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Angiotensin II Type 1 Receptor–Mediated Reduction of
Angiotensin-Converting Enzyme 2 Activity in the Brain

Impairs Baroreflex Function in Hypertensive Mice
Huijing Xia, Yumei Feng, Teresa D. Obr, Peter J. Hickman, Eric Lazartigues

Abstract—Angiotensin-converting enzyme 2 (ACE2), a new component of the brain renin-angiotensin system, has been
suggested to participate in the central regulation of blood pressure (BP). To clarify the relationship between ACE2 and
other brain renin-angiotensin system components, we hypothesized that central angiotensin II type 1 receptors reduce
ACE2 expression/activity in hypertensive mice, thereby impairing baroreflex function and promoting hypertension. To
test this hypothesis, chronically hypertensive mice (RA) with elevated angiotensin II levels were treated with losartan
(angiotensin II type 1 receptor blocker) or PD123319 (angiotensin II type 2 antagonist; 10 mg/kg per day, SC) for 2
weeks. Baseline spontaneous baroreflex sensitivity and brain ACE2 activity were dramatically decreased in RA
compared with nontransgenic mice, whereas peripheral ACE2 activity/expression remained unaffected. Losartan, but
not PD123319, increased central ACE2 activity, spontaneous baroreflex sensitivity, and normalized BP in RA mice. To
confirm the critical role of central ACE2 in BP regulation, we generated a triple-transgenic model with brain ACE2
overexpression on a hypertensive RA background. Triple-transgenic–model mice exhibit lower BP and blunted water
intake versus RA, suggesting lower brain angiotensin II levels. Moreover, the impaired spontaneous baroreflex
sensitivity, parasympathetic tone, and increased sympathetic drive, observed in RA, were normalized in triple-
transgenic–model mice. These data suggest that angiotensin II type 1 receptors inhibit ACE2 activity in RA mice brain,
thus contributing to the maintenance of hypertension. In addition, overexpression of ACE2 in the brain reduces
hypertension by improving arterial baroreflex and autonomic function. Together, our data suggest that angiotensin II
type 1 receptor–mediated ACE2 inhibition impairs baroreflex function and support a critical role for ACE2 in the central
regulation of BP and the development of hypertension. (Hypertension. 2009;53:210-216.)

Key Words: angiotensin � baroreflex � blood pressure � transgenic mice � nervous system

It is well established that tissue renin-angiotensin systems
(RASs) play an important role in the regulation of blood

pressure (BP), and hyperactivity of these systems results in
the development and maintenance of hypertension.1 Angio-
tensin (Ang) II, the major actor of the RAS, acts via 2
receptor subtypes: Ang II type 1 (AT1R) and type 2 (AT2R)
receptors. Activation of AT1R leads to elevated BP through
vasoconstriction, increased cardiac output, aldosterone re-
lease, and sodium reabsorption. In addition to these periph-
eral effects, AT1R also mediates the central effects of Ang II,
including vasopressin release, water and salt intakes, and
increased sympathetic drive, contributing to the development
of high BP. However, Ang II binding to the AT2R is thought
to counteract the AT1R-mediated effects.2,3 In the brain,
AT2R overexpression has been reported to decrease nocturnal
BP and norepinephrine excretion partially by reducing sym-
pathetic outflow.4 Ang-converting enzyme (ACE) 2, a homo-

logue of ACE, is a newly identified component of the RAS.5

The key role of this carboxypeptidase is to cleave Ang II into
the vasodilatory peptide Ang-(1-7),6 which, in turn, binds the
Mas receptor7 to exert opposite properties to Ang II.

The arterial baroreceptor reflex is the most important
autonomic reflex providing beat-to-beat short-term regulation
of BP. Arterial baroreceptors located in large arteries sense
BP and relay the information to the central nervous system
(CNS), where a network of brain stem nuclei adjust sympa-
thetic and parasympathetic activity to modulate vascular
resistance and heart rate (HR).8 Interaction of Ang II with
brain stem AT1R has been shown to reduce baroreflex
sensitivity,9 thus contributing to the development of hy-
pertension. Although AT2Rs have been identified in brain
stem nuclei involved in BP regulation,10 their participation
in the modulation of baroreflex function remains obscure.
On the other hand, Ang-(1-7) has been shown to stimulate
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the bradycardic component of the baroreflex11 via interac-
tion with Mas.12

We previously showed the presence of ACE2 in the mouse
brain, including in regions involved in the central regulation
of cardiovascular function.13 Recently, Diz et al14 reported
that pharmacological inhibition of ACE2 in the dorsal brain
stem resulted in the reduction of the reflex bradycardia in
anesthetized rats, suggesting the importance of this en-
zyme in the central regulation of BP. Although ACE2 has
been shown to be regulated by AT1R in the periphery,15

there are no data available regarding such interaction in the
CNS. In addition, most of the studies assessing the effects of
Ang-(1-7) on baroreflex function have been performed in
anesthetized rats. Therefore, we first investigated the relation
between central AT1R and ACE2 in conscious unrestrained
hypertensive mice. We hypothesized that AT1Rs in the brain
of chronically hypertensive mice reduce ACE2 activity, thus
impairing baroreflex function and contributing to the main-
tenance of hypertension. Our study shows that central ACE2
activity is reduced in chronically hypertensive mice and is
associated with impaired baroreflex sensitivity. In addition,
using a triple-transgenic mouse model, we show that ACE2
overexpression in the CNS restores baroreflex function and
contributes to the reduction of hypertension. Our results
establish the importance of central ACE2 in the preservation
of baroreflex function and its potential in the prevention of
hypertension, thus confirming ACE2 as a potential target for
the treatment of hypertension.

Materials and Methods
An expanded Materials and Methods section is available in the
online data supplement (please see http://hyper.ahajournals.org).

Transgenic Mice and Animal Husbandry
Experiments were performed in adult (10 to 12 weeks of age; 25 to
30 g) transgenic and chronically hypertensive mice (RA).16 In
additional experiments, these mice were bred with syn-hACE2
transgenic mice with CNS-targeted ACE2 overexpression,17 to
generate a triple-transgenic model (SARA) with chronic overexpres-
sion of Ang II and brain hACE2. Transgenic mice were kindly
provided by (hRen and hAGT) or generated in collaboration with
(syn-hACE2) Dr Curt D. Sigmund at the University of Iowa. All
mice were bred into a C57BL/6J genetic background beyond 7
generations. Animals were fed standard mouse chow and water ad
libitum. All of the procedures were approved by the Louisiana State
University Health Sciences Center Animal Care and Use Committee
and are in agreement with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Physiological Recordings
Baseline BP was measured in RA, SARA, and nontransgenic (NT)
mice for 3 to 6 days using radiotelemetry, as described.18

RA and NT mice were then randomly divided into 3 groups (n�12
per group); infused SC with the AT1R antagonist losartan (10 mg/kg
per day), AT2R antagonist PD123319 (10 mg/kg per day), or vehicle
(0.9% saline) for 2 weeks; and then tissues were collected for the
following assays. Spontaneous baroreceptor reflex sensitivity
(SBRS), reflecting the baroreflex control of HR, was calculated
using the sequence method as described.19,20

Autonomic function was assessed using a pharmacological
method involving IP injection of propranolol (�-blocker, 4 mg/kg),
atropine (muscarinic receptor blocker, 1 mg/kg) and chlorisondam-
ine (ganglionic blocker, 10 mg/kg).21 Changes in HR (�HR) were

calculated after administration of these blockers. Water intake was
recorded daily as described.22

ACE2 Activity Assay
ACE2 activity was measured in brain and kidney removed from each
group (n�4 per group), as described previously.23 Data (arbitrary
fluorescence units [AFUs]) are presented as amounts of fluorogenic
peptide substrate VI converted to product per minute and are
normalized for total protein.

Western Blot
Mouse brain and kidneys were collected (n�4 per group) and
processed using a standard Western blot protocol against rabbit-
antimouse (m)ACE2, rabbit antihuman (h)ACE2, and rabbit poly-
clonal AT1R antibodies. Specific bands were detected by chemilu-
minescence according to the manufacturer’s instructions and
quantified by laser densitometry.

Statistical Analysis
Data are expressed as means�SEMs. Data were analyzed, when
appropriate, by Student t test, repeated-measures ANOVA, or 1-way
ANOVA (after Bartlett test of homogeneity of variance) followed by
Tukey-Kramer correction for multiple comparisons between means.
Statistical comparisons were performed using Prism5 (GraphPad
Software). Differences were considered statistically significant at
P�0.05.

Results
Losartan Normalizes BP and Baroreflex Sensitivity
in RA Mice
It was reported previously that RA mice have chronically
elevated plasma Ang II levels and hypertension16 and that
acute blockade of brain AT1R resulted in a dramatic decrease
of BP,24 suggesting a major role for the brain RAS in this
model. To determine whether AT1Rs are mediating the
chronic hypertensive effects of Ang II in these mice, selective
AT1R and AT2R antagonists, losartan and PD1233219, re-
spectively, or vehicle, were infused SC in conscious RA mice
for 2 weeks and compared with NT littermates. Typical BP
recordings showing the BP level in the various groups after
2-week infusion are presented on Figure 1A, and daily BP is
plotted on Figure 1B. Consistent with previously reported
data,16,24 baseline mean arterial pressure (MAP) was signifi-
cantly elevated in RA compared with NT mice (150�4
versus 104�1 mm Hg; P�0.001; Figure 1B). Chronic infu-
sion of losartan (2 weeks) caused a dramatic decrease in MAP
in RA mice (�MAP: �43�6 mm Hg; P�0.05 versus base-
line; Figure 1B), and normalized BP as early as 2 days after
the beginning of infusion. Losartan also decreased MAP in
NT, although the reduction was less pronounced than in RA
mice (�9�5 mm Hg; P�0.05; Figure 1B). PD123319 infu-
sion did not affect MAP in NT (�MAP: �0.3�2.7 mm Hg;
P�0.05) or RA (�MAP: �0.6�3.5 mm Hg; P�0.05) com-
pared with baseline (Figure 1B). Similarly, saline infusion did
not change MAP in any group (Figure 1B).

The cardiac baroreceptor reflex is one of the major central
regulatory mechanisms for BP, and we reported previously
that SBRS is impaired in RA mice.25 To assess the involve-
ment of central Ang II receptors, we determined SBRS after
chronic infusion in mice. SBRS was significantly reduced in
RA mice compared with NT littermates (0.80�0.06 versus
2.04�0.15 ms/mm Hg; P�0.001; Figure 1C), and both up
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and down sequences were affected (Figure S1). Saline and
PD123319 did not alter SBRS in any group (Figure 1C).
Although losartan infusion did not modify SBRS in NT mice
(2.51�0.53 ms/mm Hg; P�0.05 versus NT baseline; Figure
1C), it fully restored the baroreflex gain in transgenic litter-
mates (1.69�0.31 ms/mm Hg; P�0.001 versus RA baseline;
Figure 1C), increasing SBRS for both up and down sequences
(Figure S1).

To determine whether BP dysregulation (ie, impaired
SBRS and high BP) in RA mice is associated with upregu-
lation of brain AT1R, immunostaining and Western blot
analysis were performed for this receptor in both NT and RA
mice brains. Representative AT1R immunostaining pictures
of nucleus of the tractus solitarius (NTS) and rostral ventro-
lateral medulla (RVLM) for NT and RA mice are shown in
Figure S2A. Quantification of immunoreactivity (relative
density units [RDU]) shows that AT1R density is not different
(P�0.05) in the NTS (1.05�0.01 versus 1.00�0.01 RDU)
and RVLM (1.02�0.01 versus 1.00�0.01 RDU) of RA
compared with NT mice, respectively (Figure S2B and S2C).
Similarly, Western blotting shows a lack of difference in
AT1R protein expression (P�0.05) in the dorsal (1.05�0.2
versus 1.0�0.10 RDU) and ventral (1.19�0.22 versus
1.0�0.10 RDU) medulla between RA and NT mice, respec-
tively (Figure S2D and S2E), suggesting that BP dysregu-
lation is not associated with AT1R upregulation in RA
mice.

Decreased ACE2 Activity in the Brain of RA Mice
We previously identified ACE2 in RA mouse brain, and the
enzyme expression has been reported to be decreased in
hypertensive rats.26 To determine whether ACE2 is impaired
in this hypertensive model, we measured ACE2 protein
expression and activity in the brain and kidneys of RA and
NT mice. Western blots show that ACE2 protein expression
was not significantly different (P�0.05) in the brain
(0.97�0.05 versus 1�0.02 RDU; Figure 2A) or kidney
(1.01�0.08 versus 1�0.03 RDU; Figure 2B) of RA com-
pared with NT mice, respectively. To further ascertain this
observation, we also measured ACE2 activity in these tissues.
Interestingly, we observed that ACE2 activity was signifi-
cantly lower in the brain of RA compared with NT mice
(16.6�7 versus 48.7�7 AFU/mg per minute; P�0.05; Figure
2C), whereas it was not altered in the kidney between these
groups (28.1�9.5 versus 25.0�5.1 AFU/mg per minute;
P�0.05; Figure 2D). These data suggest a possible relation-
ship between impaired central ACE2 activity and
hypertension.

Losartan Restores Brain ACE2 Activity in
RA Mice
To address the participation of central Ang II receptors in the
reduction of ACE2 activity in RA mice, we further investi-
gated how ACE2 expression and activity were affected by
ATR antagonists in the brain of these hypertensive mice.

Figure 1. Losartan normalizes BP and SBRS in RA mice. A, Typical BP recording traces in conscious NT and RA mice. B, Baseline
MAP was significantly higher in RA vs NT mice (n�12; ***P�0.001); chronic infusion of the selective AT1R antagonist losartan (10
mg/kg per day SC) normalized MAP in RA (n�12; ‡P�0.001 vs RA�saline) and slightly decreased MAP in NT mice (n�12; †P�0.05 vs
NT�saline). The AT2R antagonist PD123319 (10 mg/kg per day SC) did not affect MAP in any strain (n�12; P�0.05 vs saline). C, Base-
line SBRS was significantly lower in RA vs NT mice (n�12; ***P�0.001). Chronic infusion of losartan restored SBRS only in RA mice
(‡P�0.001 vs RA�saline), whereas AT2R blockade did not affect SBRS in NT or RA mice.
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Western blot analysis shows that ACE2 protein expression in
the brain of RA mice was not modified (P�0.05) by losartan
or PD123319 treatments (Figure 3A). However, ACE2 activ-
ity was significantly increased after losartan infusion
(26.4�1.8 versus 13.3�3.2 AFU/mg per minute; P�0.05;
Figure 3B) and restored to the same level observed in NT
mice brain (Figure 2C). PD123319 treatment did not affect
brain ACE2 activity in these mice (Figure 3B). Furthermore
ACE2 activity in the brain of NT mice was not modified by
losartan (34.1�0.1 AFU/mg per minute) or PD123319
(27.8�0.2 AFU/mg per minute) infusion compared with
saline infusion (33.4�0.2 AFU/mg per minute). These data
suggest that AT1Rs exert an inhibitory influence over central
ACE2 activity in RA mice.

Central Overexpression of ACE2 Decreases BP in
Hypertensive Mice
To test the hypothesis that ACE2 overexpression may reduce
BP in chronically hypertensive mice, we monitored BP in
triple-transgenic SARA mice in a conscious freely moving
state for 6 days. The SARA mouse is a triple-transgenic
model with widespread overexpression of renin and angio-
tensinogen and ACE2 selectively in the brain (an expanded
Results section describing this model is available in the
online data supplement). As observed previously, MAP is

significantly higher in RA (144�2 mm Hg; P�0.001) com-
pared with NT (97�0.8 mm Hg) mice. Interestingly, MAP is
significantly lower in SARA (133�2 mm Hg; P�0.01)
compared with the chronically hypertensive mice (Figure
4A), suggesting that ACE2 overexpression in the CNS can
modulate the central regulation of BP. To confirm the ability
of ACE2 expression to counter chronic Ang II–mediated
responses, the drinking behavior was assessed among the
various strains. A dramatic increase in daily water intake was
observed in RA (7.4�0.3 mL; P�0.001) compared with NT
(3.1�0.1 mL) mice, as a result of elevated Ang II levels in
this model. As observed above for BP, overexpression of
ACE2 in the brain blunted the enhanced water intake in
hypertensive mice (SARA: 4.9�0.2 mL; P�0.01 versus RA;
Figure 4B).

To address whether the MAP reduction in SARA mice is
supported by modification in the central mechanisms regu-
lating BP, baroreflex and autonomic function were investi-
gated in this triple-transgenic mouse. Surprisingly, the im-
paired SBRS observed in RA mice (0.98�0.19 ms/mm Hg)
was restored by overexpression of ACE2 in the brain (SARA
1.71�0.30 ms/mm Hg; P�0.05 versus RA; Figure 4C) to the
level observed in NT mice (2.04�0.15 ms/mm Hg).

In addition, the decreased parasympathetic (�HR:
�75�10 bpm; Figure 4D) and increased sympathetic (�HR:

Figure 2. ACE2 expression and activity in
RA mice. Western blotting showed no
changes in mACE2 protein expression in the
brain (A) or kidney (B) of RA vs NT mice
(n�4; P�0.05). ACE2 activity was signifi-
cantly decreased in the brain of RA (C)
(n�4; *P�0.05) but not altered in the kidney
(D; n�4; P�0.05) when compared with NT
littermates.

Figure 3. Effects of ATR blockade on ACE2
protein expression and activity in the brain of
RA mice. A, Typical Western blot and quanti-
fied data showing that protein expression of
mACE2 in the brain of RA mice was not
affected by losartan or PD123319 (10 mg/kg
per day sc, 14 days; n�4; P�0.05 vs RA). B,
ACE2 activity in the brain of RA mice was sig-
nificantly increased after AT1R blockade (n�4;
*P�0.05 vs RA) but not altered by the AT2R
antagonist PD123319 (n�4; P�0.05 vs RA).
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�104�7 bpm; Figure 4E) tones observed in RA compared
with NT mice (�129�15 and �67�9 bpm, respectively;
P�0.01) were totally restored in SARA mice (atropine:
�128�18; propranolol: �70�13 bpm; Figure 4D and 4E;
P�0.05 versus RA). Baseline HR was not different among
the 3 strains (NT: 529�10 bpm; RA: 540�10 bpm; and
SARA: 532�14 bpm). After ganglionic blockade, MAP was
dramatically decreased in all of the groups (NT: 69�2; RA:
83�5; and SARA: 71�3 mm Hg) but remained higher in RA
mice, whereas it was not different between SARA and NT
mice. There was no difference in intrinsic HR among the
different genotypes (Figure 4F). Taken together, these data
suggest that overexpression of ACE2 in the brain prevents the
Ang II–mediated impairments of baroreflex and autonomic
function observed in chronically hypertensive mice.

Discussion
ACE2 is a carboxypeptidase capable of transforming Ang II
into the vasodilator peptide Ang-(1-7), thus it is in a position
to modulate RAS overactivity. Previous studies have shown
that AT1R blockade increases cardiac ACE2 expression and
activity.15 However, the role of brain ACE2 in the central
regulation of BP and the consequences of its interaction with
other RAS components are unknown. The present study
demonstrates that brain ACE2 activity is inhibited by AT1R
in chronically hypertensive mice and is associated with
impaired baroreflex function. Using genetic complementa-
tion, we show that ACE2 overexpression in the CNS normal-
izes baroreflex and autonomic function, thus contributing to
the reduction of hypertension.

The baroreflex is a key mechanism that permits the fine
tuning of the autonomic nervous system activity to the heart,

kidney, and vessels to maintain BP homeostasis. Central and
circulating Ang II levels are known to inhibit baroreflex
sensitivity, and these effects are mediated by AT1R located in
the NTS and RVLM.27 Hypertensive models, such as spon-
taneously hypertensive rats and transgenic rats carrying
mouse Ren-2d renin gene [TGR(mRen2)], exhibit high brain
Ang II levels and increased AT1R expression,28,29 and en-
hanced AT1R stimulation in the NTS and RVLM results in
blunted baroreflex sensitivity.27,30 Unlike these hypertensive
models, RA mice do not appear to have upregulation of AT1R
in the brain. However, the fact that circulating Ang II can lead
to an increase in brain Ang II levels31 and the presence of
both hAGT and hRen transgenes in the CNS24 suggest that
Ang II is elevated in the brain. Our data show that there is no
difference in brain stem AT1R expression between RA and
controls, suggesting that impaired SBRS and BP dysregula-
tion are not associated with AT1R upregulation in RA mice
but more likely attributed to high Ang II levels16 that would
lead to increased stimulation of these receptors. Hence, the
involvement of AT1R was confirmed by the restoration of
baroreflex sensitivity in RA mice after losartan infusion.
Although AT2Rs have been identified in brain stem nuclei
involved in BP regulation, such as the locus coeruleus, lateral
septum, and the medial amygdala,10 and there is evidence that
AT2Rs contribute to baroreflex regulation,32 our data show
that these receptors do not participate in the baroreflex
function and BP regulation in RA mice.

ACE2 is thought to be a putative candidate gene for
hypertension.26 Accumulating evidence shows downregula-
tion of ACE2 in both the heart and kidney of several
hypertensive animal models and patients with hypertension,33

suggesting the involvement of peripheral ACE2 in BP regu-

Figure 4. ACE2 overexpression attenuates Ang II–mediated responses in SARA mice. The dramatic BP (A) and water intake (B)
increases observed in RA (n�12; ***P�0.001 vs NT) were significantly attenuated in SARA mice (n�12; ‡P�0.01 vs RA). Moreover, the
impaired SBRS (C), reduced parasympathetic tone (D), and enhanced sympathetic drive (E) observed in RA (n�12; ***P�0.001 and
**P�0.01 vs NT) were fully normalized by ACE2 overexpression in the brain (n�12; †P�0.05 vs RA). Intrinsic heart rate (F) shows no
difference between genotypes (n�12; P�0.05).
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lation. However, very few studies have investigated the
interaction of central ACE2 expression/activity and BP reg-
ulation. It has been shown that ACE2 expression was reduced
by 40% in the RVLM of spontaneously hypertensive rats
compared to normotensive Wistar-Kyoto rats,34 but the link
between reduced ACE2 expression and impaired baroreflex
sensitivity has not been investigated. There is evidence of
interactions between AT1R and ACE2 in peripheral organs.
In animals treated with AT1R blockers, ACE2 expression
and/or activity was increased in the heart, kidney, thoracic
aorta, and carotid artery.33 Unlike other hypertensive mod-
els,26,35 RA mice do not exhibit decreased ACE2 expression
or activity in kidneys (and heart; data not shown). Interest-
ingly, whereas ACE2 expression was not altered in the brain
of these mice, the activity of the enzyme was significantly
reduced. Accordingly, one could imagine that downregula-
tion of ACE2 might depend on the level of AT1R in the brain.
Although this is speculative, we recently demonstrated a
similar relationship between these 2 RAS components, where
ACE2 overexpression in the subfornical organ resulted in
downregulation of AT1R in this region,36 suggesting that the
carboxypeptidase can affect AT1R transcription and/or
internalization.

Impaired central ACE2 activity is concomitant with re-
duced baroreflex gain and hypertension in RA mice, suggest-
ing a role for ACE2 in the maintenance of baroreflex
function, necessary to preserve BP homeostasis. These ob-
servations are consistent with a recent study showing that
pharmacological inhibition of ACE2 activity by MLN4760 in
the NTS attenuates the reflex bradycardia in normotensive
and anesthetized rats.14 Moreover, data from our laboratory
show that ACE2 knockout mice have impaired baroreflex and
autonomic function, supporting the idea that ACE2 is critical
to maintain a normal baroreflex function.33 We furthered
these observations by showing not only that AT1R (but not
AT2R) blockade restores baroreflex sensitivity but also that
genetic complementation, leading to ACE2 overexpression in
the brain, normalizes baroreflex function in conscious and
chronically hypertensive mice. Altogether, our data suggest
that impaired baroreflex sensitivity is secondary to the inhi-
bition of ACE2 activity by AT1R. However, although this
effect can be reversed by losartan, it remains a possibility that
AT1Rs are not directly mediating ACE2 inhibition. It is
conceivable that it might indirectly alter neurotransmitters
levels, which would eventually have a feedback effect on
ACE2 activity. Furthermore, although losartan did not affect
ACE2 activity at the periphery, it is possible that peripheral
AT1R blockade may have contributed to the restoration of
baroreflex sensitivity.

The major role of ACE2 consists of cleaving Ang II into
Ang-(1-7).6 Accordingly, inhibition of brain ACE2 activity in
RA mice could reduce Ang II degradation and Ang-(1-7)
production, thus promoting AT1R-mediated baroreflex dys-
function and hypertension. Recently, we showed that, al-
though the reduction of Ang II is significant, the formation of
Ang-(1-7) is the major pathway involved in BP regulation,
after chronic ACE2 overexpression in the mouse brain.17

However, whereas central administration of Ang-(1-7) has
been shown to increase cardiac baroreflex sensitivity,11 it is

not known whether binding of the Ang-(1-7) receptor leads to
activation of its own signaling cascades or to inhibition of the
AT1R downstream signaling.

Using virus-mediated gene targeting, our laboratory and
others have recently provided evidence of a role for brain
ACE2 in the central regulation of BP. Yamazato et al34

showed that lentivirus-mediated ACE2 overexpression tar-
geted to the RVLM resulted in the reduction of hypertension
in spontaneously hypertensive rats. Using an adenovirus
coding for ACE2, we showed that ACE2 overexpression in
the subfornical organ prevented the Ang II–mediated pressor
and drinking responses.36 Although these studies provide the
first evidence for the beneficial effects of ACE2 overexpres-
sion in the CNS, long-term and high-level expression is
needed to dissect the mechanism(s) of action and the regula-
tion of this enzyme in the brain. Transgenic models have the
advantage of providing stable and chronic expression of
target genes. By using SARA mice, a triple-transgenic model
with overexpression of ACE2, renin, and angiotensinogen in
the brain, we confirmed that impaired brain ACE2 activity
results in baroreflex dysfunction and BP dysregulation in
hypertensive mice. Interestingly, ACE2 overexpression in the
brain did not fully reduce BP in this model, although it
normalized baroreflex and autonomic function. Although RA
mice present high Ang II levels throughout their body, the
resulting hypertension has been shown to exhibit a strong
neurogenic component that could temporarily be reduced by
acute blockade of brain AT1R.24 Therefore, although central
ACE2 overexpression could modulate baroreflex and auto-
nomic function, it is unlikely to correct the peripheral
mechanisms affected by chronic exposure to high Ang II
levels. In addition, although the drinking response was
attenuated in SARA mice, indicating less Ang II in the brain,
the residual enhanced water intake suggests that Ang II levels
are not normalized in this model.

Perspectives
The discovery of ACE2 has allowed a filling of the gap
between Ang II and Ang-(1-7). We now show evidence of the
following: (1) AT1Rs inhibit ACE2 activity but not expres-
sion in the brain of hypertensive mice; (2) AT2Rs do not
modulate central ACE2 expression and/or activity; (3) brain
ACE2 plays a critical role in the baroreflex function ho-
meostasis and, consequently, in the prevention of hyperten-
sion; and (4) the beneficial effects of AT1R blockade on BP
regulation and baroreflex function are mediated, at least
partially, by an increase in ACE2 activity. Essentially, we
have established the importance of central ACE2 in the
preservation of baroreflex and autonomic function and its
potential in the reduction of hypertension, thus confirming
ACE2 as a potential target for the treatment of hypertension
and other cardiovascular diseases.
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Materials and Methods  

Transgenic mice and animal husbandry 
Experiments were performed in adult (10-12 weeks of age, 25-30 g) transgenic mice (RA) 
harboring both human renin (hRen) and human angiotensinogen (hAGT) transgenes. These mice 
were generated by breeding heterozygous hRen transgenic mice with heterozygous hAGT 
transgenic mice, as described previously.1 In this strain, the major phenotype is characterized by 
a chronic hypertension, concomitant with high Ang II plasma levels. In additional experiments, 
these mice were bred with syn-hACE2 transgenic mice with CNS-targeted ACE2 over-
expression,2 in order to generate a triple-transgenic model (SARA) with chronic over-expression 
of Ang II and brain hACE2. Transgenic mice were kindly provided by (hRen and hAGT), or 
generated in collaboration with (syn-hACE2), Dr. Curt D. Sigmund at The University of Iowa. 
All mice were bred into a C57BL/6J genetic background beyond 7 generations. Animals were 
fed standard mouse chow and water ad libitum. All procedures were approved by the LSU 
Health Sciences Center Animal Care and Use Committee and are in agreement with the National 
Institutes of Health Guide for the Care and Use of Laboratory Animals. 
 
Physiological recordings 
RA, SARA and non-transgenic littermate (NT) mice were anesthetized with pentobarbital (50 
mg/Kg ip) and a catheter attached to a radio-telemeter (TA11PA-C10, Data Sciences 
International, St Paul, MN) was placed in the carotid artery for telemetric monitoring of BP, as 
described.3 The animals were allowed to recover from the surgery for 10 days then BP was 
continuously recorded during 3-6 days in order to determine the basal level.  
Following baseline BP recording, RA and NT mice were randomly divided into 3 groups 
(n=12/group) and subcutaneously implanted with osmotic mini-pumps (Durect Corporation, 
Cupertino, CA) filled with the AT1R antagonist losartan (kind gift of Merck, 10 mg/kg/day), 
AT2R antagonist PD123319 (Sigma, 10 mg/kg/day), or vehicle (0.9% saline) for chronic infusion 
for 2 weeks. BP was recorded daily in conscious mice. On the last day, mice were deeply 
anesthetized and tissues collected for the following assays. 
From the BP recording, spontaneous baroreceptor reflex sensitivity (SBRS), reflecting the 
baroreflex control of HR, was calculated using the sequence method as described previously.4, 5 
Autonomic function was assessed using a pharmacological method involving ip injection of 
propranolol (β-blocker, 4 mg/kg), atropine (muscarinic receptor blocker, 1 mg/kg) and 
chlorisondamine (ganglionic blocker, 10 mg/kg).6, 7 Changes in HR (�HR) were calculated after 
administration of receptors blockers. Each injection was separated by a 3 hours recovery period. 
Water intake was recorded daily as described.8 
 
ACE2 activity assay 
The brain and kidneys were quickly removed from each group (n=4/group), frozen on dry ice 
and stored at -80 ºC until use. Tissues were homogenized in reaction buffer (1 M NaCl, 75 mM 
Tris, 0.5 mM ZnCl2, pH 7.5), ACE2 activity was measured as described previously.9 Briefly, 
ACE2 activity measurement was carried out in the presence of captopril to eliminate any 
contribution by endogenous ACE and based on the use of the Fluorogenic Peptide Substrate VI 
(FPSVI, 7Mca-Y-V-A-D-A-P-K(Dnp)-OH)(R&D systems, Minneapolis, MN). This substrate 
contains a C-terminal dinitrophenyl moiety that quenches the inherent fluorescence of the 7-
methoxycoumarin group by resonance energy transfer. ACE2 removes the C-terminal 
dinitrophenyl moiety in the FPSVI thus increasing fluorescence emission at 405 nm under 
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excitation at 320 nm. Tissue lysates containing 100 µg of proteins were incubated with FPSVI 
(100 µmol/L) and captopril (10 µmol/L) in reaction buffer (100 µL) at 37 ºC. Non specific 
enzyme activity was measured by including DX600 (1 µmol/L), a specific ACE2 inhibitor, 
(Phoenix Pharmaceutical, Belmont, CA). Fluorescence emission was monitored using a 
SpectraMax M2 Fluorescence Reader (Molecular Devices, Sunnyvale, CA). Data (arbitrary 
fluorescence units, AFU) are presented as amounts of substrate FPSVI converted to product per 
minute and is normalized for total protein. 
 
Western blot 
Mouse brain and kidneys were collected (n=4/group) and processed using a standard Western 
blot protocol. Tissue homogenates (40 µg of proteins) were separated by electrophoresis on a 4-
15% SDS-polyacrylamide gel and proteins transferred to a nitrocellulose membrane. Following 
blockade, membranes were incubated with a rabbit-anti-mouse (m)ACE2 (Open Biosystems; 
1:500), a rabbit anti-human (h)ACE2 (Santa Cruz, sc-20998; 1:200), or a rabbit polyclonal AT1R 
(Santa Cruz, sc-1173; 1:200) antibody, then incubated with goat anti-rabbit IgG-HRP (Perkin 
Elmer; 1:5000) and goat anti-mouse β-actin antibody (abCAM; 1:5000). Specific bands were 
detected by chemiluminescence according to the manufacturer’s instructions (ECL®, Perkin 
Elmer, Boston, MA) and quantified by laser densitometry (FujiFilm, ImageReader version 1.2). 
Bands corresponding to ACE2 were normalized to β-actin. 
 
Immunohistochemistry 
Anesthetized mice were perfused transcardially with 4% paraformaldehyde in 0.1 mol/L 
phosphate buffer (PB), as described.10 Brains were removed, post-fixed for 1 hour, and then 
transferred to 20% sucrose in PB overnight. Cryostat sections (30 µm, coronal) were incubated 
with a rabbit polyclonal AT1R antibody (Santa Cruz, sc-1173; 1:50 dilution) for 36 hours at 4 ºC. 
Sections were washed with PB, incubated with the secondary antibody (goat anti-rabbit IgG 
HRP-conjugated, Perkin Elmer NEF812; 1:100 dilution) for 2 hours at room temperature. 
Immunostaining was detected as a brown precipitate using 3,3-diamonobenzidine tetrachloride 
and visualized using a brightfield microscope (Nikon Eclipse E600). 
 
Statistical Analysis 
Data are expressed as mean ±SEM. Data were analyzed, when appropriate,  by Student’s t test, 
repeated measures ANOVA or one-way ANOVA (after Bartlett test of homogeneity of variance) 
followed by Tukey-Kramer correction for multiple comparisons between means. Statistical 
comparisons were performed using Prism5 (GraphPad Software, San Diego, CA).  Differences 
were considered statistically significant at P<0.05. 
 
Results  
Characterization of SARA transgenic mice 
To test the hypothesis that impaired brain ACE2 activity results in BP dysregulation in RA mice, 
this chronically hypertensive model was bred onto a syn-hACE2 mouse background. Syn-
hACE2 mice are a new transgenic model with neuron-specific expression of hACE2 in the 
CNS.2 The resulting SARA mouse is a triple transgenic model with widespread over-expression 
of renin and angiotensinogen and ACE2 selectively in the brain. To determine whether the 
hACE2 transgene is expressed and functional in SARA mice brain, Western blot analysis and 
ACE2 activity assay were performed in this model and compared to RA mice. Representative 
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Western blots of hypothalamus and brainstem for RA and SARA mice are shown in Figure S3A 
and Figure S3B. High level expression of the hACE2 transgene was detected only in the brain of 
SARA but not in RA mice, while the endogenous mACE2 was detected in both strains. 
Quantification of Western blots shows that mACE2 expression is not different (P>0.05) in the 
hypothalamus (Figure S3C)  and brainstem (Figure S3D)  of SARA compared to RA mice,  
suggesting that hACE2 expression does not affect endogenous ACE2 protein levels, unlike renin 
in the TGR(mRen2) model.11 In addition, ACE2 activity is significantly higher in the brain of 
SARA (P<0.01), compared to RA mice (Hypothalamus: 78.5±1.2 vs. 11.5±1.1, Figure S3E; 
Brainstem: 59.9±2.9 vs. 12.1±0.9 AFU/min/mg, Figure S3F), indicating that transgenic 
expression of the hACE2 protein is functional. 
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Figures and Legends  

 

Figure S1. AT1R blocker restores baroreflex sensitivity for both reflex tachycardia and reflex 
bradycardia in RA mice. The SBRS for reflex tachycardia (up sequences; A) and bradycardia 
(down sequences; B) are significantly lower in RA compared to NT mice (***P<0.001). Chronic 
infusion of selective AT1R antagonist losartan (10 mg/kg/d sc) restores both up sequences and 
down sequences in RA mice (‡P<0.001 vs. RA+saline). Selective AT2R antagonist PD123319 
(10 mg/kg/d sc) did not affect either tachycardic or bradycardic SBRS in RA mice. 
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Figure S2. AT1R expression was not altered in the brain of RA mice. A, Representative images 
of coronal sections of the brain showing AT1R immunoreactivity in the NTS (left) and RVLM 
(right) of NT and RA mice. B and C, Summary of AT1R immunostaining intensity showing that 
AT1R were not changed in the NTS (B) and RVLM (C) of RA compared to NT (n=3, P>0.05). D 
and E, Representative western blots and quantification data showing that there is no difference in 
AT1R expression in the dorsal medulla (D) or ventral medulla (E) of RA compared to NT mice 
(n=3, P>0.05). 
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Figure S3. Characterization of SARA transgenic mice. Representative Western blots showing 
hACE2 protein expression in hypothalamus (A) and brainstem (B) of SARA but not in NT mice, 
while mACE2 is expressed in both strains. Quantification of the blots shows that mACE2 
expression in hypothalamus (C) and brainstem (D) was not affected by hACE2 expression in 
SARA mice (n=4, P>0.05). ACE2 activity was significantly higher in both hypothalamus (E) 
and brainstem (F) of SARA compared to RA mice (n=4, ** P<0.01).  
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