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Physiological responses to chronic hypoxia include polycy-
themia, pulmonary arterial remodeling, and vasoconstriction.
Chronic hypoxia causes pulmonary arterial hypertension lead-
ing to right ventricular hypertrophy and heart failure. During
pulmonary hypertension, pulmonary arteries exhibit increased
expression of smooth muscle-�-actin and -myosin heavy chain.
NFATc3 (nuclear factor of activatedT cells isoform c3), which is
a Ca2�-dependent transcription factor, has been recently linked
to smooth muscle phenotypic maintenance through the regula-
tion of the expression of �-actin. The aim of this study was to
determine if: (a) NFATc3 is expressed in murine pulmonary
arteries, (b) hypoxia induces NFAT activation, (c) NFATc3
mediates the up-regulation of �-actin during chronic hypoxia,
and (d) NFATc3 is involved in chronic hypoxia-induced pulmo-
nary vascular remodeling. NFATc3 transcript and protein were
found in pulmonary arteries. NFAT-luciferase reporter mice
were exposed to normoxia (630 torr) or hypoxia (380 torr) for 2,
7, or 21 days. Exposure to hypoxia elicited a significant increase
in luciferase activity and pulmonary arterial smooth muscle
nuclear NFATc3 localization, demonstrating NFAT activation.
Hypoxia induced up-regulation of�-actin andwas prevented by
the calcineurin/NFAT inhibitor, cyclosporin A (25 mg/kg/day
s.c.). In addition, NFATc3 knock-out mice did not showed
increased �-actin levels and arterial wall thickness after
hypoxia. These results strongly suggest thatNFATc3plays a role
in the chronic hypoxia-induced vascular changes that underlie
pulmonary hypertension.

As altitude increases, the barometric pressure and atmo-
spheric oxygen partial pressure decrease. This decrease in bar-
ometric pressure is the basic cause of all hypoxia-related prob-
lems in high altitude pathophysiology. Similar levels of hypoxia
are present in patients with chronic bronchitis, emphysema,
cystic fibrosis, asthma, and severe restrictive lung diseases (1).
Chronic hypoxia (CH)2 causes pulmonary hypertension due to

pulmonary vasoconstriction, arterial remodeling, and polycy-
themia, which ultimately results in right ventricular (RV)
hypertrophy and often heart failure (2).
Pulmonary vasoconstriction is thought to be caused by ele-

vated vascular tone through increased pulmonary arterial
smooth muscle cell (PASMC) intracellular Ca2� ([Ca2�]i)
(3–8) and increased sensitivity of the contractile apparatus to
Ca2� (9–12).

Regardless of the cause of pulmonary hypertension, the
structural change that is thought to underlie the increased vas-
cular resistance is remodeling of small pulmonary arteries. A
prominent feature of this vascular remodeling is medial thick-
ening. In proximal pulmonary vessels, medial enlargement is
caused by hypertrophy and hyperplasia of the pre-existing
smooth muscle cells (reviewed in Ref. 1). In addition, differen-
tiation of adventitial fibroblasts intomyofibroblasts contributes
to medial thickening (13).
Smooth muscle is phenotypically dynamic and maintains its

differentiated phenotype through the regulated expression of a
repertoire of SM-specific genes (reviewed in Ref. 14–17).
NFAT (nuclear factor of activated T cells), a Ca2�-dependent
transcription factor that regulates the expression of genes in
both immune and non-immune cells (18, 19), has been recently
linked to smooth muscle phenotypic maintenance (20–25).
NFAT appears to regulate the expression of SM-myosin heavy
chain, SM-�-actin, �1 integrin, and caldesmon genes (21, 22).
Recently, we demonstrated that serum response factor (SRF)
and NFATc3 cooperatively enhance the expression of SM-�-
actin in cultured aortic smooth muscle cells (24). NFATc3 and
SRF bind to a region of the first intron of the SM-�-actin gene
(24).
SM-�-actin is required for the high force development prop-

erties of smooth muscle cells and is the most abundant protein
in differentiated SMmaking up to 40% of total cell protein (26).
In adults, expression of SM-�-actin is restricted and is generally
activated upon terminal differentiation in cells ofmyogenic lin-
eage correlating with hypertrophy, whereas increases in non-
muscle actins (�- and �-actin) coincide with cell growth and
proliferation (14).
The NFAT family consists of four members (NFATc1,

NFATc2, NFATc3, NFATc4) that share the property of Ca2�/
calcineurin-dependent nuclear translocation, and a fifth mem-
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ber, NFAT5, which is Ca2� independent and shares limited
homology with the other familymembers (reviewed in Refs. 19,
27, 28).
TheNFATc3 isoform is specifically implicated in vasculature

development (20, 25), maintenance of a contractile phenotype
(24) and regulation of vascular smooth muscle cell (VSMC)
contractility (29).
In smooth muscle, NFAT is activated by Gq/11-coupled

receptor agonists, such as uridine triphosphate, endothelin 1
(ET-1) and angiotensin II (Ang II) (23, 30–32). This activation
is mediated by calcineurin and is dependent on both sarcoplas-
mic reticulum Ca2� release through inositol trisphosphate
receptors (IP3R) and extracellular Ca2� influx through voltage-
dependent Ca2� channels (VDCC) (31).

Interestingly, during CH, PASMC exhibit increased expres-
sion of SM-�-actin (33, 34) consistent with PASMC hypertro-
phy and vascular remodeling (35). In addition, it has been
shown that Ang II, which is elevated during CH (36–38),
induces stimulation of SM-�-actin expression at the transcrip-
tional level through a SRF-dependent mechanism in cultured
VSMC (36–39). It is thus reasonable to hypothesize that in
response to CH, NFAT is activated in PASMC leading to the
up-regulation of the SM-�-actin contractile protein and vascu-
lar remodeling.
Given the lack of evidence demonstrating hypoxia-induced

NFAT regulation of gene transcription, the aims of the present
study were to determine if: (a) NFATc3 is expressed in murine
pulmonary arteries, (b) CH induces NFATc3 activation, (c)
NFATc3mediates the up-regulation of �-actin during CH, and
(d) NFATc3 is involved in CH-induced pulmonary vascular
remodeling.
In support of this hypothesis, our data demonstrate that CH

indeed increases NFAT transcriptional activity and NFATc3
nuclear translocation in mouse pulmonary arteries. Further-
more, pharmacological inhibition of calcineurin activation of
NFAT or genetic ablation of NFATc3 prevents CH-induced
increases in�-actin expression, arterial wall thickness and right
ventricular (RV) hypertrophy. These results suggest that
NFATc3 plays a role in the vascular changes observed during
CH-induced pulmonary hypertension.

EXPERIMENTAL PROCEDURES

All protocols employed in this study were reviewed and
approved by the Institutional Animal Care and Use Committee
of the University of New Mexico, School of Medicine (Albu-
querque, NM).
Animals—Adult male 9x-NFAT-luciferase reporter (NFAT-

luc), NFATc3 knock-out (NFATc3 KO), BalB/C wild-type
(WT) and C57BL/6 (Harland Laboratories) mice (20–25 g) were
used. In addition, NFAT-luc were backcrossed with NFATc3 KO
for, at least, two generations and NFAT-luc/NFATc3 �/�
(WT), NFAT-luc/NFATc3 �/� (HET), and NFAT-luc/
NFATc3 �/� (KO) were used. NFAT-luc mice have been pro-
vided by Dr. Jeffery D. Molkentin (Department of Pediatrics,
Children’s Hospital Medical Center, Cincinnati, OH) (40).
NFATc3 KO mice have been kindly provided by Dr. Laurie
Glimcher (Harvard University) (41). Heterozygous mice were
bred to obtain age-matchedWT (Balb/C) andKO. Importantly,

it has been shown that the loss of NFATc3 isoform does not
induce a compensatory regulation of other NFAT isoforms
(42). C57B6 mice were s.c. administered 25 mg/kg/day of
cyclosporin A (CsA, Calbiochem) or Cremophor EL (vehicle)
for 1 week.
Chronic Hypoxia Exposure—Animals designated for expo-

sure to CHwere housed in a hypobaric chamber with baromet-
ric pressuremaintained at�380mmHg for 2, 7, or 21 days. The
chamber was opened one time per week to provide animals
with fresh food,water, and clean bedding. Control animalswere
housed at ambient barometric pressure (Normoxia, N, �630
mmHg). All animals were maintained on a 12:12-h light-dark
cycle.
Assessment of Polycythemia and RV Hypertrophy—Blood

samples were obtained by direct cardiac puncture at the time of
lung isolation for measurement of hematocrit. RV hypertrophy
was assessed as an index of CH-induced pulmonary hyperten-
sion with previously described methods (43, 44). Briefly, after
isolation of the heart, the atria andmajor vessels were removed
from the ventricles. The RV was dissected from the left ventri-
cle and septum, and eachwasweighed. The degree of RVhyper-
trophywas expressed as the ratio of RV to total ventricle weight
(T).
VascularMorphometry—Animalswere anesthetizedwith 5%

isoflurane in O2 and perfused via the left ventricle with �20 ml
of modified physiological saline solution (HEPES-PSS, 134 mM
NaCl, 6mMKCl, 1mMMgCl, 10mMHEPES, 2mMCaCl2, 0.026
mMEDTA, and 10mMglucose) containing heparin, 4% albumin
(Sigma) and 10�4 M papaverine (Sigma), at a rate close to nor-
mal cardiac output in mice (17 ml/minute) to maximally dilate
and flush the circulation of blood. Then, mice were perfused
with 4% formaldehyde (Polyscience) and 10�4 M papaverine
(Sigma) in PBS at the same rate. Following fixation, the lungs
were inflated via the trachea to a pressure of 23 cmH2O with
fixative. The tissue was then dehydrated in increasing concen-
trations of ethanol, with a final dehydration in xylene, and then
embedded in paraffin. Lung sections (5 �m) were stained with
hematoxylin/iodine/eosin (Van Gieson staining, Sigma) which
stains nuclei, elastic laminae, collagen fibers and cellular cytosol
to distinguish arteries from veins. A total of 1291 arteries from
13 mice were analyzed. Vessels were examined with a �40
objective on aNikonDiaphot 300microscope, and images were
generated with a cooled digital CCD camera (Photometrics
SenSys 1400). Vessel images were processed with Metamorph
imaging system hardware and software (Universal Imaging).
Vessels sectioned at oblique angles were excluded from analy-
sis. Media and wall thickness were measured and compared
between groups using the following equation: Wall thickness
(%) � perimeterext � perimeterint/perimeterext � 100, where
perimeterext and perimeterint are the circumferences bounded
by external and internal elastic laminae, respectively (45).
Luciferase Activity—NFAT-luc mice were euthanized with

an overdose of pentobarbital solution (200 mg/kg intraperito-
neal). Following euthanasia lungs, brain, and small intestines
were removed and placed into ice-cold HEPES-PSS. Aorta,
intrapulmonary, cerebral and mesenteric arteries were isolated
and lysed using tissue lysis buffer from Promega according to
manufacturer’s protocol. Lysate was centrifuged for 10 min at
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10,000 rcf. Both luciferase activity and protein content were
determined in the supernatant. Luciferase activity was meas-
ured using a Luciferase Assay System kit (Promega), and light
detected with a luminometer (TD20/20, Turner). Protein con-
tent was determined by the Bradford method (Bio-Rad) and
used to normalize luciferase activity per sample.
Immunofluorescence Confocal Microscopy—Isolated lungs

were formaldehyde fixed (4% in PBS), cryoprotected with 30%
sucrose in PBS, embedded in OCT media and frozen. Cryostat
sections (10 �m) were permeabilized and blocked for nonspe-
cific binding, primary antibodies (rabbit polyclonal anti-
NFATc3 (1:100); Santa Cruz Biotechnology and anti-�-actin
(1:250); Sigma) were prepared in 0.2% gelatin in PBS and
applied overnight at 4 °C. Secondary antibodies (anti-rabbit
Cy5 and anti-mouse Cy3 (1:500); Jackson Immunoresearch
Laboratories) were prepared in 0.2% gelatin in PBS and applied
for 1 h at room temperature. Nuclei were stained using SYTOX
green (1:5,000 in PBS; Molecular Probes). Sections were exam-
ined using a 40� objective on a Zeiss 510 laser scanning confo-
cal microscope. Specificity of immune staining was confirmed
by the absence of fluorescence in tissues incubated with pri-
mary or secondary antibodies alone. For scoring of NFATc3-
positive nuclei, multiple fields for each vessel were imaged and
counted by two independent observers using Metamorph soft-
ware (Universal Imaging Corp). The software was programmed
so that individual pixels appear white instead of yellow if the
green nucleic acid stain and red NFATc3 stain co-localized.
Thus, a cell was considered positive if co-localization (white)
was uniformly distributed in the nucleus and negative if no
co-localization (green only) was observed.
Western Blot Analysis—Isolated intrapulmonary arteries

were homogenized in lysis buffer (10mMTris-HCl pH7.4, 1mM
EDTA, 1% IGEPAL, 0.1% sodium deoxycholate, 500 nM sodium
orthovanadate, 50 nM NaF, 1 �g/ml pepstatin/leupeptin/apro-
tinin, 1 mM phenylmethylsulfonyl fluoride) at 4 °C, and centri-
fuged at 16,000 rcf for 2 min. Protein concentration was deter-
mined in the supernatant using Bradford’smethod (Bio-Rad) as
recommended by the manufacturer. To performWestern blot
analysis, supernatants (2 �g/lane) were resolved by SDS-PAGE
and proteins transferred to polyvinylidene difluoride mem-
branes. The membranes were blocked with Tris-buffered (50
mM) saline solution (pH 7.6) with 0.05% Tween containing 5%
milk powder at room temperature for 1 h.Themembraneswere
incubated with primary anti SM-�-actin antibody (1:5000,
Sigma) or anti �-actin antibody (1:5000) at 4 °C overnight,
washed, and incubated with a peroxidase-conjugated second-
ary antibody (Pierce) for 1 h at room temperature. Specifically
bound antibody was detected by enhanced chemiluminescence
detection (ECL, Pierce). Relative content of the antigen protein
was evaluated using a Gene Gnome imaging system and
Genesnap software (Syngene, Cambridge, UK). Band densities
were normalized to total protein loaded per lane as determined
by Coomassie Blue or Sypro Red II staining of the membrane
(NIH Image software).
Quantitative Real-time Polymerase Chain Reaction (qRT-

PCR)—Intrapulmonary arteries were stored in RNAlater
(Ambion). Total RNA was isolated using the RNeasy Mini kit
(Qiagen) following the manufacturer’s protocol, with the addi-

tional steps of DNase treatment (DNase turbo from Ambion)
and RNeasy MinElute Cleanup kit (Qiagen) to remove possible
genomic DNA contamination. Total RNA was reverse-tran-
scribed to cDNA using TaqMan Reverse Transcription kit
(A&B). For real time detection of SM-�-actin transcripts
(Mm01546133_mi) and reference gene (18S, 4319413E-
0502018), TaqMan Gene Expression Assays (A&B) were used.
PCR was performed using Applied Biosystems 7500 Fast Real-
Time PCR System. The normalized gene expression method
(2��CT) for relative quantification of gene expression was used
(46).
Qualitative RT-PCR—Total RNA from intrapulmonary

arteries (isolated as mentioned above) was reverse-transcribed
(IScript, cDNA synthesis Kit, Bio-Rad). PCR was performed
using the iTaq DNA polymerase (Bio-Rad) with the following
sets of primer pairs: for NFATc3, 5�-CTACTGGTGGCCATC-
CTGTTGT-3� and 5�-AGCTCGTGGGCAGAGCGCTGAG-
AGCACTC-3�; and for cyclophilin, 5�-CAGACAAAGTTCC-
AAAGACA-3� and 5�-AGTTCGACCGTCTTCTCAGC-3�.
Amplification conditions were 94 °C for 10 min, 45 cycles at
94 °C for 1 min, 55 °C for 1 min, 72 °C for 2 min, and extension
for 10 min at 72 °C. Amplified PCR products were separated by
agarose gel electrophoresis and detected by ethidium bromide
staining.
Statistical Analysis—Data were expressed as mean � S.E.

Statistical significance was tested at 95% (p 	 0.05) confidence
level using unpaired Student’s t test, one-way analysis of vari-
ance (ANOVA) followed by Newman-Keuls multiple compar-
isons test or two-way ANOVA followed by the Bonferroni
multiple comparisons test.

RESULTS

NFATc3 Isoform Is Expressed in Mouse Pulmonary Arteries—
Wehave used RT-PCR analysis, immunoblotting and immuno-
fluorescence confocal microscopy to identify NFATc3 expres-
sion in native pulmonary arteries isolated frommice.We found
transcripts for NFATc3 (Fig. 1A) and protein by Western blot
(Fig. 1B). NFATc3 immunofluorescence staining was mainly
localized in PASMC (3A).
CH Increases NFAT Activity and NFATc3 Nuclear Accumu-

lation in Pulmonary Arteries—Most of the mediators of NFAT
activation are up-regulated during CH, including PASMC
[Ca2�]i, Ang II (36–38), and endothelin 1 (ET-1) (4;6–8;47;48),
although there are no reports of hypoxic activation of NFAT
either in vivo or in vitro. Therefore, we examined the effect of
different exposure times to CH on NFAT activity in tissues
from NFAT-luc reporter mice. We found that CH elicited a
significant increase in luciferase activity in pulmonary arteries
(Fig. 2A). Interestingly, although luciferase activity decreased in
a time dependent manner, it remained significantly elevated
over normoxic values even at day 21. No increase in activity was
observed in any of the other tissues studied (data not shown).
These results for the first time demonstrate that NFAT is acti-
vated by CH in pulmonary arteries, suggesting that it is an early
response transcription factor under these conditions.
Because NFATc3 is expressed in PASMC, we sought to

establish the contribution of NFATc3 to CH-increased NFAT
activity. Therefore, we determined the effect of 2 days of
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hypoxia on reporter expression in pulmonary arteries isolated
from NFAT-luc/NFATc3 WT, NFAT-luc/NFATc3 HET, and
NFAT-luc/NFATc3 KO mice. Consistent with the demon-

strated expression of NFATc3 in pulmonary arteries (Figs. 1, A
and B, and 3A) and the significant contribution of this isoform
to SMC function (23, 24, 29), we found that the reporter
response to hypoxia was significantly impaired in pulmonary
arteries isolated from NFAT-luc/NFATc3 KO mice (Fig. 2B).
As expected, HET arteries displayed an intermediate pheno-
type. The reporter activity in NFAT-luc/NFATc3 WT arteries
after 2 days of hypoxia was similar to the values obtained in CH
NFAT-luc arteries (3.03 � 0.82 versus 4.62 � 0.84). Further-
more, the values obtained in the NFAT-luc/NFATc3 KO arter-
ies were similar to the luciferase activity in both NFAT-luc and
NFAT-luc/NFATc3 WT arteries under normoxia. These
results demonstrate that NFATc3 significantly contributes to
CH-induced NFAT transcriptional activity.
Consistentwith the luciferase activity data, PASMCNFATc3

nuclear accumulation increased significantly at every time
point of hypoxia exposure (Fig. 3, A and B). However, the high-
est value of NFAT activity was at day 2 whereas NFATc3
nuclear accumulation was at day 7. Administration of CsA sig-
nificantly attenuated the CH-induced increase in NFATc3
nuclear accumulation in PASMC (Fig. 3C). In addition, it
reduced basal NFATc3 nuclear localization. CsA is an immu-
nosuppressant that inhibits calcineurin, the Ca2�/calmodulin-
dependent phosphatase that dephosphorylates NFAT allowing
its nuclear import (19).
Calcineurin/NFAT Inhibition with CsA andGenetic Deletion

of the NFATc3 Isoform Prevent CH-induced RV Hypertrophy
but Not Polycythemia—RV hypertrophy is a consequence of
increased pulmonary arterial pressure and is used as an index of
pulmonary hypertension (2). To assess CH induced RV hyper-
trophy, we determined the change of RV/T weight as a % of
normoxic control values. RV hypertrophy was determined in
vehicle andCsA-treated C57B6malemice exposed to 1week of
hypobaric CH or normoxia. Greater RV/T ratios were observed
for CH vehicle-treated mice compared with normoxic controls
(Fig. 4A), thus demonstratingRVhypertrophy indicative of pul-
monary hypertension. Interestingly, CsA treatment attenuated
CH-induced RV hypertrophy (Fig. 4A).
Because calcineurin can dephosphorylate other cellular pro-

teins (19) and NFATc3 is the isoform that is activated by CH
(Fig. 2B), we determined changes in RV/T weight in WT and
NFATc3 KO exposed to 3 weeks CH or normoxia. As expected,
CH induced RV hypertrophy in WT mice, whereas in the KO
the hypertrophic response was significantly attenuated (Fig.
4A). These findings suggest that NFATc3 contributes to the
development of pulmonary arterial hypertension.
In addition, CHmice exhibited polycythemia as evidenced by

a significantly greater hematocrit comparedwith normoxic ani-
mals (Fig. 4B). This polycythemic response was similar in vehi-
cle- andCsA-treated and inWTandKOCHmice, demonstrat-
ing that NFATc3 is not involved in the polycythemic response
to CH.
Calcineurin/NFAT Inhibition with CsA andGenetic Deletion

of theNFATc3 IsoformPrevent CH-induced Increases in Expres-
sion of SM-�-actin in Pulmonary Arteries—It has been previ-
ously demonstrated that CH increases the expression of con-
tractile proteins, such as SM-�-actin, and it mediates PASMC
hypertrophy (33). NFATc3 regulates SM-�-actin expression in

FIGURE 1. NFATc3 is expressed in mouse pulmonary arteries. A, RT-PCR
analysis of NFATc3 expression in isolated intrapulmonary arteries from
9xNFAT-luc mice. Lane 1 shows amplification of NFATc3. Amplification of
cyclophilin (control) from pulmonary arteries is shown in lane 2. Lane 3 corre-
sponds to a control without the reverse transcription step. The experiment
was repeated at least three times and the same bands were detected in pul-
monary arteries from all the mouse strains used in this study. B, Western
analysis of NFATc3 protein expression in thymus (C57Bl6), pulmonary arteries
(9xNFAT-luc), and human Burkitt’s lymphoma-derived Ramos cells. Thymus
and Ramos cells were used as positive control.

FIGURE 2. NFAT is activated by CH in pulmonary arteries. A, pulmonary
arteries were isolated from 9xNFAT-luc mice exposed to normoxia (N), or to 2,
7, or 21 days of CH. RLU �g�1 � luciferase activity normalized by �g of total
protein. *, p 	 0.05 versus N; #, p 	 0.05 versus 2 days, n � 5 animals.
B, pulmonary arteries were isolated from 9xNFAT-luc/NFATc3 WT, HET, and
KO mice exposed to 2 days of CH. Luciferase activity was normalized by �g of
total protein and expressed as percent change from N WT (average � 1.36 �
0.19). *, p 	 0.01 versus N WT; #, p 	 0.05 versus CH WT and HET, n � 4 – 8
animals.
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aortic smooth muscle cells in culture by binding to the intronic
region of its promoter (24). To determine if NFAT mediates
SM-�-actin up-regulation during CH in vivo, we measured
SM-�-actin transcript and protein levels in intrapulmonary
arteries isolated from vehicle and CsA-treated C57B6 male
mice exposed to 1 week hypobaric CH or normoxia. SM-�-
actin transcript (real-time PCR) and protein levels (Western
blot) significantly increased after 1 week of CH. NFAT inhibi-
tionwith CsA completely prevented this response (Fig. 5,A and
B), suggesting that CH-induced activation of NFAT in pulmo-
nary arteries mediates SM-�-actin up-regulation.
Because calcineurin NFATc3 is the isoform demonstrated to

regulate SM-�-actin (24), we evaluated SM-�-actin protein lev-
els (immunoblot) in NFATc3 KO andWT littermates exposed

to hypoxia. In contrast to the effect
of 1 week CH exposure on �-actin
expression in C57BCmice (Fig. 5), a
similar period of hypoxic acclima-
tion did not alter �-actin protein
levels in NFATc3 WT BalB/C mice
(data not shown). However, after 3
weeks of CH, SM-�-actin protein
levels significantly increased in pul-
monary arteries from CHWTmice,
whereas no changes were observed
in arteries fromCHNFATc3KO(Fig.
6A). Although the response time
appears to be different in BalB/C and
C57B6 mice, these findings clearly
demonstrate that NFATc3 mediates
up-regulation of SM-�-actin during
CH. Together with the CsA experi-
ments, these results further demon-
strate thatCH-inducedup-regulation
of SM-�-actin is mediated by cal-
cineurin activation.
Neither CH nor Genetic Deletion

of NFATc3 Isoform Affects Expres-
sion of �-Actin in Pulmonary
Arteries—To confirm that NFATc3
is specifically regulating the expres-
sion of SM-�-actin during CH and
that the effects seen are not simply
due to an overall increase in protein
synthesis associated with pulmo-
nary arterial remodeling, we deter-
mined �-actin protein levels in pul-
monary arteries from WT and
NFATc3 KO exposed to 3 weeks of
CH. �-actin protein levels did not
change in any of the groups (Fig.
6B). These results demonstrate that
the effect of CH is specific to the
contractile protein �-actin and not
to the related cytoskeletal protein
�-actin.
Genetic Deletion of NFATc3 Iso-

form Prevents CH-induced Increases
in Arterial Wall Thickness—The structural changes that are
thought to underlie the increased vascular resistance during
CH include remodeling of small pulmonary arteries. A promi-
nent feature of vascular remodeling is medial thickening (1)
(Fig. 7). In proximal pulmonary vessels, medial enlargement is
caused by hypertrophy and hyperplasia of the pre-existing
smooth muscle cells whereas distal arteries that were previ-
ously non-muscularized become muscularized (1). Our data
suggest that NFATc3 is involved in CH-induced pulmonary
arterial remodeling because CH-increased �-actin expression
in pulmonary arteries, a marker of smooth muscle differentia-
tion and hypertrophy (17), was prevented by inhibiting cal-
cineurin/NFATc3. To further address this possibility, changes
in pulmonary arterial wall thickness were evaluated inWT and

FIGURE 3. NFATc3 nuclear accumulation increases in pulmonary arterial smooth muscle cells after CH.
A, representative images showing cytosolic localization of NFATc3 under normoxic (N) conditions and nuclear
localization following exposure to CH for 2, 7, or 21 days. Lung sections from 9xNFAT-luc mice were co-stained
with the DNA-binding dye SYTOX (green), anti-NFATc3 (red) and anti-SM-�-actin (blue). Pulmonary arterial
smooth muscle nuclear co-localization of NFATc3 is shown in white. Arrows indicate examples of NFATc3
positive nuclei. B, summary of effects of CH on NFATc3 nuclear accumulation over time. *, p 	 0.05 versus N;
#, p 	 0.05 versus 7 and 21 days, n � 14 images from at least 3 animals/group (4 arteries/animal). C, summary
of effects of CsA on CH-induced NFATc3 nuclear accumulation. C57B6 mice were treated with vehicle (V) or CsA
(25 mg/kg/day) and exposed to N or 7 days of CH. Lung sections were stained as in A. *, p 	 0.05 versus N V;
#, p 	 0.05 versus CH V, n � 6 images from at least 3 animals/group (2 arteries/animal).
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KOmice exposed to 3 weeks CH or normoxia. The analysis was
performed in arteries from 3 different diameter ranges,
70–150, 151–230, 231–310, and 311–450 �m. As previously
demonstrated (49–51), arterial wall thickness increased in CH
WT animals. Fig. 5, A and B show the changes in the % of
arterial wall thickness for arterial size range 231–310 �m, sim-
ilar results were obtained in all size ranges (data not shown).
Consistent with our hypothesis, NFATc3 KO did not show
increased arterial wall thickness after been exposed to CH.
Together with the prevented increase in �-actin expression,
these results suggest that NFATc3 is involved in the PASMC
hypertrophic response that is, in part, responsible of the arterial
remodeling that underlies the development of pulmonary
hypertension.

DISCUSSION

The present study examined effects of CH on NFAT activity
in pulmonary arteries and determined the role of NFAT in the
vascular remodeling that underlies CH-induced pulmonary
hypertension.
The major findings of this study are that: 1) NFATc3 tran-

script and protein are present in murine pulmonary arteries; 2)
CH induces an increase in NFAT activity, and this activation is
impaired in pulmonary arteries from NFAT-luc/NFATc3 KO
mice; 3) NFAT activation is followed by an increase in NFATc3
nuclear accumulation in PASMC; 4) pharmacological inhibi-

FIGURE 4. Calcineurin/NFATc3 mediates CH-induced RV hypertrophy but
not polycythemia. A, percent change in RV/T in vehicle (V)- and CsA-treated
and WT and KO mice exposed to 7 and 21 days of CH, respectively, normalized
to normoxia (N) values. *, p 	 0.01 versus V or WT. n � see columns. B, hema-
tocrit (%) in vehicle (V)- and CsA-treated and WT and KO mice exposed to 7
and 21 days of CH, respectively, normalized to normoxia (N) values. *, p 	 0.01
versus N, n � see columns.

FIGURE 5. Calcineurin/NFAT mediates CH-induced up-regulation of
SM-�-actin in pulmonary arteries. A, Western blot analysis of SM-�-actin
protein expression in isolated pulmonary arteries from C57B6 mice treated
with vehicle (V) or CsA and exposed to normoxia (N) or CH for 7 days. SM-�-
actin band densities were normalized to total protein loaded per lane as
determined by Coomassie Blue or Sypro Red II staining of the membrane. AU,
arbitrary units. *, p 	 0.05 versus N V; #, p 	 0.05 versus CH V, n � 6 animals.
B, summary of qRT-PCR analysis of SM-�-actin transcript expression in iso-
lated pulmonary arteries from the same animals described in A. Threshold
crossing value (CT) was calculated using well factor background subtraction,
and gene expression normalized to 18 S for each sample. *, p 	 0.05 versus N
V, n � 5 animals.

FIGURE 6. NFATc3 mediates CH-induced up-regulation of SM-�-actin in
pulmonary arteries. A, Western blot analysis of SM-�-actin protein expres-
sion in isolated pulmonary arteries from WT and NFATc3 KO mice exposed to
normoxia (N) or CH for 21 days. SM-�-actin band densities were normalized to
total protein loaded per lane as determined by Coomassie Blue or Sypro Red
II staining of the membrane. AU, arbitrary units. *, p 	 0.05 versus N WT; #, p 	
0.05 versus CH WT, n � 4 animals. B, Western blot analysis of �-actin protein
expression in isolated pulmonary arteries from the same animals described in
A. Band densities were normalized to total protein loaded per lane as deter-
mined by Sypro Red II staining of the membrane. n � 4 animals.
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tion of calcineurin/NFAT pathway or genetic deletion of
NFATc3 significantly attenuatedCH-inducedRVhypertrophy,
up-regulation of SM-�-actin and increased pulmonary arterial
wall thickness. These findings suggest that NFATc3 is involved
in themechanisms that lead to pulmonary hypertension during
CH.
NFATc3 Is Expressed in PASMC—NFATc3 has been previ-

ously suggested to play a major role in SM contractile pheno-
type maintenance through the regulation of the expression of
contractile proteins and potassium channels (24, 29, 52).
Therefore, we first investigated if the NFATc3 isoform is
expressed inmurine pulmonary arteries. Indeed,NFATc3 tran-
script and protein were detected in isolated intrapulmonary
arteries from all the mouse strains used in this study. Interest-
ingly, Yaghi et al. (53) recently found that only the NFATc4
isoform is expressed in rat pulmonary arteries. However, exten-
sive studies of the cerebral vasculature also revealed the pres-
ence of NFATc3 and c4, but not NFATc1 or c2 (23, 31, 32, 54).
In contrast, NFATc1, c2, and/or c3 have been described in tho-
racic aortic smooth muscle cells from both rats and humans
(21, 55). Recently,NFATc1, c3, and c4were described in human
myometrial arteries, no c2 was detected (56). Thus, NFAT iso-
form expression inVSMCappears to be somewhat species- and
vascular bed-specific but this study clearly shows expression of
the NFATc3 isoform in mouse PASMC.

CH Induces NFATc3Activation in Pulmonary Arteries—This
study provides evidence for a novel mechanism of NFATc3
activation. Our results demonstrate that CH increases NFAT
activity and this activation is prevented in arteries fromNFAT-
luc/NFATc3 KO. In addition, CH increases NFATc3 nuclear
accumulation in PASMC. However, the time course of NFAT
activation and NFATc3 accumulation are slightly different.
NFAT activity was maximal at day 2 whereas NFATc3 was
maximally accumulated in the nucleus of PASMC at day 7. It is
possible that other NFAT cofactors, such as AP-1 or GATA
that are up-regulated by CH (57, 58), are increasingmore at day
2, thus enhancing NFATc3 binding to the DNA. Also, it is pos-
sible that other NFAT isoforms expressed in PASMC contrib-
ute to the highest NFAT activity observed at day 2 of hypoxia
exposure since the activity assay is not isoform specific. How-
ever, this possibility is unlikely based on the results demonstrat-
ing that NFAT activation is dramatically impaired in arteries
from NFAT-luc/NFATc3 KO mice.
Our data further suggest that hypoxic activation of NFATc3

is mediated by Ca2�/calcineurin because CsA prevented CH-
increased NFATc3 nuclear accumulation. These results are
consistentwith the reported increase in PASMC [Ca2�]i during
CH (3–8).
Exposure to hypoxia causes hypoxic vasoconstriction due to

acute inhibition of O2-sensing voltage-dependent K channels
(KV channels) (3). Hypoxic inhibition of KV channels causes
PASMC membrane depolarization leading to extracellular
Ca2� influx through voltage-dependent Ca2� channels
(VDCC) (3). This increase in PASMC [Ca2�]imay contribute to
the early calcineurin/NFAT activation at 2 days.
Prolonged exposure to hypoxia reduces KV channel expres-

sion (5, 8), re-sets PASMC Em to a more depolarized state, and
enhances agonist-mediated vasoconstriction (4). It has been
shown that PASMC from primary pulmonary hypertensive
patients exhibit decreased KV mRNA and currents, with a
resultant increase in [Ca2�]i compared with controls (5). In
addition, it has been recently demonstrated that up-regulation
of transient receptor potential channels (TRPC) contribute to
the elevated basal Ca2� and vascular tone observed in pulmo-
nary hypertension (6, 7, 59, 60). Interestingly, Ca2� influx
throughTRPC is an important determinant ofNFAT activity in
skeletal muscle (61). However, it is controversial whether CH
increases PASMC [Ca2�]i. Naik et al. (62) have demonstrated
no differences in pulmonary arterial wall Ca2� between rats
exposed to 4 weeks of CH or normoxia. However, PASMC
membrane potential was more depolarized in CH arteries.
Therefore, we cannot discard the possibility that other mecha-
nisms besides Ca2� mediate the CH-induced activation of cal-
cineurin/NFAT. In addition, other humoral factors that are up-
regulated by hypoxia could contribute to the increased NFAT
activity demonstrated in this study, such as ET-1 and Ang II (4,
36, 37, 63–70).
Calcineurin/NFATc3 Is Involved in the Mechanism of CH-

induced RV Hypertrophy—Sustained high pulmonary arterial
resistance to blood flow induced by CH causes an increase in
the RV afterload, which leads to RV hypertrophy (71). Our
results show that two different strains of mice (C57B6 and
BalbC) have RV hypertrophy after been exposed to CH, sug-

FIGURE 7. NFATc3 mediates CH-induced increases in pulmonary arterial
wall thickness. A, representative cross sections from normoxic (N) and CH (21
days) WT and KO mice. Arrows point internal and external elastic laminae.
B, percent arterial wall thickness of arteries with diameter of 231–310 �m.
*, p 	 0.001. Arteries n � see columns, number of mice: 3– 4.
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gesting they develop pulmonary hypertension. In addition, they
are also polycythemic in response to CH. Interestingly, cal-
cineurin inhibition with CsA and the genetic deletion of
NFATc3 significantly attenuated the development of RV
hypertrophy without affecting the polycythemic response.
These results are consistent with a recent report showing that
CsA prevents CH-induced RV hypertrophy in rats (72). In this
study, polycythemia was also prevented and the up-regulation
of hypoxia inducible factor 1 (HIF-1)-mediated genes. Surpris-
ingly the authors did not address whether NFAT inhibition was
involved in the effects of CsA.
In addition, a few clinical studies reported that CsA improves

pulmonary function of patientswith primary pulmonary hyper-
tension (73, 74) further supporting our findings.
Calcineurin/NFATc3Mediates CH-inducedUp-regulation of

SM-�-actin in Pulmonary Arteries—CH-induced pulmonary
hypertension is caused by increased pulmonary arterial vaso-
constriction and remodeling. It has been previously shown that
pulmonary arterial �-actin and myosin heavy chain expression
increase after exposure to CH (2, 33, 34). In agreement with
these previous findings, we have found that SM-�-actin tran-
script, and protein levels significantly increased after CH expo-
sure. Interestingly, NFAT inhibition with CsA completely pre-
vented this response. Furthermore, SM-�-actin protein levels
increased in pulmonary arteries fromCHWTbut not fromCH
NFATc3KOmice. These results are consistentwith the expres-
sion of this isoform in pulmonary arteries and the reported
regulation of �-actin expression by NFATc3 (21, 24). In addi-
tion, because calcineurin can dephosphorylate other cellular
proteins (19), the results obtained with the NFATc3 KO con-
firm that the effect of CsA was specific for NFAT.
The present study demonstrates a novel effect of CH to

upregulate SM-�-actin through a calcineurin/NFATc3-
dependent pathway. In support of the selective regulation of
SM-�-actin expression by NFATc3, no changes were observed
in �-actin protein levels. These results suggest that NFATc3 is
involved in PASMC hypertrophy which underlies pulmonary
arterial remodeling.
It is interesting that NFATc3-mediated CH-induced

increase in SM-�-actin expression does not coincide with the
maximum NFAT activity at day 2 but rather overlaps with the
intermediate level of activation at days 7 and 21. Therefore, it is
possible that the expression of other genes that increase or
decrease during CH may be transcriptional regulated by
NFATc3. For example, KV 2.1 has been shown to be downregu-
lated by activated NFATc3 in mouse cerebral arteries smooth
muscle (29) and interestingly, it is also downregulated after 2
days of CH (8, 75).
NFATc3 Mediates CH-induced Pulmonary Arterial

Remodeling—Medial thickening caused in part by PASMC
hypertrophy is one of the prominent features of vascular
remodeling induced by CH (reviewed in Ref. 1). Our studies
demonstrate pulmonary arterial remodeling (increased wall
thickness) in mice after CH. NFATc3 contributes to that
process evidenced by the lack of remodeling in NFATc3 KO
after been exposed to CH. These results are also in agree-
ment with the prevented up-regulation of SM-�-actin, fur-

ther supporting a role for NFATc3 in the development of
pulmonary hypertension.
Differentiation of adventitial fibroblasts into myofibroblasts

also contributes tomedial thickening (13), a process dependent
on increased expression of contractile proteins (differentiation
markers) such as �-actin. Further studies are needed to deter-
mine whether the NFATc3-mediated CH-induced increase in
�-actin is due to a) PASMC hypertrophy which requires
increased contractile protein expression and/or b) increased
myofibroblasts in the medial layer which express �-actin.
In summary, our results for the first time demonstrate that

NFATc3 is expressed in PASMC and is activated by CH in a
calcineurin-dependent manner. Most importantly, CH-in-
duced RV hypertrophy, up-regulation of SM-�-actin and vas-
cular remodeling are mediated by calcineurin/NFATc3. These
findings strongly suggest that NFATc3 may be involved in the
vascular changes that underlie the development of pulmonary
hypertension.
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