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Abstract
Background—[Arg8]-vasopressin (AVP) activates 3 G-protein coupled receptors: V1A, V2 and
V1B. The AVP-V2 receptor is the primary AVP receptor in the heart; however, its role in cardiac
homeostasis is controversial. To better understand AVP-mediated signaling in the heart, we
created a transgenic mouse with controlled over-expression of the V1A receptor.

Methods and Results—The V1A receptor transgene was placed under the control of the
tetracycline-regulated, cardiac-specific alpha-myosin heavy chain promoter (V1A-TG). V1A-TG
mice had a normal cardiac function phenotype at 10 weeks of age. However, by 24 weeks of age,
tTA/V1A-TG mouse hearts had reduced cardiac function, cardiac hypertrophy and dilatation of
the ventricular cavity. Contractile dysfunction was also observed in isolated adult cardiac
myocytes. When V1A receptor transgene was induced to express in adult mice (V1A-TGInd), left
ventricular dysfunction and dilation were also seen, albeit at a later time point. Since V1A receptor
mediates cell signaling through Gαq protein, we blocked Gαq signaling by crossing tTA/V1A
mice with transgenic mice that expressed a small inhibitory peptide against Gαq (Gq-I inhibitor
peptide). Gαq blockade abrogated the development of the heart failure phenotype in tTA/V1A TG
mice. The heart failure phenotype could be reversed by administration of doxycyline.

Conclusion—Our results demonstrate a role for V1A-mediated signaling in the development of
heart failure and support a role for V1A blockade in the treatment of patients with elevated levels
of vasopressin.
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Introduction
Over 40 years ago it was first reported that levels of the neurohypophyseal hormone arginine
vasopressin (AVP) were elevated in patients with congestive heart failure.1 This finding was
subsequently confirmed in humans 2, 3 and in animal models of chronic heart failure. 4, 5

AVP elicits a wide range of physiologic effects that are mediated by three known G protein-
coupled seven transmembrane spanning vasopressin receptor subtypes: V1A, V1B, and V2.
The V1A receptor is expressed in both neuronal and non-neuronal tissues including the heart
and elicits a variety of physiological effects including cell contraction and proliferation,
stimulation of hepatic glycogenolysis, platelet aggregation and coagulation factor
release. 6, 7 The V1B receptor subtype is found predominantly in the pituitary gland where it
stimulates adrenocorticotropic hormone release 8, 9. Both the V1A and V1B AVP receptors
act through a G protein a-subunit of the Gαq family (αq, q11, q14, α15/16) to activate
phospholipase C-β 10, 11,12, 13, and, thus enhance cellular IP3 and calcium levels. 10, 14 By
contrast, the V2 receptor subtype is localized predominantly to the kidney where it mediates
the anti-diuretic effects of AVP through the heterotrimeric G protein Gs and activation of
adenylyl cyclase. 15-17 Activation of adenylyl cyclase results in increased production of
cyclic AMP, activation of protein kinase A and subsequent redistribution of specific water
channels called aquaporin-2 from intracellular vesicles to the apical plasma membrane of
cells of the renal collecting ducts. 18

Although the pathways responsible for AVP signaling have been described, the role of AVP
in the heart remains unclear. Physiologically relevant concentrations of AVP depressed
cardiac function in conscious dogs, 19 elicited a biphasic hemodynamic response in isolated
Langendorf-perfused rat hearts 20 and reduced the weight of the right ventricle in an
aortocaval fistula model of heart failure, but V1 antagonism did not have any effects. 21 The
administration of a V1A receptor antagonist had no effect on contractility in pigs with
pacing induced heart failure, 22 whereas the chronic administration of a V1A antagonist
prevented the development of heart failure but not the development of left ventricular
hypertrophy in a rodent model of heart failure post-myocardial infarction. 23 Low dose
infusion of AVP during ischemia-reperfusion in mice increased mortality and significantly
depressed myocardial function. 24 Administration of AVP to neonatal mouse
cardiomyocytes elicited an increase in cell hypertrophy but not in mice in which the V1A
receptor had been ablated. 25 The V1A knockout mice have a normal cardiac phenotype 26,
but develop less hypertrophy after trans-aortic constriction (TAC) then do wild type
controls. 25 The disparate affects of exogenously administered AVP on the heart is due in
large part to the confounding effects of AVP on the coronary and peripheral vasculature.

It has become increasingly important to understand the effects of AVP on the cardiac
myocyte because of the development and the approval of both selective (V2) and non-
selective (V1/V2) vasopressin antagonists for the treatment of patients with euvolemic and
hypervolemic hyponatremia. We therefore created transgenic mice with controlled over-
expression of the human V1A receptor. This allowed us to identify the effects of V1A
activation in vivo without the confounding effects on the coronary or peripheral vasculature
or on hepatic metabolism. Mice with cardiac-restricted and either constitutive or controlled
over-expression of the V1A receptor demonstrated left ventricular hypertrophy, dilatation
and diminished contractile performance and “reprogramming” of gene expression. The
myocardial effects of V1A over-expression were abrogated by “turning off” the V1A
transgene shortly after birth or after the development of the heart failure phenotype and by
genetic inhibition of Gαq/11 signaling. Mice over-expressing the V1A receptor provide a
novel model in which to study left ventricular dysfunction.
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Methods
V1A-R Transgenic Mouse Generation

The human AVP V1A receptor cDNA was cloned into a cardiac-specific and inducible
controlled vector (TREMHC) composed of a modified mouse α-myosin heavy chain
minimal promoter fused with nucleotide binding sites for tetracycline transactivating factor
(tTA)27. To induce transgene expression, V1A receptor transgenic (V1A-TG) mice in FVB
background were crossed with mice that expressed tTA in the heart (MHC-tTA) (Fig. 1A).
Since crossings of double or triple transgenes were required for gene expression, we used
multiple control mice for our experiments. Where possible, these consisted of non-
transgenic littermates. In the case of multiple crosses using homozygous parental lines (eg.
tTA+/+ crossing V1A+/+), we assessed the phenotype in age matched and co-habitating
mice expressing the parental single transgene as seen in Table 1, 2 and 3. Detailed methods
are located in the Supplemental Section.

Generation and maintenance of tTA/V1A-R transgenic mouse lines that co-expresses Gαq
inhibitor, Gq-I

Transgenic mice that overexpressed a peptide derived from a carboxyl-terminal peptide of
the α subunit Gαq (Gq-I TG) were described previously28. The tTA/V1A/Gq-I triple
transgenic mice and their littermates in 75%FVB/25%C57/B6 strain background were used
for analysis. All protocols were approved by the Institutional Animal Care and Use
Committee of Thomas Jefferson University. Detailed methods are located in the
Supplemental Section.

Echocardiography Echocardiography studies were performed using an ultrasonographic
system (ACUSON Sequoia C256). More detailed methods are located in the Supplemental
Section.

Real-Time Quantitative PCR Real-time quantitative polymerase chain reaction analysis
determined gene expression. Briefly, reverse-transcribed cDNA from myocardial RNA was
used to determine gene expression. Real time PCR was performed in a 50 μl reaction (5 μl
cDNA or 40ng of genomic DNA; 250 nM each primer; 1× SYBRE Green Master Mix).
Each experimental group was performed in triplicate. The Δ CT method using GAPDH as
reference gene was used to quantify the results and perform statistic analysis. Detailed
methods are located in the Supplemental Section.

Histopathology of Myocardium
Detailed methods are located in the Supplemental Section.

Hemodynamic Analysis of Cardiac Function
Detailed methods are located in the Supplemental Section.

Isolation of Adult Murine Cardiac Myocytes
Cardiac myocytes were isolated from the septum and LV free wall of WT and V1A-TG
mice. Detailed methods are located in the Supplemental Section.

Contraction and [Ca2+]i Transient Measurements
Detailed methods are located in the Supplemental Section.

Li et al. Page 3

Circulation. Author manuscript; available in PMC 2014 January 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Action Potential Measurements
Action potentials were recorded using current-clamp configuration at 1.5x threshold
stimulus and 4-ms duration. Detailed methods are located in the Supplemental Section.

Immunoblots
Immunoblotting of ventricular protein extracts was digitally detected as described29. More
detailed methods are located in the Supplemental Section.

D-myo-inositol 1,4,5 trisphosphate (IP3) surrogate, IP1, in adult myocytes
Stable accumulation of IP1 in cells in the presence of LiCl is a surrogate measure of IP3
induction by Gαq coupled receptors, including vasopressin V1A and V1B receptors.
Detailed methods are located in the Supplemental Section.

Statistical Methods
For experiments with small sample sizes, exact nonparametric tests were used. For these
experiments, summary statistics reported include median and inter-quartile range (IQR),
which represents the 25th to 75th percentiles. Graphically, box plots are employed to
visualize the range of data, and are overlaid with individual points. For uptake experiments,
sufficient sample size allows for a two-way anova, followed by post-hoc group comparisons
within each level of concentration. Thus, uptake experiments are reported as least square
mean and standard error. For remaining analyses, the Wilcoxon exact test or Kruskal-Wallis
exact tests are employed, with adjustment for multiple comparisons based on the Hochberg
method, when applicable. Two-sided tests are reported, with p≥0.05 considered statistically
significant. Analysis and graphs were completed using StatXact v 8.0, SAS v9.2, and R v.
2.11.1.

Results
We generated human V1A receptor transgenic (V1A-TG) mice controlled by an inducible
cardiac-specific promoter with binding sites for the tetracycline-transactivating factor (tTA).
Gene expression was initiated by crossing five founder V1A-TG lines with mice that
expressed tTA in the heart (MHC-tTA) (Fig. 1A). Using real-time PCR, we found two of the
founder lines having 60× more V1A-R mRNA expression than WT FVB mice (Lines S11
and S13, Sup. Fig. 1 and data not shown) and three of the founder lines expressed V1A-R
mRNA at levels similar to WT FVB (S1, S10, S12, data not shown). We followed one high
expression line (S13) and one low expression line (S10) for over 30 weeks by
echocardiography and found at eight weeks-of-age, both V1A-TG mouse lines did not
display changes in cardiac function when compared to wild-type (WT) control mice (Fig. 1B
and Table 1). By 24 week-of-age, the high expression V1A-TG line, but not the low
expression line, had decreased cardiac function, increased heart weight/body weight ratio,
increased fibrosis and increased ANP mRNA (Fig. 1B, 1C, 1D and Table 1). Similarly, the
other high expression line, S11, also developed cardiomyopathy by 24 weeks of age (Data
not shown). We used the S13 line for the remaining studies.

In a separate group of experiments, female mice were treated with doxycycline throughout
pregnancy and during the post-partum period to ensure that transgene expression were
suppressed during the neonatal period. At three to four weeks of age, doxycycline was
removed from transgenic pups to induce V1A expression. Mature mice that were induced to
express the V1A transgene (V1A-TGind) still demonstrated a significant decrease in
fractional shortening (Fig. 2) when compared to control mice. However, the diminution in
ventricular functions in V1A-TGind mice were less robust than that seen in the mice with
constitutive overexpression of the transgene (V1A-TG) and was evident at a later point in
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time (35 weeks of age). For that reason, we used mice with constitutive overexpression in
our subsequent experiments.

Hemodynamic response in 24 week-old V1A-TG mice
Since vasopressin is known to mediate vasoconstriction, we evaluated aortic blood pressure
in 24 week-old V1A-TG mice using a 1.4 F micromanometer catheter and found that both
WT and V1A-TG mice had similar systolic and diastolic aortic blood pressure (Fig. 3A),
supporting our finding that V1A receptor overexpression did not occur in the vasculature.
Catheter-based in vivo hemodynamic measurements showed that chronic overexpression of
the V1A receptor in the heart significantly reduced hemodynamic response to the adrenergic
receptor agonist, isoproterenol, when compared to WT mice (Fig. 3B, 3C). Complete cardiac
hemodynamic parameters are shown in Table 2.

Effects of induced V1A receptor overexpression on myocyte contraction,
[Ca2+]i transients and action potential—In both WT and V1A myocytes, elevating
extracellular calcium ([Ca2+]o) resulted in the expected increase in contraction amplitudes.
However, compared to WT myocytes, SR Ca2+ uptake appears to be slower in V1A-TG
myocytes. Also, action potential amplitude was significantly lower in V1A-TG myocytes
(P<0.037). The most dramatic finding is a 3.5-fold prolongation of action potential duration
at 90% repolarization (APD90) in V1A myocytes (P<0.0001). A complete description of
these findings is found in the Supplemental Section and Supplemental Figures 2 and 3.

Blocking V1A receptor expression reversed V1A-TG cardiomyopathy—We
previously determined that the tetracycline transactivating factor (tTA)-regulated promoter
can be inhibited by the stable tetracycline analog, doxycycline, when used at 300mg/kg of
mouse diet30. To determine whether the cardiomyopathy induced by V1A receptor
overexpression was reversible, V1A-TG mice were fed with doxycycline diets at 3 weeks-
of-age in order to inhibit V1A receptor transgene expression (Fig. 4A). Cardiac function was
assessed when mice reached 24 weeks of age. The discontinuation of transgene expression
at puberty was sufficient to prevent the development of left ventricular hypertrophy and
failure (Fig. 4B and 4C). To determine whether the pathology induced by V1A receptor
overexpression after 24 weeks of age could be reversed, we added doxycycline to the diets
of V1A-TG mice and wild-type mice at 24 weeks of age (Fig. 4D). After only four weeks on
doxycycline diets (to inhibit V1A-R transgene expression), V1A-TG mice (with confirmed
reduced cardiac function at 24 weeks of age) demonstrated a significant improvement in left
ventricular function and ventricular weight to body weight ratio (Fig. 4E and F). In addition,
4 weeks of doxycycline treatment also normalized the levels of expression of ANP (data not
shown), indicating that the cardiomyopathy in this model was largely reversible.

V1A receptor overexpression enhanced insulin-mediated Erk1/2 phosphorylation
Previous cell culture studies demonstrated that the V1A receptor signals, in part, through
activation of map kinases, Erk1 and Erk2 25. To assess the effects of V1A receptor
overexpression on Erk1/2 activation in vivo, 7 week-old V1A-TG (which had a normal
cardiac phenotype) and wild type mice were deprived of food overnight to stabilize baseline
Erk1/2 signaling. Subsequent analysis of cardiac extracts demonstrated a significant
elevation in Erk1/2 phosphorylation (Fig. 5A). The effect of V1A receptor overexpression
on Erk1/2 phosphorylation was kinase specific as V1A-TG mice did not change baseline
Akt phosphorylation (Fig. 5A) or JNK phosphorylation (data not shown). To further confirm
that V1A-TG mice did not alter Akt activation, cardiac Akt was activated by
intraperitoneally injecting mice with insulin (0.4 mg/kg, 15 min). Fig, 5A shows that both
WT amd V1A-TG mice activated Akt to a similar degree after insulin injection. We also
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measured insulin activation in older mice (30-40 weeks-of-age). Consistent with the results
in younger mice, V1A receptor overexpression did not affect Akt phosphorylation (Fig. 5B).

Gαq/11 is required for V1A receptor-mediated myopathy—The V1A receptor
mediates at least some of its downstream effects by coupling with the Gαq proteins. 10, 14 To
test whether V1A receptor mediated cardiomyopathy was dependent on Gαq signaling, we
created transgenic mice overexpressing both the V1A receptor and a peptide derived from
the carboxyl-terminal end of Gαq that inhibits Gαq/11 signaling (Gq-I) 28 (Fig. 6A). We
assessed Erk1/2 activation in the triple transgenic mice and their littermates at 7 week-old of
age. Fig. 6B shows that Gq-I co-expression reduced insulin-stimulated Erk1/2
phosphorylation. To determine phenotype, triple-transgenic mice and their littermates were
studied at 24 weeks of age. As seen in Figure 6C and 6D and Table 2 and Table 3, mice
expressing both V1A receptor and Gq-I transgenes had significantly better
echocardiographic physiological parameters and hemodynamic responses than controls,
suggesting that inhibition of cardiac Gαq signaling blocked V1A receptor-induced
cardiomyopathy.

Enhanced Gαq and IP3 signaling in adult myocytes overexpressing V1A receptor
Since the V1A receptor-Gαq complex activates phospholipase C and induces D-myo-
inositol 1,4,5 trisphosphate (IP3) and calcium release, we isolated adult myocytes to
determine functional coupling of V1A-TG myocytes to IP3 production. We used the D-myo-
inositol 1 phosphate (IP1) surrogate assay to determine the regulation of IP3 production
because IP3 production is highly transient, but its IP1 metabolite stably accumulates in LiCl-
treated cells. Thus, IP1 measurement is a validated surrogate measure for ligand induced IP3
and calcium production in cell lines expressing V1A and V1B receptors. 31, 32

To determine IP1 production in cardiac myocytes, adult cardiac myocytes from WT mice
were cultured in the presence of 50mM LiCl and stimulated with Insulin-Transferrin-
Selenium (ITS, containing 10ug/ml insulin), 0.5 uM vasopressin or 1 uM isoproterenol for
30 minutes. Vasopressin induced a 15.3-fold increase in IP1 production when compared to
unstimulated control myocytes. To determine IP1 production in V1A-TG myocytes,
myocytes from 21-week-old V1A-TG mice were cultured in the presence of 50mM LiCl and
stimulated without or with 0.5 uM vasopressin for 30 minutes. Myocytes from V1A-TG
mice had a 2.2-fold increase in IP1 levels when compared to myocytes from wild-type
control mice (p<0.001). Furthermore, while vasopressin stimulated IP1 level in WT
myocytes by 15.3-fold, vasopressin could hyper-stimulate IP1 by 29.0-fold (p<0.001) in
myocytes from V1A-TG mice, suggesting V1A-R overexpression in the heart enhanced IP3
signaling and that the protein expressed by the V1A transgene is physiologically linked to
the endogenous V1A signaling pathway. See Sup. Fig. 4 and Sup. Fig. 5 in the supplemental
materials.

Discussion
Mice with constitutive or controlled overexpression of the AVP V1A receptor in the heart
showed a normal cardiac phenotype at 8-10 weeks of age. However, by 24 weeks of age, the
hearts of mice constitutively overexpressing the V1A receptor were significantly dilated,
hypertrophied and demonstrated reduced cardiac function. Mice with induced
overexpression also developed LV dysfunction albeit at 35 weeks of age. In addition,
cardiac gene expression was “reprogrammed” as evidenced by an increase in the expression
of ANP and BNP. Adult cardiac myocytes isolated from these mice showed lower systolic
[Ca2+]i, lower maximal contraction amplitudes, and reduced sarcoplasmic reticulum Ca2+-
uptake activity consistent with earlier studies using AVP. The characteristic heart failure
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phenotype seen in the mice overexpressing the V1A receptor was elicited through activation
of the Gαq/11-mediated signaling cascade as genetic ablation of the Gαq/11 signaling
attenuated the myocardial effects of V1A receptor overexpression. In addition, the late
development of the V1A-related heart failure phenotype could be abrogated by “turning off”
the V1A receptor transgene shortly after birth while the phenotype could be “reversed” by
“turning off” the transgene in 24 week-old mice that had already developed ventricular
dilation, diminished left ventricular function and “reprogramming” of cardiac gene
expression.

The use of a α-myosin heavy chain-driven and doxycycline-modulated transgene to increase
V1A-dependent signaling in the heart provides several unique opportunities.
Vasoconstriction is a common consequence of pharmacologic activation of AVP. Indeed,
V1A receptors as well as a number of other Gαq-coupled receptors elicit vasoconstriction.33

Thus, driving V1A overexpression using the α-myosin heavy chain promoter facilitates the
ability to assess the effects of V1A signaling in the heart without the vasoconstriction that
occurs with the exogenous administration of vasopressin or V1A-selective agonists and also
obviates the potential confounding effects of agonists or antagonists that do not have
complete selectivity.

The bi-transgenic doxycycline-regulated system also provides the opportunity to “turn-off”
transgene expression during pre- and peri-natal development as well as during postnatal
over-expression. This is relevant to the study of cell surface receptors such as V1A that
couple to Gαq. Previous studies have shown that constitutive overexpression of Gαq driven
by the α-myosin heavy chain promoter results in the development of hypertrophy and many
of the characteristics of pressue overload.34, 35 However, the effects of Gαq overexpression
using an inducible bi-transgenic system in transgenic mice or adenoviral infection in
cardiomyocytes are less clear. 36-38 Indeed, Dorn and co-workers were unable to identify a
heart failure phenotype in mice with adult-onset over-expression of Gαq.38 By contrast, we
found that induced overexpression begun at 3 weeks of age resulted in the development of
cardiac hypertrophy, dilation and diminished left ventricular function similar to, but less
than that seen with constitutive overexpression . We then asked a closely related but
somewhat different question: could prenatal and early post-natal perinatal over-expression
alone elicit the development of a heart failure phenotype? To address this question, we
stopped V1A transgene expression at the conclusion of the peri-natal period. This
experiment demonstrated that over-expression of the V1A receptor during the peri-natal
period alone was not sufficient to elicit a change in the cardiac phenotype.

Finally, the use of the controlled transgene allowed us to evaluated the “reversibility” of the
heart failure phenotype in 24 week-old mice, a time point at which the transgenic mice over-
expressing the V1A transgene demonstrate left ventricular hypertrophy and dilation,
decreased ventricular function and re-expression of the fetal gene program as evidenced by
increased levels of ANF and BNP, but not a significant decrease in the expression of the
Ca2+-ATPase. We found that discontinuation of V1A over-expression at 24 weeks resulted
in a reversal in the abnormalities in fractional shortening and ventricular weight/body weight
ratio as well as normalization of the levels of expression of ANP and BNP when measured
four weeks after discontinuation of gene expression. A reversal of the heart failure
phenotype has not been reported previously with other heart failure models secondary to
over-expression of G protein-coupled seven transmembrane-spanning sarcolemmal
receptors. This may be due more to the fact that until recently transgenic mouse models
were constructed by constitutively driving the α-myosin heavy chain promoter rather than
by using inducible bi-transgenic systems. Our finding that the heart failure phenotype can be
reversed when transgene expression is interrupted is consistent with the finding that
hypertrophy and left ventricular dysfunction found in mice with controlled over-expression
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of Gαq can be significantly improved after termination of the Gαq signal even in animals
with overt heart failure 39. Thus, our results may be generalized to other heart failure models
that are mediated through activation of G protein-coupled receptors.

The results of the present study are consistent with findings in Gαq transgenic mice which
demonstrate hypertrophy, decreased ventricular function, loss of responsiveness to β-
adrenergic receptor stimulation and induction of a classic hypertrophy gene expression
profile.34 However, there are elements of V1A receptor over-expression that are unique. For
example, Akt is thought to play an important role in the heart failure phenotype in some
models of Gαq signaling. Over-expression of the wild type Gq results in an increase in the
phosphorylation of Akt whereas over-expression of a constitutively active Gαq subunit
markedly attenuates Akt phosphorylation and results in significant apoptosis and early
mortality. 40, 41 Akt is also a major downstream target of the phosphatidylinositol 3-kinase
involved in angiotensin II-induced proliferation of vascular smooth muscle. 42 By contrast,
overexpression of V1A receptors did not influence Akt phosphorylation in the present
experiments.

Another important difference between the V1A-TG mice and heart failure models created by
overexpressing Gαq is the time course of the development of the heart failure phenotype.
Constitutive 5-fold over-expression of Gαq effected the development of a heart failure
phenotype by eight weeks of age in transgenic mouse models. 35, 43 However, over-
expression of the V1A receptor took 24 weeks to illicit a change in the cardiac phenotype.
This delay in the development of the heart failure phenotype was similar to that seen with
over-expression of the β1-adrenergic receptor, albeit at a substantially lower level of V1A
expression. 44 Comparison to signaling of angiotensin II type 1 receptor can be found in the
supplemental materials.

Mice with gene-ablation of V1A receptor demonstrated altered cardiovascular
hemodynamics and lower basal blood pressure.26, 45 AVP failed to induce vasoconstrictive
responses in mice lacking V1A receptor. Also arterial baroreceptor reflexes were markedly
impaired due to loss of V1A receptors in baroreflex neurons. Our finding that blood pressure
was unchanged in mice over-expressing the V1A receptor was disparate from these earlier
studies but reflected the fact that the V1A receptor was only over-expressed in cardiac
muscle and not in the smooth muscle underlying the peripheral or coronary vasculature.

That overexpression of the V1A receptor in FVB mice is physiologically coupled to the
downstream signaling pathways that are known to be activated by vasopressin is
demonstrated by the fact that myocytes isolated from V1A-TG hearts showed significant
activation of IP3 as measured by IP1 accumulation when compared with controls. IP3 is a
well established primary signaling pathway for vasopressin. 10, 31, 32

The finding that chronic over-expression of the V1A receptor results in the development of
cardiac hypertrophy, dilatation and diminished left ventricular function may have clinical
relevance. The administration of V2-selective vasopressin antagonist tolvaptan increases
serum [Na2+] in patients with hypervolemic hyponatremia secondary to congestive heart
failure, but did not improve survival.46 Our results suggest that combining V1A and V2
receptor antagonists may have a more robust effect on myocardial function than the use of a
V2 receptor antagonist alone and that V1A-selective vasopressin antagonists may be useful
in the treatment of patients with heart failure and elevated levels of vasopressin.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Clinical Summary

Heart failure is associated with an increase in circulating levels of arginine vasopressin
(AVP). AVP activates vasopressin V2 receptors in the kidney resulting in redistribution
of aquaporin-2 water channels and the re-absorption of free water. This results in the
development of edema and hyponatremia. Selective antagonism of the V2-selective
vasopressin receptor significantly increased serum sodium levels and removes free water
in patients with heart failure. AVP also interacts with vasopressin V1A receptors in the
heart; however, the effects of AVP on the heart muscle are not well understood. In the
present study we found that cardiac-specific over-expression of the vasopressin V1A
receptor causes the development of heart failure in transgenic mice. The vasopressin V1-
A receptor-mediated development of heart failure was reversed by “turning-off” the over-
expression of the transgene or by blocking a G protein-dependent signaling pathway, Gq,
downstream of the V1A receptor. These results, albeit in a mouse model, suggest that a
V1A receptor antagonist or inhibition of the Gq signaling pathway may be useful
adjuncts to vasopressin V2 receptor antagonism in the treatment of patients with heart
failure.

Li et al. Page 12

Circulation. Author manuscript; available in PMC 2014 January 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Li et al. Page 13

Circulation. Author manuscript; available in PMC 2014 January 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
(A) Schematic depiction of the two component transgenic system to induce cardiac V1A
receptor expression. (B) Echocardiography was performed on high expression V1A-TG line
(S13, V1A-high), low expression line (S10, V1A-low) and FVB-WT mice at indicated ages.
Fractional shortening percentage was shown. Samples were analyzed by exact Wilcoxon test
with results shown in the table. *adjusted p<0.001 vs WT, #adjusted P<0.05 vs V1A-low.
(C) Whole heart images and Picrosirius Red staining of wild-type and V1A-TG mouse
hearts at 24-week of age. 5um paraffin-embedded heart cross sections were stained with
Picrosirius Red and digitally quantified. Representative of 200× magnified fields were
shown. 5 images from two WT mice and 8 images from three V1A-TG mice were
quantified. Samples were analyzed by exact Wilcoxon test and shown in the table. (D) ANP
gene expression in the hearts of WT and V1A-TG mice. Total ventricular mRNA extracts
from 24-week-old male mice were used for real-time PCR and signals were normalized to
GAPDH expression in WT. *p<0.001 vs WT. Table of median, IQR and P values are
included in the Supplemental Section.
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Figure 2.
Echocardiography was performed on FVB-WT mice, tTA expressing mice, constitutively
expresssed V1A-TG line, S13 (V1A-TGCon) and mice with induced expression of V1A
receptor transgene at three weeks of age (V1A-TGInd). Graph of Fractional shortening
percentage measured at indicated ages is shown. *adjusted p<0.001 vs WT 24wk, #adjusted
P<0.05 vs WT 35-45wk.
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Figure 3.
Baseline and 10ng isoproterenol (Iso) stimulated cardiac hemodynamic functions were
recorded in 24 week-old wild-type and V1A-TG mice. (A) Aorta Pressure. (B) LVEDP: LV
end-diastolic pressure. *p<0.001 vs WT Systolic, #P<0.001 vs WT Diastolic. (C) +dP/dt and
–dP/dt: maximal 1st time derivatives of left ventricular (LV) pressure rise. #P<0.001 vs WT
ISO. Tables of median, IQR and P values are included in the Supplemental Section.
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Figure 4.
DOX treatment reversed cardiomyopathy in V1A-TG mice. (A) Schematic diagram showing
that at 3 weeks of age, V1A-TG mice were fed with DOX diets. (B) Assessment of cardiac
function (Fractional Shortening %) at 24 weeks of age. #adjusted p<0.01 vs V1A-TG. (C)
VW/BW ratio. #adjusted p<0.01 vs V1A-TG. (D) Schematic diagram showing that at 24
weeks of age, V1A-TG mice were fed with DOX diets for 4 weeks. (E) Assessment of
cardiac function. #adjusted p<0.01 vs V1A-TG. (F) Assessment of VW/BW. #adjusted
p<0.01 vs V1A-TG. Tables of median, IQR and P values are included in the Supplemental
Section.
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Figure 5.
V1A receptor overexpression on ERK1/2 activation in the heart. (A) 7-wk-old male WT and
V1A-TG mice were injected with insulin (0.4mg/kg body weight, 15 minutes) and
ventricular extracts were prepared. Immunoblots show phosphorylated ERK1/2 (pERK1/2),
phosphorylated Akt (p-Akt, Thr308) and GAPDH. Graph shows GAPDH normalized
phospho-ERK1/2 level. *p<0.01 vs WT-baseline, #P<0.001 vs WT-insulin. Table of median,
IQR and P values are included in the Supplemental Section. (B) 30-40 week-old WT and
V1A-TG mice were simulated with insulin injection and ventricular extracts were probed for
pErk1/2 and pAkt. Immunoblots of pAkt and GAPDH are shown.
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Figure 6.
Blocking Gαq reversed V1A-TG cardiomyopathy. (A) Schematic depiction of the three
component transgenic system to induce cardiac tTA, V1A receptor and Gq-I expression, (B)
7 week-old V1A-TG and V1A/Gq-I TG mice were simulated with insulin injection and
ventricular extracts were probed for pErk1/2. Immunoblots show pERK1/2 and GAPDH.
Graph shows GAPDH normalized phospho-ERK1/2. #P<0.05 vs tTA/V1A. (C) Assessment
of cardiac function of 24 week-old WT, V1A-TG and V1A/Gq-I TG mice. #adjusted
p<0.001 vs V1A-TG. (D) Ventricular weight and body weight (VW/BW) ratio of 24 week-
old WT, V1A-TG and V1A/Gq-I TG mice. #adjusted p<0.001 vs V1A-TG. Table of median,
IQR and P values are included in the Supplemental Section.
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