, DM was induced with streptozotocin in
wild-type (WT) and transgenic mice overexpressing
NGF in the heart. DM-induced WT mice show down-
regulation of NGF, CGRP-immunopositive cardiac
sensory denervation, and atrophic changes in dorsal root
ganglia, whereas these defects are prevented in DM-
induced NGF-transgenic mice. Cardiac sensory func-
tion, as measured by myocardial ischemia-induced c-Fos
expression in dorsal root ganglia, is also downregulated
by DM in WT mice, but not by DM in NGF-transgenic
mice. Direct gene transfer of NGF into diabetic rat hearts
improves the impaired cardiac sensory innervation and
function, as determined by the electrophysiological
activity of cardiac afferent nerves during myocardial
ischemia. These findings demonstrate that development
of the cardiac sensory nervous system depends on the
synthesis of NGF in the heart, and that DM-induced
suppression of NGF expression may lead to cardiac
sensory neuropathy.

Phase I and phase II clinical trials showed that
systemic administration of recombinant NGF is safe and
has potential efficacy in diabetic polyneuropathy, but a
phase III trial did not show any beneficial effects,
perhaps because the dosage and route of administration
were suboptimal (12, 13). The dosage of NGF was
restricted by side-effects in the phase III clinical trial,
and the development of anti-NGF antibodies may have
contributed to the lack of beneficial effects. We
examined the possibility of avoiding these complications
by direct administration of the NGF gene to the cells
that require the factor. We showed that NGF expression
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and CGRP-immunopositive nerves are proportionally
reduced in diabetic hearts and thus demonstrated the
successful treatment of cardiac sensory neuropathy by
direct NGF gene transfer. Consistent with our findings,
the efficacy of NGF gene therapy has been reported in
diabetic cystopathy and neuropathy of the footpad (14).
Further studies on the reliability and efticacy of NGF
gene therapy are required before clinical trials can pro-
ceed.

Sema3a is critical for cardiac sympathetic innerva-
tion patterning

As discussed above, NGF plays critical roles in cardiac
nerve development. In contrast, the neural chemorepel-
lent that induces growth-cone collapse and repels nerve
axons has not been identified in the heart. The Class 3
secreted semaphorin, Sema3a, has been cloned and
identified as a potent neural chemorepellent and a direc-
tional guidance molecule for nerve fibers (15-17).
However, it is not known whether cardiomyocytes
produce Sema3a, and if so, whether this protein affects
sympathetic neural patterning and cardiac performance.

We analyzed the kinetics and distribution of cardiac
sympathetic innervation in developing murine ventricles
(1). TH-immunopositive sympathetic nerve endings
appear on the epicardial surface at embryonic day (E)15
and gradually increase in number in the myocardium
after postnatal day (P)7 and P42. In the ventricular

Sympathetic neuron
/

myocardium, sympathetic nerves are more abundant
in the subepicardium than in the subendocardium,
suggesting an epicardial-to-endocardial gradient. We
analyzed heterozygous Sema3a knocked-in lacZ mice
(Sema3a“?") to identify the Sema3a expression pattern
and its relationship to innervation patterning in the heart.
At E12, lacZ expression was detected strongly in the
heart, especially in the trabecular components of the
ventricles. In E15 hearts, lacZ expression was observed
in the subendocardium but not in the subepicardium of
the atria and ventricles (Fig. 1). At P1 and P42, lacZ
expression was reduced in certain regions and high-
lighted the Purkinje fiber network along the ventricular
free wall. Quantitative RT-PCR of Sema3a in developing

Fig. 1. Sema3a expression in murine hearts. X-gal staining (green)
of Sema3a®?" hearts at E15 demonstrates strong Sema3a expression
only in the subendocardium. Scale bar = 100 gm.
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Fig. 2. Regulation of cardiac innervation pattern-
ing. a: Cardiac sympathetic innervation shows an
epicardial-to-endocardial transmural gradient. This
patterning is established by the balance between
ET-1/NGF and Sema3a expression in the heart. Note
that NGF is expressed abundantly in the working
myocardium, whereas Sema3a is expressed specifi-
cally in the subendocardium. b: Appropriate Sema3a-
mediated sympathetic innervation  patterning is
critical for the maintenance of an arrhythmia-free
heart. Sema3a™  mice exhibit sinus bradycardia, and
SemaTG mice are highly susceptible to ventricular
tachyarrhythmias. :
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hearts confirmed the presence of Sema3a from E12 and
the subsequent linear decrease in expression. The spatial
and temporal expression pattern of Sema3a contrasts
directly with the patterning of sympathetic innervation
in developing hearts. These results indicate that Sema3a
is a negative regulator of cardiac innervation.

We analyzed Sema3a-deficient mice (Sema3a™")
to investigate whether Sema3a is critical for cardiac
sympathetic nerve development. The WT hearts show a
clear epicardial-to-endocardial gradient of sympathetic
innervation. In contrast, the sympathetic nerve density is
lower in the subepicardium and higher in the sub-
endocardium of Sema3a™" mice, resulting in disruption
of the innervation gradient in Sema3a™~ ventricles. The
Sema3a™~ mice also exhibit malformation of the stellate
ganglia that extend sympathetic nerves to the heart. To
investigate whether the abnormal sympathetic innerva-
tion patterning in Sema3a™ hearts is a secondary effect
of stellate ganglia malformation, we generated transgenic
mice overexpressing Sema3a specifically in the heart
(SemaTG). SemaTG mice are associated with reduced
sympathetic innervation and attenuation of the epicardial-
to-endocardial innervation gradient. These results indi-
cate that cardiomyocyte-derived Sema3a plays critical
roles in cardiac sympathetic innervation by inhibiting
neural growth. Since cardiomyocyte-derived NGF acts
as a chemoattractant, it is possible that the balance
between NGF and Sema3a synthesized in the heart
determines cardiac sympathetic innervation patterning.

The growth-cone behavior of somatic sensory axons
is also modulated by the coincident signaling of NGF
and Sema3a (18, 19). During development, NGF and
Sema3a are expressed within the spinal cord and
influence the guidance pathway of sensory axons.
Sema3a is specifically expressed in the ventral half of
the spinal cord and mediates the termination of NGF-
responsive sensory axons at the dorsal part of the spinal
cord. The targeted inactivation of Semala disrupts
neural patterning and projections in the spinal cord,
thereby highlighting the critical role of Sema3a signal-
ing in the directional guidance of nerve fibers (17, 20).

Semala maintains arrhythmia-free hearts through
sympathetic innervation patterning

Most Sema3a™" mice die within the first postnatal
week, with only 20% surviving until weaning. We
performed telemetric electrocardiography and heart-rate
variability analysis to identify the cause of death and the
effects of abnormal sympathetic neural distribution in
Sema3a™" hearts (1). In addition to multiple premature
ventricular contractions, Sema3a™" mice develop sinus
bradycardia and abrupt sinus arrest due to sympathetic
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neural dysfunction.

By comparison, the SemaTG mice die suddenly at 10
months of age without symptoms. Sustained ventricular
tachyarrhythmia is induced in Sema7G mice, but not in
WT mice, after epinephrine administration, and pro-
grammed electrical stimulation reveals that SemaTG mice
are highly susceptible to ventricular tachyarrhythmia.
The fi-adrenergic receptor density is upregulated and
the cAMP response after catecholamine injection is
exaggerated in SemaTG ventricles. Action potential
duration is significantly prolonged in hypoinnervated
SemaTG ventricles, presumably via ion channel modula-
tion. These results suggest that the higher susceptibility
of SemaTG mice to ventricular arrhythmia is due, at least
in part, to catecholamine supersensitivity and prolonged
action potential duration, both of which can augment
triggered activity in cardiomyocytes. Thus, Sema3a-
mediated sympathetic innervation patterning is critical
for the maintenance of arrhythmia-free hearts.

Sympathetic nerves modulate the function of ion
channels and trigger various arrhythmias in diseased
hearts (21, 22). Various studies highlight the importance
of regulatory factors in sympathetic innervation
patterning. For example, Sema3a™~ mice exhibit sinus
bradycardia, abrupt sinus slowing, and stellate ganglia
defects. Consistent with our data, right stellectomy
induces sinus bradycardia and sudden, asystolic death in
dogs (23). In addition, Stramba-Badiale et al. report that
developmental abnormalities in cardiac innervation may
play a role in the genesis of some cases of sudden infant
death syndrome (24). The SemaTG hearts are also highly
susceptible to ventricular arrhythmias, albeit without
contractile dysfunction or structural defects. Given
that catecholamine augments systolic function, it is
surprising that Sema7G mice show normal cardiac
function. Patients with denervated hearts who undergo
heart transplantation do not develop heart failure but
approximately 10% of the patients develop SCD (25).
Together, these studies highlight the significance of
cardiac nerve regulation as a new paradigm for the
management of SCD.

Conclusions

Cardiac nerves are highly plastic, and innervation
patterning is strictly controlled by the balance between
NGF and Sema3a synthesized in the heart (Fig. 2a).
ET-1 regulates NGF expression in cardiomyocytes, and
the ET-1/NGF pathway modulates nerve sprouting and
plays critical roles in sympathetic nerve development.
NGF is also important in sensory nerve development,
and NGF downregulation may result in sensory neuro-
pathy in diabetic hearts. By comparison, Sema3a inhibits



