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It is not clear whether endothelial cell (EC) activation by the hormone
angiotensin II (Ang II) modulates contraction of vascular smooth
muscle cells (VSMCs) in the vasculature and whether impairment of
this regulation in vivo contributes to hypertension. Delineation of the
actions of Ang II through the type 1 receptor (AT1R) on ECs in the
blood vessels has been a challenging problem because of the pre-
dominance of the AT1R functions in VSMCs that lie underneath the
endothelium. We have obviated this limitation by generating trans-
genic (TG) mice engineered to target expression of the constitutively
active N111G mutant AT1R only in ECs. In these TG mice, the enhanced
angiotensinergic signal in ECs without infusion of Ang II resulted in
hypotension and bradycardia. The pressor response to acute infusion
of Ang II was significantly reduced. Increased expression of endothe-
lial nitric oxide synthase and production of hypotensive mediators,
nitric oxide and cyclic guanosine monophosphate, cause these phe-
notypes. Hypotension and bradycardia observed in the TG mice could
be rescued by treatment with an AT1R-selective antagonist. Our
results imply that the Ang II action by means of EC-AT1R is antago-
nistic to vasoconstriction in general, and it may moderate the mag-
nitude of functional response to Ang II in VSMCs. This control
mechanism in vivo most likely is a determinant of altered hemody-
namic regulation involved in endothelial dysfunction in hypertensive
cardiovascular disease.

angiotensin II receptor � endothelial nitric oxide synthase � hypertension �
nitric oxide � angiotensin receptor blockers

The octapeptide hormone angiotensin II (Ang II) mediates
homeostatic control of the renin–angiotensin system (RAS) in

the regulation of vascular tone, water–electrolyte balance, and
cardiac function through the G protein-coupled Ang II type 1
receptor (AT1R) (1). Binding of Ang II and activation of AT1R on
vascular smooth muscle cells (VSMCs) are extremely potent vaso-
pressor stimuli, acutely raising blood pressure by increasing vascular
resistance. Multiple hemodynamic, hormonal, and neuronal control
mechanisms in vivo moderate the vasoconstrictor tone of Ang II on
the vasculature, and among them endothelium-derived vasorelax-
ation is vital. However, direct regulation of this mechanism by Ang
II is not clearly established.

Increased capacity of VSMCs to bind Ang II is known to
accelerate vascular lesion formation in animals. Preventing Ang II
formation and Ang II binding to tissue targets significantly reduces
hypertension, atherosclerosis, and heart failure in both humans and
animals (1–3). Functional AT1Rs are present on endothelial cells
(ECs), but their overall importance in physiology is unclear (4–6).
However, the consequence of AT1R activation in ECs is not clearly
established in normal physiology and in the pathophysiology of
hypertensive diseases. Cell culture studies (7, 8) indicated that
EC-AT1R stimulation produces vasodilator substances. But studies
in isolated blood vessels were inconclusive with regard to an Ang
II-dependent modulation of vascular tone by ECs depending on the
vessel studied (9–11). The lack of experimental models targeting

AT1R function specifically in ECs is a major obstacle. Conse-
quently, the hypothesis that EC-AT1R moderates vasoconstriction
mediated by VSMCs (12, 13) and impairment of this regulation
leads to hypertension has not yet been critically tested.

The low density of EC-AT1R and the relative dominance of
VSMC-AT1R in vasculature render the study of functional at-
tributes of EC-AT1R technically challenging. We attempted to
overcome this limitation by generating transgenic (TG) mice in
which the EC is the target of direct angiotensinergic stimulation.
We used the Tie1 promoter (14) to drive EC-specific expression of
the constitutively active mutant of the rat AT1R transgene (15)
(Fig. 1A). We used the single mutant, N111G, which spontaneously
activates intracellular calcium mobilization (15–17). This mutant
can be fully activated by the Ang II analog [Sar1,Ile4,Ile8]Ang II
(SII-Ang II), which does not activate the native AT1R and is fully
inhibited by the AT1R inverse agonist, L-158809 [see supporting
information (SI) Fig. 6]. The Tie1-AT1R TG mice displayed
hypotension, bradycardia, attenuated pressor response to infused
Ang II, increased blood and tissue nitric oxide (NO), and elevated
endothelial nitric oxide synthase (eNOS) and cGMP. The resulting
symptoms in the TG mice could be rescued with the AT1R blocker
L-158809. Our findings suggest a vasodilatory role for EC-AT1R.

Results
Tie1-AT1RN111G Transgene-Expressing Mice. We identified three
founder mice with the integrated Tie1-AT1RN111G transgene (Fig.
1A). The Southern blot band intensity was used to estimate
heterozygous transgene copy numbers of 18, 10, and 1 in founder
lines TG6, TG23, and TG26, respectively (Fig. 1B). We then
determined the expression of transgene mRNA in F1 and F2
generation heterozygotes by RT-PCR analysis of poly(A)� RNA
prepared from tissues. Of the three transmitting founder lines,
TG23 and TG26 showed transgene expression, whereas the TG6
line did not. Real-time quantitative RT-PCR was used to estimate
the proportion of endogenous AT1R to TG transcript levels in
several tissues in the TG23�/� (Fig. 1C) and TG26�/� (data not
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shown). The endogenous AT1R expression in TG23�/� (Fig. 1C)
and TG26�/� (data not shown) were not significantly different
from NT littermates (NTL). The transgene mRNA levels in the
TG23�/� were �3-fold higher than that in the TG26�/� in all
tissues examined.

We compared the AT1R protein expression in NTL and the
TG23�/� (Fig. 1D) by saturation-binding analysis of membranes
prepared from various tissues. As anticipated, skeletal muscle
showed low specific 125I-Ang II-binding (receptor density) values in
all mice. The distribution and magnitude of AT1R expression in
TG23�/� were not significantly different from those in the NTL.
The EC-rich tissues, liver, lungs, and kidneys, from TG23�/� mice
had consistently higher specific binding values than the NTL (Fig.
1D). These findings are expected, given that the majority of
125I-Ang II binding in tissues is caused by AT1R abundance in
nonendothelial cells, which makes it difficult to estimate the level
of transgene overexpression in ECs in the TG mice. However, the
results shown in SI Fig. 7 suggest that N111G receptors constitute
�25 and 40% of the total AT1R in the ECs of newborn TG23�/�
and TG26�/� mice, respectively. We conclude that the transgene
expression causes a modest increase of AT1R level.

EC-Specific Transgene Expression. Immunohistochemical staining of
the transgenic AT1R protein in TG23�/� (Fig. 2) and TG26�/�
lines (data not shown) showed expression in ECs lining the micro-
vasculature of the kidneys and lungs of adult mice. TG AT1R
immunostaining was absent in the ECs of large vessels. This pattern
of expression was previously reported for the Tie1-�-gal reporter
gene (14). The TG receptor protein is specifically identified by the
presence of an epitope tag (Fig. 1A) that is recognized by the
anti-ID4 antibody as shown earlier (15).

General Characterization of Phenotype. Heterozygous TG23 and
TG26 mice were viable, and no gross phenotypic or histologic
abnormalities were seen in kidneys, liver, lungs, spleen, heart, and
brain. We therefore attempted to establish homozygous colonies
for each of the founder lines by breeding F2 generation heterozy-
gotes. The F2 generation crosses produced no TG23�/� (in �25

crosses) and a smaller number of TG26�/� litters, making prop-
agation of TG26�/� somewhat difficult. Hence, we used heterozy-
gous mice for most of the analyses of the phenotype. The nonex-
pressing TG6�/� were readily obtained with a litter size similar to
that of NT mice. NT and TG6�/� lines had a survival rate of �98%
at 18 months. The survival rates for TG23�/�, TG26�/�, and
TG26�/� mice varied, 60–95% at 18 months. The reasons for
increased mortality are unclear. No significant visible phenotypic
differences were apparent in the TG mice at 4–6 months-of-age
(Table 1).

Blood Pressure and Vascular Response. At 5 months of age, systolic
blood pressure measured in conscious animals was significantly
reduced in all TG lines (TG26�/�, 116 � 2 mmHg (1 mmHg � 133
Pa); TG26�/�, 113 � 2 mmHg; TG23�/�, 112 � 2 mmHg; NTL,
129 � 2 mmHg; P � 0.05) (Fig. 3A). Both male and female TG were
hypotensive. Pearson’s correlation coefficient evaluation of the

Fig. 1. General characterization of the
Tie1-AT1R TG mice. (A) Transgene con-
struct that was injected in to mouse oo-
cytes. The 735-bp-long EC-specific mouse
Tie1 promoter, AT1R synthetic gene in
which the codon for the residue Asn111

was mutated to Gly111, the 1D4 epitope
tag, and the intron� 3� UTR of the SV40
T antigen are depicted. The C-terminal
1D4 epitope distinguishes transgene
AT1R from the endogenous AT1R (15). A
representation of restriction map of the
mouse AT1b gene is shown. The sites for
binding genotyping primers, Southern
probe, and transgene transcript-specific
real-time PCR probe are shown with the
site of binding for the real-time PCR
probe, which is specific for native AT1R
mRNAs. (B) Southern blot analysis of
genomic DNA digested with BamHI and
XbaI from nontransgenic (NT) and trans-
mitting TG founder mice. The probe hy-
bridizes to 2.7- and 1.1-kb fragments,
which represent the endogenous AT1b

gene and the transgene, respectively.
The XbaI–BamHI fragment of the AT1a

gene (5.9 kb) does not appear on the gel
shown. (C) Quantitative real-time PCR estimation of levels of total AT1R mRNA and endogenous AT1R mRNA (shaded fraction) in poly(A)� RNA isolated from TG23�/�
mice compared with NT. (D) Maximum specific binding (Bmax) of the 125I-[Sar1,Ile8]Ang II in membranes purified from various tissues from TG23�/� mice compared with
NT mice. The shaded fraction in each bar represents the AT1R-selective binding in each tissue; the remaining binding may be caused by the AT2 receptor. Error bars
represent SEM. (n �3 for each tissue). SK Muscle, skeletal muscle.

Fig. 2. Localization of TG AT1R protein in the endothelium. Immunohisto-
chemical staining of sections of the indicated tissues from NT and TG23�/�
mice with 1D4 epitope-specific rabbit polyclonal antibody is shown. (Scale
bars: Upper, 50 �m; Lower, 10 �m.) Arrows indicate 3,3�-diaminobenzidine
staining localized to microvasculature.
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association between body weight and systolic blood pressure indi-
cated that the hypotension observed in the TG is not caused by
variability in body weight. Acute infusion of 1 �g of Ang II per kg
of body weight demonstrates that carotid arterial pressure response

is depressed 41% in TG23�/� and 55% in TG26�/� compared
with NTL (P � 0.05) (Fig. 3B). The difference between TG23�/�
and TG26�/� lines is not significant. Infusion of the AT1R blocker
L-158809 before Ang II completely abolished the acute Ang II
response (data not shown), demonstrating AT1R specificity of the
response. However, response to infusion of the eNOS inhibitor
L-NAME in these mice was similar to that in NTL (data not shown).

The heart rate in TG26�/� and TG23�/� lines is significantly
reduced (694 � 18 in TG26�/� and 688 � 19 in TG23� compared
with 737 � 5 in NTL; P � 0.05), but the cardiac functions assessed
by echocardiography are normal (Table 1 and SI Figs. 8 and 9). We
attempted to block the receptor activity in TG23�/� mice by
treatment with the AT1R-selective antagonist L-158809 (Fig. 3C).
As expected, the drug reduced the blood pressure in NTL (129 �
3 mmHg before and 114 � 2 mmHg after treatment; P � 0.01). The
blood pressure in the TG23�/� remained steady without a signif-
icant reduction (116 � 2 mmHg before and 115 � 3 mmHg after)
(Fig. 3C). The heart rate of TG23�/� mice (688 � 19) improved
to 730 � 20 (n � 8) after the treatment, a value that is similar to
NTL (see Table 1). Thus, the AT1R antagonist abolished the
hypotensive effect and bradycardia observed in TG23�/�. Drink-
ing water containing L-NAME (1 mg/ml) given to NTL and
TG23�/� mice increased blood pressure to a similar level in both
lines (NTL, 130 � 4 mmHg before and 154 � 3 mm Hg after
treatment; TG23�/�, 115 � 3 mmHg before and 155 � 5 mmHg
after treatment) (Fig. 3D). However, bradycardia in TG23�/� was
not altered by this treatment (data not shown).

Blood NO Levels and Tissue Expression of eNOS. The reduction of
blood pressure was accompanied by an elevated NO concentration
in blood and eNOS activity in the aorta of the TG mice (Fig. 4 and
Table 1) compared with NTL. The blood NO concentration was
elevated (Fig. 4A) in TG lines (0.99 � 0.11 �M in TG23�/� and
0.89 � 0.05 �M in TG26�/� compared with 0.71 � 0.03 �M in
NTL; P � 0.05). Elevated blood NO concentration in TG23�/�
and TG26�/� is associated with elevated activity of eNOS in the
aorta (Fig. 4B). The NOS activity was significantly higher in
TG23�/� and TG26�/� (0.38 � 0.04 and 0.36 � 0.05 pmol/mg of
protein per min, respectively; P � 0.05) compared with NTL
(0.21 � 0.04 pmol/mg of protein per min). By Spearman’s rank
correlation, the eNOS activity as well as blood NO concentration
appear to be significantly associated with transgene copy number
(P � 0.05). The blood NO level significantly decreased (Fig. 4C),

Table 1. Physiological parameters, cardiac function, and biochemical data of 5-month-old mice

Parameter NT (n) TG26�/� (n) TG23�/� (n)

Body weight, % 100 � 2 (8) 98 � 3 (7) 100 � 3 (8)
Systolic blood pressure, mmHg 129 � 1 (18) 116 � 3 (17)** 112 � 2 (18)**
Heart rate, bpm 737 � 5 (8) 694 � 18 (7)* 688 � 19 (8)*
Heart weight, mg/g of body weight 5.58 � 0.1 (30) 5.74 � 0.19 (16) 5.39 � 0.19 (22)
LV mass, mg/g of body weight) 2.70 � 0.13 (16) 2.95 � 0.18 (12) 2.96 � 0.18 (13)
Fractional shortening, % 52.2 � 2.2 (16) 49.0 � 2.2 (12) 57.9 � 1.5 (13)
Heart ANP/GAPDH transcript 0.8 � 0.1 (8) 0.9 � 0.1 (6) 0.8 � 0.1 (6)
Heart ANP, pg/mg of protein 152 � 11 (8) 163 � 19 (6) 153 � 19 (6)
Plasma urea nitrogen, mg/ml 19.6 � 1.2 (8) 20 � 0.9 (6) 20.4 � 1.1 (8)
Plasma creatinin, mg/ml 0.14 � 0.02 (8) 0.15 � 0.02 (6) 0.14 � 0.02 (8)
Plasma sodium, mmol/liter 165.1 � 1.1 (8) 166.3 � 2.5 (6) 162.6 � 1.6 (8)
Plasma potassium, mmol/liter 7.0 � 0.4 (8) 6.7 � 0.2 (6) 6.6 � 0.5 (8)
Plasma chloride, mmol/liter 116.5 � 0.7 (8) 115.7 � 0.8 (6) 114.5 � 1.2 (8)
Blood NO, �M 0.71 � 0.03 (15) 0.89 � 0.05 (12)* 0.99 � 0.11 (12)*
Plasma ET-1, pg/ml 3.85 � 0.29 (8) 3.36 � 0.16 (6) 3.73 � 0.24 (8)
Plasma renin activity, ng Ang I per ml/h 11 � 4 (8) 13 � 6 (6) 14 � 5 (6)
cGMP in plasma, pmol per 100 �l) 3.81 � 0.58 (6) 4.39 � 0.45 (6) —
cGMP in aorta, fmol/mg of protein 40 � 2 (8) 71 � 6 (6)** 83 � 4 (8)**

The number of samples are shown as (n). Values are expressed as mean � SEM. *, P � 0.05; **, P � 0.01 vs.
control. LV mass, left ventricular mass; bpm, beats per minute; ET-1, endothelin-1; ANP, atrial natriuretic peptide;
—, not examined.

Fig. 3. Hypotension in the Tie1-AT1R TG mice. (A) Tail-cuff blood pressure-
measurement. Systolic blood pressure is represented in a 5-month-old group
of mice, NTL, n � 18; TG26�/�, n � 18; TG26�/�, n � 18; and TG23�/�, n �
18; *, P � 0.05; **, P � 0.01 vs. NT mice. NTLs were combined from different
lines, and their blood pressure did not differ. (B) Acute effects of Ang II
infusion on blood pressure. A change in carotid artery pressure with infusion
of 1 �g or 0.2 �g of Ang II per kg of body weight was measured in anesthetized
6-month-old TG23�/�, TG26�/�, and age-matched NTL (n � 6; *, P � 0.05 vs.
NTL). (C) Effect of 4-week treatmentof AT1R antagonist L-158809 (0.025
mg/ml) in drinking water on blood pressure in NTL and TG23�/� mice (n � 8).
Bars show mean values � SEM; **, P � 0.01. The Kd of L-158809 for the
endogenous AT1R is 2.6 � 0.1 nM, and the Kd for the N111G receptor is 46 �
5 nM. (D) Effect of 4-week treatment with NOS inhibitor L-NAME (1 mg/ml) in
drinking water on blood pressure in TG23�/� mice and NTL (n � 7). Bars show
mean values � SEM; **, P � 0.01.
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and the NOS activity was completely inhibited (Fig. 4D) in both
NTL and TG23�/� mice by 4-week treatment with the AT1R
antagonist L-158809 (0.025 mg/ml). The cGMP was higher in the
TG26�/� plasma, although the level of increase did not achieve
significance (Table 1). However, cGMP levels in the homogenates
from aorta of TG26�/� and TG23�/� are significantly higher
than NTL (Table 1), suggesting that the NO target enzyme, soluble
guanylate cyclase, is activated in TG mice.

The plasma concentration of ANP, renin, and endothelin-1
was not significantly different between among lines (Table 1).
The cardiac levels of ANP peptide and transcripts were not
significantly different (Table 1). Furthermore, the indicators of
oxidative stress, such as peroxynitrite formation, up-regulation
of NOSIII, down-regulation of soluble guanylate cyclase, and
atherosclerosis, are absent in these TG mice.

AT1R-Induced Expression of eNOS. Based on the hypotensive phe-
notype of TG23 and TG26 mice, we anticipated that infusion of
SII-Ang II, a selective agonist for the N111G mutant AT1R, would
evoke acute vasodilatation and hypotension in TG26�/� and
TG23�/�, but not in NT mice. However, acute infusion of SII-Ang
II did not evoke both responses (data not shown) in experiments
similar to those described in Fig. 3B. This observation suggested to
us that chronic action of the EC-AT1R in ECs is responsible for the
observed hypotension and attenuated Ang II response in TG.

The acute and chronic effects of AT1R on eNOS protein
expression and activity were evaluated in transfected bovine aortic
ECs (BAECs; Fig. 5). The influence of comparable levels of
wild-type (WT) (Bmax, 1.1 pmol/mg) and N111G mutant (Bmax, 0.89
pmol/mg) AT1R on steady-state levels of eNOS protein is shown in
Fig. 5A. The eNOS protein expression level was higher in the
N111G mutant-transfected cells compared with the WT. Treat-
ment with Ang II for 24 h increased the eNOS in cells transfected
with WT and N111G. In contrast, treatment with SII-Ang II did not
increase eNOS in WT, but it did increase eNOS in N111G-

transfected cells (Fig. 5A). Increased eNOS expression was abol-
ished after treatment with L-158809 in both WT and N111G-
transfected cells (Fig. 5C). Selective activation of the N111G
mutant receptor by SII-Ang II in inositol phosphate production in
COS cells was reported earlier (15) (see SI Fig. 6).

Activation with Ang II and SII-Ang II for 45 min did not increase
the eNOS activity in either WT or N111G mutant-expressing cells
(Fig. 5B). However, Ang II treatment produced a 2.5-fold increase
in the inositol phosphate production in both the WT and N111G
mutant transfected ECs. Treatment with SII-Ang II produced a
1.6-fold increase in inositol phosphate production in the N111G
mutant-transfected ECs, similar to an earlier observation in COS-1
cells (15). As expected, the WT receptor was not activated by
SII-Ang II. Together, these results demonstrate that AT1R in the
activated state increases the steady-state level of eNOS protein in
the EC. Altering the steady-state expression of eNOS in ECs by
eNOS gene manipulation was previously shown to cause hypoten-
sion (18).

Discussion
Our data elucidate a previously unidentified role in EC-AT1R Ang
II control of vascular functions. The activated AT1R in ECs
promoted eNOS expression and vasodilation, thus restraining the
constriction (Ang II-induced) of VSMCs in regulating normal
blood pressure. The TG mice expressing a constitutively activated
AT1-N111G mutant receptor under EC-specific Tie1 promoter al-
lowed angiotensinergic activation of ECs specifically, without a
generalized AT1R activation, i.e., by augmenting Ang II levels in
vivo. Endothelial-specific transgene expression using the murine
Tie1 gene promoter construct has been reported in refs. 14 and 19.
The �-galactosidase reporter gene expression, driven by the 0.8-kb
Tie1 promoter, was restricted to the vascular endothelium and
microvessels of the kidneys, lungs, and brain, but it was weak in the
heart, large conduit vessels, and liver of adult mice (14). We
obtained two transmitting founder Tie1-AT1R TG mice (Fig. 1B).
Both lines maintain the transgene expression throughout life span,
and no change was found over a period of 10 generations. The

Fig. 4. Mechanism of elevated NO in the Tie1-AT1R TG mice. (A) Blood NO
level in 4-month-old NTL, TG26�/�, and TG23�/� mice (n � 10; *, P � 0.05).
(B) NOS activity measured in the aortic homogenates from NTL, TG26�/�, and
TG23�/� mice (n � 10; *, P � 0.05). Citrulline formation from arginine was
determined in the presence (total NOS) and absence inducible NOS (iNOS) of
free Ca2�; eNOS activity was calculated by subtracting iNOS from total activity
for each individual animal. (C) Ability of L-158809 (0.025 mg/ml in drinking
water) to rescue TG23�/� mice from the ‘‘elevated NO’’ phenotype after a
4-week treatment. The blood NO level was significantly reduced in both NTL
and TG23�/� mice (n � 10; *, P � 0.05). (D) Suppression of eNOS activity in the
aortic homogenates after 4-week treatment with L-158809 (0.025 mg/ml in
drinking water) (n � 10; *, P � 0.05).

Fig. 5. Effect of AT1R on eNOS expression and activity. (A) Expression of
eNOS protein in BAECs transfected with either WT or the N111G mutant AT1R
expression plasmid after 1 �M Ang II or SII-Ang II treatment for 24 h. Control
is recombinant eNOS purified from insect cells. (B) Effect of 1 �M ligand
stimulation of AT1R for 45 min on eNOS activity. Enzymatic activity of eNOS in
WT and N111G mutant AT1R-transfected BAEC lysates (n � 3) is shown. Bars
show mean � SEM. (C) AT1R specificity of eNOS protein expression in BAEC is
demonstrated by treatment with L-158809; UT indicates untransfected BAEC.
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phenotypes are the result of appropriate expression of the transgene
in the endothelium of microvasculature in the adult Tie1-AT1R TG
mice (Fig. 2). The TG23�/� and TG26�/� and TG26�/� mice
estimated to contain 10, 1, and 2 transgene copies are normal
overall. TG23�/� mice were not viable, the cause of which is
unknown, and examination of the pups reveals normal morphology
and organ development. We do not, at present, have any additional
information relevant to potential lethality of high-copy Tie1-AT1R
transgene expression. The TG6 line with 18 nonexpressing trans-
gene copies is indistinguishable from NT mice. We conclude that
the phenotypes described here, common to expressing TG lines, are
caused by EC-restricted expression of the activated AT1R rather
than disruption of unknown gene(s) resulting from random inte-
gration of the transgene(s).

The angiotensinergic stimulation of the endothelium, a potential
mechanism involved in normal blood pressure regulation, could be
compromised in hypertension. Because the currently available
AT1R antagonists do not discriminate cell types, it has not been
possible to define the specific function of EC-AT1R from the
overall effects of vascular AT1R in pathophysiology. Therefore, the
phenotypes of the mouse model described here are pertinent to our
understanding of human physiology.

The Tie1-AT1R mice, TG23 and TG26, are hypotensive (Fig.
3A), and they demonstrated an attenuated pressor response to
infused doses of Ang II (Fig. 3B). The Tie1-AT1R transgene
expression was detected in the resistance vessels (Fig. 2). The
vascular phenotypic differences between NTL and TG were abol-
ished by AT1R blockade with L-158809 as well as by L-NAME (Fig.
3 C and D), which establishes that hypotension is caused by the
transgenic receptor rather than being a nonspecific effect resulting
from embryonic developmental changes in vascular structure and
function. Furthermore, if these phenotypes are caused by an
unknown, aberrant functional property of the constitutively active
AT1-N111G mutant receptor, then the difference between NTL and
TG mice would not have been suppressed by AT1R blockade with
L-158809.

The data suggest that a single transgene copy is sufficient to lower
the setting of systolic blood pressure significantly. The degree of
hypotension, in the three lines examined, showed a tendency toward
but not strictly proportional to transgene copy numbers, implying
that other in vivo mechanisms involved in blood pressure regulation
compensate for the augmented Tie1-AT1R transgene(s). Hypo-
tension was found in mice lacking the AT1R, angiotensin-
converting enzyme, and angiotensinogen (20–22). In contrast,
overexpression of Ang II-generating RAS components, such as
angiotensinogen, vascular renin (23), and vascular chymase (24),
causes hypertension. Increasing AT1R gene dosage, three to four
copies per diploid genome, causes hypertension in mice (25).
Hypotension observed during EC-targeted overexpression of the
AT1R reported here in the mouse model is pertinent because it
confirms previous observations on cultured ECs that could not be
conclusively proven in vivo. There is evidence suggesting that the
endothelial AT1R is antagonistic to vasoconstriction; for example,
Ang II-evoked constriction is more exaggerated in endothelium-
denuded aorta and carotid artery than in the presence of endothe-
lium (12, 13, 26). Functional AT1R is found in acutely isolated and
cultured EC, which are coupled to production of various vasore-
laxant substances (4, 5, 8).

Significant bradycardia observed in the Tie1-AT1R TG mice
raised the possibility that altered cardiac functions underlie hypo-
tension in these mice. The cardiac function determined by echo-
cardiography did not show any differences between TG and NTL.
Their hearts show normal histology, and the heart/body weight
ratios do not differ. Hypotension and bradycardia have been
observed in EC-specific connexin43-null mice (27). Hypertension
and bradycardia are also reported in eNOS-null mice (28). Brady-
cardia in rats (29), dogs (30), and humans (31) given a NOS
inhibitor have been reported. On the basis of similarities to these

models, we speculated that NO production by eNOS could play a
direct role in the phenotypes in our TG mice. We confirmed the
dependence of bradycardia on transgene by demonstrating rescue
of the symptom by the AT1R-selective antagonist. Furthermore,
the elevated circulating NO and expression of eNOS in the TG mice
(Fig. 4) are consistent with activation of the endogenous vasore-
laxation pathway (32) and elevated blood NO and cGMP levels
(Table 1). Although both AT1R antagonist and L-NAME treat-
ment decreased blood NO level and eNOS activity, only AT1R
antagonist treatment altered the accompanying bradycardia in TG
mice. Possible other mechanisms of bradycardia, baroreceptor, and
the electrical conduction system of the heart have not been deter-
mined in this work.

The present findings demonstrate that EC-AT1R moderates
VSMC-AT1R-mediated vasoconstriction by the RAS in regu-
lating arterial blood pressure. Thus, the resting vascular tone is
the net result of opposing activities of EC-AT1R and VSMC-
AT1R in this model. In general, the normal blood pressure
setting may rely on chronic activation of EC-AT1R by Ang II to
limit the magnitude of VSMC constriction to any stimulus.
Excessive EC activation could increase NO, which is a potent
agonist for production of numerous growth factors, cytokines,
and chemokines in ECs (33), thus creating a milieu that can
amplify pathogenicity in the blood as well as cells of the vessel
wall, including endothelium and smooth muscle cells (33).
Compromised EC-AT1R functions may predispose individuals
to excessive VSMC stimulation observed in diseases, including
hypertension, preeclampsia, unstable angina, atherosclerosis,
congestive heart failure, and oxidative stress, which are linked to
cardiovascular disease fatalities.

In summary, our transgenic study provides hitherto unforeseen,
physiological insights on EC-AT1R functions in an integrated
vascular system. Are there blood vessel beds where one should
expect a vasodilatation in response to Ang II? These questions are
important, and they need answers in further investigations on this
experimental model as well as in human studies.

Materials and Methods
Animal Use. Mice were cared for in accordance with the Guide for
the Care and Use of Laboratory Animals (40) in our Biological
Resources Unit. All mice experimental protocols described were
reviewed and approved by the Animal Care and Use Committee at
the Cleveland Clinic Foundation (CCF).

Generation of Tie1-AT1R TG Mice. The mouse tyrosine kinase
receptor (Tie1) promoter (ref. 14; a gift from Kari Alitalo,
University of Helsinki, Finland) was amplified by PCR and
cloned in front of synthetic rat AT1R and N111G mutant genes
(15) with 1D4 epitope. The linear DNA fragment as shown in
Fig. 1A is referred to as the transgene hereafter. The transgene
fragment was injected into the pronuclei of one-cell B6/CBA
(Jackson Laboratory, Bar Harbor, ME) mouse embryos, which
were surgically implanted into ‘‘pseudopregnant’’ female mice.
Founder Tie-AT1R mice were identified by transgene-specific
PCR, and progeny were genotyped by Southern blotting (for
conditions and primers, see SI Methods).

Quantitative RT-PCR. Poly(A)� RNA was reverse transcribed by
using random hexamer priming. The TaqMan probe for quan-
titative real-time PCR of mouse AT1R was from Applied
Biosystems, Foster City, CA. The transgene-specific TaqMan
probe complement to 3� untranslated region of the transgene
(Fig. 1 A) was synthesized by the Gene Expression Core Facility
at CCF.

Membrane Preparation and Radioligand-Binding Experiments. Total
membranes isolated from tissues were used in saturation binding
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analysis using 125I-[Sar1,Ile8]Ang II as the radioligand as described
in ref. 15.

Cell Culture and Transfection. BAECs from passage 10 were trans-
fected with expression vectors containing the Tie1-AT1-WT or the
Tie-AT1-N111G mutant genes. The receptor expression was assessed
in each case by Western analysis and by 125I-[Sar1,Ile8]Ang II
binding analysis. (see SI Methods).

Immunohistochemistry. General histological and immunohisto-
chemical methods were performed as described in refs. 32 and 33
and SI Methods.

Blood Pressure, Ang II Infusion, and Echocardiography. Systolic blood
pressure was measured in conscious, trained mice by tail-cuff blood
pressure analysis as described in ref. 34 in a blinded fashion.

For the Ang II infusion studies, 6-month-old male mice were
anesthetized as described by Lorenz and Robbins (35). Throughout
the experiment, heart rate, respiratory efforts, and arterial pressure
were monitored, and a steady stream of 100% oxygen was supplied
to lungs. A high-fidelity, calibrated, 1.4F transducer-tipped catheter
was introduced into the carotid artery for pressure recordings. A
second cannula with a PE10 catheter was introduced into the
femoral vein for infusing drugs with a constant-flow pump.

Echocardiographic assessments were performed as described in
ref. 36 on lightly anesthetized (pentobarbital sodium, 40 mg per kg
of body weight) mice.

NOS Activity. NOS activity was assayed in the presence of CaCl2 and
calmodulin in homogenized extracts as described in ref. 37 (for
details, see SI Methods). The activities are expressed in picomoles
of citrulline per milligram of protein per minute.

Blood NO, Biochemistry, and Endothelin-1 Levels. Plasma electrolytes,
creatinine, and blood urea nitrogen were measured by using a
multiparameter autoanalyzer (38). The blood NO level was esti-
mated from the measurement of nitrosyl hemoglobin by electron
spin resonance (39). The plasma levels [endothelin-1 by ELISA
(R&D Systems, Minneapolis, MN), plasma renin activity by ELISA
(DiaSorin, Stillwater, MN), and atrial natriuretic peptide by enzyme
immunoassay (SPI Bio; BIO 101, Morgan Irvine, CA)] were
measured according to instructions from the manufacturers.

Statistical Analysis. Multiple group comparisons were analyzed by
one-way ANOVA followed by a Turkey–Kramer test. Values of
P � 0.05 were considered statistically significant.
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