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The endothelial nitric oxide synthase (eNOS) gene is induced by a variety of extracellular signals under
both in vitro and in vivo conditions. To gain insight into the mechanisms underlying environmental reg-
ulation of eNos expression, transgenic mice were generated with the 1,600-bp 5 flanking region of the
human eNos promoter coupled to the coding region of the LacZ gene. In multiple independent lines of
mice, transgene expression was detected within the endothelium of the brain, heart, skeletal muscle,
and aorta. B-galactosidase activity was consistently absent in the vascular beds of the liver, kidney, and
spleen. In stable transfection assays of murine endothelial progenitor cells, the 1,600-bp promoter
region was selectively induced by conditioned media from cardiac myocytes, skeletal myocytes, and brain
astrocytes. Cardiac myocyte-mediated induction was partly abrogated by neutralizing anti-platelet-
derived growth factor (PDGF) antibodies. In addition, promoter activity was upregulated by PDGF-AB.
Analysis of promoter deletions revealed that a PDGF response element lies between -744 and -1,600 rel-
ative to the start site of transcription, whereas a PDGF-independent cardiac myocyte response element
is present within the first 166 bp of the 5' flanking region. Taken together, these results suggest that the
eNos gene is regulated in the cardiac endothelium by both a PDGF-dependent and PDGF-independent

microvascular bed-specific signaling pathway.

J. Clin. Invest. 103:799-805 (1999).

Introduction

The nitric oxide synthases (NOS) are a family of enzymes
that mediate the biosynthesis of nitric oxide. There are
three known isoforms: neuronal (nNOS, or NOS-I),
inducible (iNOS, or NOS-II), and endothelial NOS
(eNOS, or NOS-III) (1). eNOS is widely expressed within
the endothelial lining of the vascular tree and is believed
to play an important role in regulating vasomotor tone.
Disruption of eNOS activity has been linked to the devel-
opment of atherosclerosis and hypertension as well as an
impairment in vascular remodeling and angiogenic
response (2-6). The 5' flanking region of the human
eNOS gene has recently been cloned and sequenced (7).
Under in vitro conditions, a 1,600-bp fragment was found
to direct cell type-restricted expression in bovine aortic
endothelial cells (BAECs). An Sp1 binding site at -103 rel-
ative to the start site of transcription was shown to be
essential for basal activity of the promoter (7). However,
endothelial cells grown in culture are uncoupled from crit-
ical environmental cues and may undergo significant phe-
notypic change. As a result, conclusions about transcrip-
tional control mechanisms in vitro must be interpreted
with caution. Indeed, the endogenous eNOS gene is now
known to be induced by a variety of extracellular signals,
including shear stress, hypoxia, estrogens, ischemia, exer-
cise, vascular endothelial growth factor (VEGEF), basic
fibroblast growth factor (bFGF), and lysophosphatyl-

choline (8-15). It follows that a full understanding of the
transcriptional control mechanisms underlying eNOS
expression will rely on model systems that preserve the
endothelial cell’s native environment.

To study the regulation of the eNOS gene in the con-
text of an appropriate microenvironment, we generated
transgenic mice with a construct containing the 1,600-
bp 5’ flanking region of the eNOS promoter coupled to
the coding sequence of LacZ. In multiple independent
lines of transgenic mice, reporter gene expression was
indeed restricted to the endothelium. However, 3-galac-
tosidase activity was limited to a subpopulation of
endothelial cells within the heart, skeletal muscle, brain,
and aorta. Reporter gene activity was notably absent in
other vascular beds that otherwise express the endoge-
nous gene. In stable transfections assays, the eNOS pro-
moter was selectively upregulated by conditioned media
from cardiac myocytes, skeletal myocytes, and brain
astrocytes. Induction of the eNOS promoter by cardiac
myocytes was mediated by both platelet derived growth
factor (PDGF)-dependent and PDGF-independent sig-
naling pathways, whereas induction by skeletal myocytes
and brain astrocytes was mediated by a PDGF-inde-
pendent pathway. Taken together, the findings suggest
that the eNOS gene is regulated by vascular bed-specif-
ic signaling pathways that begin in the extracellular
milieu and end at distinct regions of the promoter.
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Methods
eNOS reporter gene constructs. The various human eNOS pro-
moter constructs were derived from F1 LUC (7). To generate the
transgenic construct 1600eNOSlacZ, the Kpnl-Not] promoter
fragment (-1,600 to +22 bp) was isolated from the F1 LUC vec-
tor and inserted into a plasmid-containing LacZ cDNA coupled
to the SV40 poly(A) tail (gift from J. Rossant, Mount Sinai Hos-
pital, Toronto, Canada). For stable transfections, the F1 LUC
was digested with Smal, releasing the -744 to -1,600 promoter
fragment. The remaining vector was religated, resulting in
744eNOS LUC. The generation of the 166eNOS LUC (also
referred to as F6 LUC) has been described previously (7).
Generation and analysis of transgenic mice. The 1600eNOSlacZ
plasmid was digested with KpnI and NotI to release the Blue-
script vector (Stratagene, La Jolla, California, USA), and the
fragment consisting of the 1,600-bp eNOS promoter fragment
coupled to LacZ was isolated on agarose gel. The DNA was
resuspended in injection buffer and injected into fertilized
mouse eggs as described previously (16). Transgenic founders
were identified by Southern blot analysis using a
[*?P]dCTP-labeled DNA probe containing LacZ coding
sequence. The founders were bred to wild-type FVB mice to
generate stable transgenic lines. Tissues were harvested from
adult F1 offspring heterozygous for the transgene and
processed for LacZ staining as described previously (16). For
reverse transcriptase-PCR (RT-PCR), total RNA was harvested
from various FVB mouse organs using a guanidinium thio-
cyanate phenol-chloroform single-step extraction (Stratagene).
First-strand cDNA synthesis and PCR reactions were carried
out as described previously, using primer sets specific for
Escherichia coli LacZ and mouse eNOS (sense 5" ATCCACA-
GAACCTGTGGCCGTGGAACA; antisense 5" AGAATTCTCT-
GCACGGTTTGCAGGACG) (17).

Figure 1

Whole mount microphotographs of the 1600eNOSLacZ. Incubation of

the organs with the X-Gal substrate reveals LacZ staining in the adult heart
(a) and aorta (b). LacZ staining in the heart represents -galactosidase
activity within microvascular and macrovascular endothelial cells (see Fig.
2). The X-Gal reaction product in the aorta is accentuated in endothelial
cells surrounding the ostia of two intercostal tributaries (b, arrows). eNOS,
endothelial nitric oxide synthase.
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Cell culture, DNA transfection, and treatments. Mouse embryonic
endothelial progenitor (MEEP) cells were harvested and grown in
DMEM (Life Technologies Inc., Gaithersburg, Maryland, USA)
containing 20% heat-inactivated FCS (Life Technologies Inc.) (18),
as described previously. BAECs, HEK-293 cells (ATCC CRL-1573),
H9c2 rat cardiac myocytes (ATCC CRL-1446), L8 rat skeletal
myocytes (ATCC CRL-1769), DI TNCI rat astrocytes (ATCC
CRL-2005), and HepG2 cells (ATCC CRL-10741) were main-
tained in DMEM containing 10% heat-inactivated FCS. All cells
were cultured at 37°C and 5% CO,. For stable transfections, 107
MEEDP cells were electroporated with a total of 30 pg of SalI-lin-
earized promoter construct and 1:10 molar ratio of Dral-lin-
earized PGK-neo (Gene Pulser II; 350V, 500 PF; Bio-Rad Labora-
tories Inc., Hercules, California, USA). The cells were grown for 9
days on 10-cm gelatin-coated plates in G418-containing medium
(400 pg/ml; Sigma Chemical Co., St. Louis, Missouri, USA). G418-
resistant clones (>200 per plate) were then trypsinized, pooled,
and grown to confluence (P1). Luciferase assays were performed
on cells below third passage. Cells were seeded onto 12-well plates,
grown to confluence, and then incubated in DMEM/0.2% FCS for
24 h. The serum-starved cells were then incubated for 4-24 h with
DMEM/0.2% FCS containing either 10 ng/ml PDGF-AA (Pepro-
Tech Inc., Rocky Hill, New Jersey, USA), PDGF-AB (R&D Systems,
Minneapolis, Minnesota, USA), PDGF-BB (PeproTech Inc.), 10
ng/ml VEGF (R&D Systems), 10 ng/ml bFGF (Sigma Chemical
Co.), or 10 ng/ml epidermal growth factor (EGF) (R&D Systems).
Alternatively, the cells were incubated for 4-24 h with conditioned
medium from cardiac myocytes, skeletal myocytes, brain astro-
cytes, or HEK or HepG2 cells (70% confluence and medium 2-3
days old) in the absence or presence of neutralizing antibodies to
PDGF, VEGF, and bFGF (R&D Systems). Cells were processed in
triplicate for luciferase assay according to the manufacturer’s
instructions (Promega Corp., Madison, Wisconsin, USA), and
light activity was measured in a luminometer (Lumat LB 9507;
EG&G Berthold, Bad Wildbad, Germany). In addition, cell num-
ber was determined in triplicate. In multiple independent experi-
ments, there was no statistically significant difference in cell num-
ber under the conditions just described.

Northern blot and Western blot analyses. BAECs were serum
starved in DMEM/0.5% FCS for 24 h, incubated for 2-8 h in the
absence or presence of PDGF-AB, VEGF, bFGF, or EGF, and
then harvested for total RNA using a guanidinium thiocyanate
phenol-chloroform single-step extraction (Stratagene). The iso-
lated RNA (5 ug) was loaded on a 0.7% formaldehyde-contain-
ing agarose gel. The RNA was transferred to nylon membrane,
covalently cross-linked with ultraviolet radiation, prehybridized
for 6 h, and then hybridized for 18 h at 42°C with a
[32P]dCTP-labeled cDNA probe containing full-length bovine
eNOS sequence. Total protein was obtained from FVB mouse
tissues, quantified, subjected to SDS-PAGE, and transferred to
nitrocellulose membrane. The membrane was blocked overnight
in 5% skim milk and incubated with 1 ug/ml polyclonal anti-
eNOS antibody (Transduction Laboratories, Lexington, Ken-
tucky, USA) for 12 h at room temperature. The membrane was
subsequently incubated with anti-mouse IgG antibody conju-
gated to horseradish peroxidase. Peroxidase activity was viewed
using an enhanced chemiluminescence substrate system.

Results

Transgenic mice. We generated transgenic mice with a 1,600-
bp eNOS promoter fragment coupled to the LacZ reporter
gene (1600eNOSlacZ). In four independent lines of mice,
the X-Gal reaction product was detected in the endothelial
lining of blood vessels within the heart, the brain, and the
skeletal muscle, as well as the aorta (Figs. 1 and 2). In cross-
sections of coronary arteries, 3-galactosidase activity was
present in only a subpopulation of endothelial cells (Fig. 2,
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Figure 2

The 1600eNOSLacZ transgene is expressed in blood vessels of the heart, brain, and skeletal muscle. LacZ staining of 9-Um tissue sections from
1600eNOS LacZ line 338-8 reveals reporter gene activity in the endothelial lining of cardiac microvessels (a, d), coronary arteries (b), skeletal muscle
(e), and brain (f). There is no detectable 3-galactosidase activity in cardiac myocytes (a), liver (g), kidney (h), and lung (i). Similar LacZ staining pat-
tern in cardiac microvessels from transgenic line 338-41 can be seen in ¢. Scale bar: 60 um.

b and d) The coronary veins and endocardium did not con-
tain the X-Gal reaction product. Moreover, the X-Gal reac-
tion product was not detected in cardiac myocytes. In one
of the four lines, LacZ activity was also detected in the larg-
er blood vessels of the lung (data not shown). In another of
the four lines, the transgene was expressed ectopically in a
subpopulation of neurons within the cortex of the brain.
These latter findings suggest that the eNOSlacZ transgene
is susceptible to the influence of surrounding heterochro-
matin structure. 3-galactosidase activity was consistently
absent in the vascular beds of the kidney, spleen, and liver
(Fig. 2, gi). In RT-PCR analyses, LacZ transcripts were
detected within the brain, skeletal muscle, and heart (Fig.
3).In contrast, endogenous eNOS mRNA and protein were
present in all organs examined (Fig. 3).

Taken together, these findings indicate that the eNOS
promoter fragment directs expression to a limited pop-
ulation of endothelial cells in the heart, skeletal muscle,
brain, and aorta. The results suggest that the 1,600-bp
promoter contains transcriptional control elements that
are responsive to vascular bed-specific signaling path-
ways and that more proximal or distal DNA elements
outside this region are responsible for expression in
other vascular beds such as the kidney, spleen, and liver.

The 1,600-bp eNOS promoter is responsive to cardionmyocyte-
derived signals in vitro. In an effort to elucidate the signals
involved in regulating vascular bed-specific expression of
eNOS, an in vitro tissue culture system was established to
study transcriptional control in the context of the

endothelial cell’s microenvironment. In these studies,
eNOS promoter constructs were stably transfected into
mouse embryonic endothelial precursor cells derived
from embryos at E7.5 (18). In multiple independent
experiments involving more than six separate pools of
stable transfectants, the 1,600-bp promoter was shown to
be induced at four hours by conditioned media from car-
diac myocytes, skeletal myocytes, and brain astrocytes
(2.5- to 10-fold, mean 5.1-fold; 3.7- to 5.8-fold, mean 4.5-
fold; 3- to 4-fold, mean 3.7-fold, respectively) (Fig. 4a). In
contrast, there was no change in expression levels in the
presence of conditioned medium from either HEK or
HepG2 cells, derived from kidney and liver parenchyma,
respectively (Fig. 4a). These results are consistent with the
expression pattern of the transgene in vivo and suggest
that the eNOS promoter contains information for selec-
tive induction in the heart, skeletal muscle, and brain.
In a previous study (17), a fragment of the human von
Willebrand factor (vWF) promoter was shown to direct
environmentally regulated expression to the microvascu-
lar bed of the heart. We were interested in determining
whether the eNOS gene was similarly regulated by a car-
diac-specific signaling pathway. Under i vitro conditions,
eNOS expression is induced by bFGF and VEGF (19, 20).
However, the incubation of cardiac myocyte-conditioned
medium with neutralizing antibodies to VEGF and bFGF
failed to reduce levels of induction (not shown). Moreover,
the addition of VEGF and/or bFGF to unconditioned cul-
ture medium at concentrations between 10 and 100
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Figure 3

-galactosidase activity correlates with LacZ mRNA levels.
RT-PCR analysis of LacZ, and RT-PCR and Western blot
analyses of endogenous eNOS in 1600eNOS LacZ mouse
tissues, reveal the presence of detectable B-galactosidase
transcripts within the heart, brain, skeletal (sk) muscle, and

to a lesser extent the lung, whereas eNOS transcripts and

Protein

protein are present in all organs. For RT-PCR, each lane
represents an RT-PCR analysis from identical DNA tem-
plate. B-actin is included as a control for RNA levels. For
Western blot analysis, the 140-kDa control eNOS is a pos-

itive control derived from human aortic endothelial cell

mRNA

lysates. RT-PCR, reverse transcriptase-PCR.
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ng/ml did not increase luciferase activity above baseline
values (Fig. 4b). These data argue against a role of either
VEGF or bFGF in mediating induction of the eNOS pro-
moter by cardiac myocytes. Other studies have shown that
PDGEF signaling pathways play a critical role in the devel-
opment and trabeculation of the murine heart (21-25).
More recently, the PDGF-AB heterodimer has been shown
to induce a network of genes within the microvascular bed
of the heart, including the vWF and protein tyrosine
kinase receptor Flk-1 (26). To test whether PDGF might
be responsible for the cardiac myocyte-dependent induc-
tion of eNOS expression, the stable transfection pools
were incubated with cardiac myocyte-conditioned medi-
um containing neutralizing anti-PDGF antibodies. As
shown in Fig. 4b, the cardiac myocyte-mediated induction
of luciferase was significantly blunted in the presence of
these antibodies (from mean 5.1-fold to 3-fold). In other
experiments, the addition of PDGF-AB to unconditioned
medium resulted in a significant increase in luciferase
activity (2.4- to 5-fold, mean 3.7-fold) (Fig. 4b). PDGF-AA
or PDGF-BB also induced promoter activity, but to a less-
er extent than PDGF-AB (data not shown). Taken togeth-
er, these results suggest that the eNOS promoter responds
to cardiac myocyte-conditioned medium, in part, through
a PDGF-dependent signaling pathway. Importantly, the
addition of PDGF antibodies, at concentrations that effec-
tively suppressed the promoter response to PDGF 10
mg/ml, did not completely abrogate the cardiac myocyte-
mediated induction of eNOS expression (Fig. 4b). The
residual threefold induction of eNOS in the presence of
anti-PDGF antibodies suggests that promoter activity in
the heart is also regulated by a PDGF-independent sig-
naling pathway.

To test whether PDGF activation of the eNOS pro-
moter was a unique property of cardiac myocyte-condi-
tioned medium, the stable transfection pools were incu-
bated with conditioned media from skeletal myocytes or
brain astrocytes in the presence or absence of neutraliz-
ing anti-PDGF antibodies. As shown in Fig. 4b, induc-
tion of the eNOS promoter was not attenuated by the
addition of the antibodies. These results suggest that
induction of eNOS promoter activity by the PDGF sig-
naling pathway is specific to the heart.

To identify the promoter regions that direct cardiac
myocyte-inducible expression of eNOS, two additional
promoter luciferase constructs (744eNOS LUC and
166eNOS LUC) were transfected into MEEP cells. As
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shown in Fig. 4c, 744eNOS LUC did not respond to
PDGF-AB but was induced by cardiac myocyte-condi-
tioned medium (1.3- to 2.2-fold, mean 1.7-fold). Simi-
larly, the shorter 166eNOS LUC construct did not
respond to PDGF but was upregulated in the presence of
cardiac myocyte-conditioned medium (2- to 4.2-fold,
mean 2.6-fold) (Fig. 4d). By contrast, the promoterless
PGL2 vector failed to respond to PDGF-supplemented
or cardiac myocyte-conditioned medium in stable trans-
fection assays (data not shown). Taken together, these
results indicate that the PDGF response element lies
between -744 and -1,600 relative to the start site of tran-
scription and that the response element(s) for the PDGF-
independent signaling pathway is contained within the
first 166 bp of the 5 flanking region.

eNOS is a PDGF-responsive gene. The results just described
suggest that the 5' flanking region of the eNOS gene con-
tains a PDGF-responsive element. To determine whether
the endogenous eNOS gene is regulated by a PDGF sig-
naling pathway, we performed Northern blot analyses of
endothelial cells grown in the absence and presence of
PDGF-AB. Under these conditions, eNOS transcripts were
not detectable in MEEP cells (data not shown). However,
PDGF-AB at a concentration of 10 ng/ml did resultin a
2.4-fold induction of eNOS mRNA levels in BAEC at four
hours (Fig. 5,4 and b). The induction was comparable to
that of VEGF and somewhat less than the FGF-f3 response
(Fig. 5b). The addition of EGF had no effect on expression
levels (Fig. 5b). A time course showed induction levels to be
maximal at four hours (Fig. 54). These results suggest that
the endogenous eNOS gene is responsive to PDGF-AB and
support the notion that the promoter is regulated by a
PDGF-dependent pathway in vivo.

Discussion

The endothelium plays a pivotal role in mediating hemo-
stasis, vascular wall tone, and trafficking of cells and
nutrients between blood and underlying tissue. At the
same time, the cardiovascular system is characterized by
a remarkable array of organ- and region-specific
endothelial cell properties that collectively give rise to
functional specialization of the endothelium (27-29).
For example, the postcapillary high-venuole endothelial
cells in lymphoid organs support the binding and migra-
tion of lymphocytes via the specific interaction of adhe-
sion molecules with lymphocyte homing receptors (30,
31), whereas the endothelial cells that line the small
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Figure 4

Expression of the 1600eNOS promoter is induced by myocyte-derived signaling pathways in vitro. MEEP cells were stably transfected with 1600eNOS
LUC, 744eNOS LUC, and 166 eNOS LUC as described in Methods. Cells were starved in 0.2% FCS for 24 h and then incubated for 4 h in conditioned
medium from HEK, HepG2, cardiac myocytes (MYO), skeletal myoctes (SKM), or brain astrocytes (AST) in the absence (a) or presence (b) of anti-
PDGF antibodies, or in media supplemented with PDGF, VEGF, bFGF, and EGF at concentrations of 10 ng/ml (b). The results show the mean and
SD of luciferase light units obtained in triplicate from one representative experiment. The 1600eNOS LUC construct was induced 4.8-fold by cardiac
myocyte-conditioned medium, 4.3-fold by skeletal muscle-conditioned medium, 3-fold by astrocyte-conditioned medium, 2.4-fold by PDGF-AB,
and 3-fold by cardiac myocyte-conditioned medium containing anti-PDGF antibodies (b). The 744eNOS LUC construct was induced 2.2-fold, and
the 166eNOS LUC construct 2.7-fold, by myocyte-conditioned medium (¢ and d, respectively). *P < 0.05 vs. basal activity; *P < 0.05 vs. cardiac
myocyte-conditioned medium. bFGF, basic fibroblast growth factor; EGF, epidermal growth factor; MEEP, mouse embryonic endothelial progenitor;
PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor.

blood vessels of the brain possess a unique expression
pattern of cell surface receptors, transporters, and intra-
cellular enzymes that serve to regulate tightly the
exchange of solutes between blood and brain parenchy-
ma (32, 33). Distinct endothelial cell phenotypes have
also been described in the liver, kidney, lung, and bone
marrow (34-37). As an important corollary to pheno-
typic diversity, subpopulations of endothelial cells may
respond in unique ways to pathophysiological stimuli.
Indeed, it is quite likely that cell subtype-specific alter-
ations in cell function contribute to the pathophysiolo-
gy of focal vasculopathic disease states.

The central role that endothelial cell heterogeneity plays
in establishing both normal and pathological vascular
patterns underscores the importance of understanding
how phenotypic diversity is generated. Previous investiga-
tions have shown that differential gene regulation in the
endothelium is largely governed by environmental stim-
uli. For example, in vitro culture and in vivo transplant
studies have documented the ability of astrocytes to
induce the blood-brain barrier phenotype (38-42). Aortic
endothelial cells may be induced to express Lu-ECAM-1

in the presence of lung-derived extracellular matrix and to
acquire fenestrated gap junctions on kidney-derived
matrix (43, 44). The critical role of extracellular signals in
controlling vascular bed-specific gene expression was
demonstrated in a recent transgenic study of the vWF pro-
moter (17). In that study, a small region of the human
vWEF promoter directed expression to a subset of
microvascular endothelial cells within the murine heart,
skeletal muscle, and brain. More importantly, the restrict-
ed expression pattern was shown to be governed by signals
residing in the local microenvironment (17).

In the current report, a 1,600-bp fragment of the eNOS
promoter was found to direct expression to a similar sub-
set of microvascular endothelial cells. The overlapping
expression pattern of the eNOS and vWF transgenes rais-
es the possibility that the two promoters are coregulated
in the endothelium of the brain, heart, and skeletal mus-
cle. In contrast to the vWF transgene, the eNOS promot-
er contained information for expression in the endothe-
lial lining of the coronary arteries and aorta. Interestingly,
the pattern of expression in these larger blood vessels was
not uniform. For example, in the aorta, LacZ-positive cells
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Figure 5

eNOS RNA levels are increased by PDGF. BAECs were starved in 0.5% FCS
for 24 h and then incubated with either VEGF, EGF, bFGF, or PDGF-AB at
10 ng/ml for 4 h. Total RNA (5 Hg) was subjected to agarose elec-
trophoresis. (a) Autoradiogram with an eNOS cDNA probe. (b) The ethid-
ium-stained 28S ribosomal band. BAECs, bovine aortic endothelial cells.
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were aligned in clusters along the longitudinal axis of
blood flow and were accentuated around the ostia of aor-
tic tributaries. In cross-sections of the epicardial coronary
arteries, the X-Gal reaction product rarely covered the full
circumference of the blood vessel. As much as these find-
ings may reflect variegate expression of the transgene or
arise from artifacts from tissue processing, they are also
consistent with microheterogeneity of the surrounding
environment. Indeed, it is tempting to speculate that dif-
ferential activity of the transgene within the aorta and
coronary arteries is governed by local variation in fluid
shear stress. Such a finding would complement previous
demonstrations of flow-regulated expression of the eNOS
gene under in vitro conditions (14-15).

Only one of the four expressing lines of mice contained
B-galactosidase activity within the vascular bed of the
lung. This finding indicates that expression of the
eNOSlacZ transgene may be influenced by the site of
genomic integration. It also raises the possibility that the
1,600-bp promoter contains a lung vascular bed-specific
transcriptional control element that is active in the con-
text of a permissive chromatin environment. The consis-
tent absence of LacZ expression in the vascular beds of the
kidney, spleen, and liver in each of the four lines contrasts
sharply with the presence of endogenous eNOS mRNA in
these organs. Discordant expression of the transgene and
endogenous gene implies that eNOS is regulated by dif-
ferent mechanisms from one vascular bed to another.
Although DNA sequences within the 1,600-bp promoter
contain information for expression in the heart, skeletal
muscle, brain, and perhaps the lung, more distal or prox-

imal transcriptional control elements may be necessary for
expression in the LacZ-negative vascular beds. Finally, the
lack of detectable transgene expression in other eNOS
expressing lineages such as cardiomyocytes and bronchial
epithelial cells suggests that additional promoter elements
are responsible for transcriptional activation in these cell
types as well (45-47).

To screen for environmentally responsive promoter ele-
ments, an in vitro system was developed to monitor
endothelial cell gene expression in the presence or absence
of extracellular stimuli. Toward this end, eNOS promoter
constructs were stably transfected into MEEP cells derived
from murine embryos at E7.5 (18). These cells were used
for several reasons. First, stable transfection protocols
yield high numbers of clones that can be assayed at early
passage. Second, the relatively undifferentiated state of the
cells may render them more responsive to environmental
manipulation in tissue culture. Finally, previous studies
have shown that these cells incorporate into blood vessels
of the developing heart, suggesting that they have the
capacity to differentiate within a cardiac microenviron-
ment (18). In Northern blot analyses, eNOS mRNA was
not detectable in MEEP cells. The absence of endogenous
transcripts suggests either that additional extracellular
signals are lacking in the culture media, that negatively
acting transcription factors are interacting with DNA ele-
ments outside the 1,600-bp promoter, or that epigenetic
phenomena such as DNA methylation and heterochro-
matin configuration are operating to suppress expression.
In this study, the MEEP cells were used as a tool to analyze
eNOS promoter fragments outside the context of the full-
length gene and to track the vascular bed-specific path-
ways under in vitro conditions. In these experiments, activ-
ity of the 1,600-bp eNOS promoter was specifically
induced by conditioned media from cardiac myocytes,
skeletal myocytes, and brain astrocytes. The effect of car-
diac myocytes was mediated by two distinct signaling
pathways. The first involved the interaction of a PDGF-
dependent pathway with DNA sequences between -744
and -1,600 relative to the start site of transcription. The
second involved a PDGF-, VEGF- and bFGF-independent
pathway operating through the proximal 166 bp of the
promoter. As far as we know, this is the first study to
demonstrate that the eNOS gene is responsive to PDGF.
The biologic plausibility of PDGF-mediated gene expres-
sion in the microcirculation of the heart is supported by
three lines of evidence. First, previous investigations have
documented a critical role for PDGF-A, PDGF-B, and the
PDGF-Ra in the development of the heart and cardiac
vasculature (21-25). Second, cardiac pathophysiology has
been linked to abnormalities in PDGF signaling (48-50).
Finally, PDGF-AB heterodimer has been shown to regu-
late a network of hemostatic and angiogenic genes within
the heart, including vWF and Flk-1 (26). The results of the
present study suggest that the eNOS gene is similarly reg-
ulated by a cardiac microvascular bed-specific circuit. It
will be necessary to confirm these findings in appropriate
in vivo model systems. It will be important not only to
determine the relative roles of the PDGF-dependent and
PDGF-independent pathways in mediating physiological
expression of eNOS but also to characterize the upstream
and downstream components of the cardiac-specific cir-
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cuits. Taken together, these various approaches should
provide important insight into the physiology and patho-
physiology of the cardiac microcirculation.

In summary, the results of this study suggest that the
eNOS gene is regulated by a series of vascular bed-spe-
cific signaling pathways that begin in the extracellular
milieu and end at distinct regions of the promoter. Over-
all temporal and spatial expression of eNOS within the
vascular tree is determined by the net activity of envi-
ronmentally responsive transcriptional activation mod-
ules. We have provided evidence that eNOS expression in
the microvascular bed of the heart is mediated by car-
diomyocyte-derived signals. We predict that expression
of eNOS in other microenvironments is governed by the
interaction of additional signaling pathways with other
response modules. Using the complementary in vitro and
in vivo approaches described in this study, we believe that
we now have the means to map these response elements
and to characterize the signaling pathways involved.
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