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Pulmonary hypertension subsequent to an infectious disease can be due to vascular structural
remodeling or to functional alterations within various vascular cell types. In our previous mouse model
of Pneumocystis-associated pulmonary hypertension, we found that vascular remodeling was not
responsible for observed increases in right ventricular pressures. Here, we report that the vascular
dysfunction we observed could be explained by an enhanced response to endothelin-1 (20% greater
reduction in lumen diameter, P  0.05), corresponding to an up-regulation of similar magnitude
(P  0.05) of the endothelin A receptor in the lung tissue. This effect was potentially augmented by a
decrease in production of the pulmonary vasodilator adrenomedullin of almost 70% (P  0.05). These
changes did not occur in interferon-g knockout mice similarly treated, which do not develop pulmonary
hypertension under these circumstances. Surprisingly, we did not observe any relevant changes in the
vascular endothelial nitric oxide synthase vasodilatory response, which is a common potential site of
inﬂammatory alterations to pulmonary vascular function. Our results indicate the diverse mechanisms
by which inﬂammatory responses to prior infections can cause functionally relevant changes in vascular
responses in the lung, promoting the development of pulmonary hypertension. (Am J Pathol 2016, 186:
259e269; http://dx.doi.org/10.1016/j.ajpath.2015.10.008)

Pulmonary hypertension (PH) is a severe and progressive
condition that can develop through many pathologic mechanisms. Biopsy and postmortem samples from patients with
advanced PH typically reveal relevant vascular remodeling,
often in multiple vascular layers (intima, media, and adventitia).1e3 Although these lesions clearly have substantial
effects on vascular resistance, it is becoming evident that
changes in the functional responses of histologically normal
vascular cells, that is, the ability to appropriately regulate
vascular tone, are also main determinants in the development
of pulmonary hypertension.4 This dysregulation of pulmonary vascular tone can occur through altered responses of
vascular endothelial cells,5,6 the smooth muscle cells themselves,7,8 or via agents produced by nonvascular cells.9,10
Although a large number of vasoactive pathways could
potentially be affected to cause vascular dysregulation, the
commonly implicated pathway is nitric oxide (NO)-induced
vasodilation, via endothelial NO synthase (eNOS).11,12 In
addition, there are a number of vasoactive neuropeptides with
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potent effects in the pulmonary circulation: endothelin-1
(ET-1) is probably the most important vasoconstrictive
agent in the lung,13,14 and adrenomedullin (ADM) is shown
to be an important vasodilator.15,16 In addition to their
involvement in functional dysregulation, it is also evident
that alterations in some of these vasoactive pathways are
mechanistically connected with subsequent vascular remodeling and perpetuation of vascular resistance.17e19 Indeed,
the importance of these pathways, and the ability to make
them the targets of pharmacologic intervention, has made
them a central focus of therapeutic strategies.20,21
However, the upstream mechanisms by which these
vascular dysregulations occur are still poorly understood.
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Genetic mutations are implicated in some cases of idiopathic
PH, notably those in the gene for bone morphogenic protein
receptor type 2 (BMPR2).22 Another, broader type of stimulus for these changes appears to be inﬂammation, whether
nonspeciﬁc or in response to an infectious disease.23,24
Clear connections exist between many inﬂammatory
agents, such as cytokines, chemokines, and growth factors,
and the instigation of vascular remodeling.25e27 It is less
clear how inﬂammation can induce vascular dysregulation
in the absence of vascular remodeling, although several
mechanisms are proposed. For eNOS, this includes changes
in protein expression,28 impairment of enzymatic activity by
molecular uncoupling,29 and inhibition of eNOS by asymmetric dimethylarginine (ADMA).30 In the ET-1 system,
up-regulation of both ET-1 itself31 and ET-1 receptors32 was
reported in response to inﬂammatory mediators.
We have previously described persistent PH as sequel to
recently cleared Pneumocystis infection in the context of transient CD4 T-cell depletion in mice.33 Although minor remodeling of the pulmonary vascular adventitia was present in these
mice, it was not necessary for the development of PH; however,
resurgent CD4 cells and the inﬂammatory cytokine interferon
(IFN)-g were required.34 In light of these observations, we
examined whether there were persistent forms of dysregulation
in the eNOS, ET-1, and ADM responses in the lungs of these
mice, distinct from remodeling events, which could contribute
to the PH that we observed. Although we found several
inﬂammation-induced alterations to vasoactive pathways, surprisingly, no substantial changes to vascular NOS responses
was found. However, we do report here substantial enhancement of the vasoconstrictor response to ET-1 and marked
reduction in ADM production in mice with Pneumocystisassociated PH which together could account for the observed
increase in pulmonary vasculature pressure. These observations
indicate how inﬂammatory responses to an acute respiratory
disease may initiate a chronic debilitating condition.

Materials and Methods
Mice
Most of the mice used in this study were raised in the animal
research facility at Montana State University, from stock
obtained from The Jackson Laboratory (Bar Harbor, ME).
IFN-g knockout mice were from JAX stock number 002286
and were on a BALB/c background, as were severe combined immunodeﬁcient mice originally obtained from
Charles River Laboratories (no. 236; Wilmington, MA).
Some BALB/c mice were used directly after purchase from
Charles River Laboratories. Mice were housed in highefﬁciency particulate arrestingeﬁltered ventilator cages,
with a 12:12 photoperiod, acidiﬁed drinking water, and
autoclaved mouse chow ad libitum. Experiments were
begun with mice 6 to 8 weeks of age. Because estrogens are
reported to have complex effects on the development of
PH,35 we used exclusively male mice.
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Figure 1 The preferred small artery proﬁles (arrow) for precision cut
lung slices measurement are near clusters of ADs. AD, alveolar duct.

Pneumocystis Culture and Infection
Pneumocystis murina was maintained in severe combined
immunodeﬁcient mice by serial colonization. Pneumocystis
was then obtained by homogenization of the lungs of infected
source mice and enumerated by microscopic counts of Pneumocystis nuclei. Isoﬂurane anesthetized experimental mice
were administered 107 Pneumocystis via intratracheal delivery, as previously described.36 Mice were given short-term
depletions (STDs) of CD4 T-cell populations by i.p. injections
of 300 mg of the antibody GK1.5 at days 3, 0, 3, 7, relative to
the day of infection. With this procedure, CD4 cells return at
18 to 24 days after infection and initiate clearance of the
Pneumocystis infection.33 Wild-type BALB/c mice treated in
this way are referred to as BALB-STD mice, whereas IFN-g
knockout mice in this procedure are referred to as IFN-g-STD
mice. Experiments described in the next section were performed at 35 to 40 days after infection, when PH is persistent,
and the Pneumocystis is almost entirely cleared.34 Control
animals are untreated age- and sex-matched BALB/c mice.

Hemodynamic Measurements
Right ventricular pressure, and relative right ventricular
mass were measured via trans-thoracic puncture and direct
weighing, as previously described.33

Tissue Collection
Tissue samples were obtained from mice deeply anesthetized
with pentobarbital and euthanized by exsanguination. In some
cases, bronchoalveolar lavage was performed with 3 mL of
phosphate-buffered saline with 3 mmol/L EDTA.36 Lungs were
removed and immediately homogenized in 10 mL of ice-cold
phosphate-buffered saline with 3 mmol/L EDTA, protease inhibitor cocktail (P8340; Sigma-Aldrich, St. Louis, MO), and
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Figure 2

Pulmonary hypertension manifests as elevated RVP and hypertrophy of the right ventricle (RV/LVþS) occurs in BALB-STD mice but not
IFN-g-STD mice. Data are expressed as means  SEM. n Z 5 mice in two
independent experiments. *P  0.05, **P  0.01, and ***P  0.001
versus BALB-STD mice. CON, control; IFN, interferon; RV/LVþS, right
ventricular mass as a proportion of the left ventricular plus septal mass;
RVP, right ventricular pressure; STD, short-term depletion.

lungs, and a small slit was made in the trachea. A Y cannula
(BD Saf-T-Intima; Becton Dickinson, Sandy, UT) was
inserted into the slit and tied with a small suture, a 3-mL
syringe with 2 mL of air was attached to one port, and
through the second port 1 to 1.5 mL of 2% agarose in
phosphate-buffered saline at 35 C was instilled into the
lung. This was followed by injection of 0.35 mL of air, then
a second suture was tied below the cannula, heart and lungs
were removed en bloc and put into cold Dulbecco’s
phosphate-buffered saline for 30 minutes to solidify the
agarose. Vibratome sections of 200 mm were cut from left,
superior, and inferior lobes of the lung and put into 12-well
plates with modiﬁed Dulbecco’s modiﬁed Eagle’s medium
(high glucose with sodium glutamate, without Phenol Red,
plus 25 mmol/L sodium pyruvate and 15 mmol/L HEPES).
Sections were kept overnight in a 37 C 5% CO2 incubator,
with two to three changes of media the next 5 hours.
Viability of the sections was veriﬁed the next day by motion
of cilia in larger airways.
Viable sections were placed in a modiﬁed 35-mm Petri
dish with optical glass bottom (MatTek, Ashland, MA)
inserted into a 37 C microincubator (Bioscience Tools, San
Diego, CA) within the stage of a Nikon TE300 inverted
microscope (Nikon Instruments, Melville, NY). Media kept
at 37 C (with or without vasoactive agents) were perfused
through ports in the dish at 0.8 mL/min. Appropriate arterial
proﬁles (identiﬁed by a thicker smooth muscle media layer)
were of two types: smaller arteries (diameter, 13 to 36 mm)
at the level of the alveolar ducts,38 which accounted for
approximately 80% of the proﬁles analyzed (Figure 1) and

phosphatase inhibitor cocktail (P5726; Sigma-Aldrich), using
an Omni THQ homgenizer (Omni-International, Kennesaw,
GA). Aliquots were quick frozen over liquid nitrogen and kept
at 80 C until needed. Homogenate samples were used as in
arginase assays and enzyme-linked immunosorbent assays
(ELISAs), with appropriate dilutions. For Western blot analysis, samples were thawed, mixed with 2 SDS sample buffer,
and boiled for 5 minutes. When membrane proteins were the
target of analysis, a 2% octyl glucoside extract was made by
adding the appropriate volume of a 10 octyl glucoside stock
to the thawed extract and incubating on ice for 10 minutes with
frequent mixing on a vortex, after which 2 SDS buffer was
added, and the samples were boiled for 5 minutes. Equal volumes of each sample were loaded onto the gels, representing
equal fractions of the entire lung. Previously infected mice have
residual inﬂammation33 and resulting increased total lung mass
compared with controls, so normalization to nonspeciﬁc
housekeeping proteins (present in all cells) was not performed.
Figure 3

PCLS Procedures
Precision cut lung slices (PCLSs) were obtained with
modiﬁcations of published methods.37e39 Brieﬂy, after
euthanization, skin and rib cage were removed to expose the
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eNOS levels are increased in both BALB-STD and IFN-g-STD
mice. Densitometric review of Western blot analyses of the eNOS protein in
total lung homogenates show signiﬁcant increases in the BALB-STD and
IFN-g-STD groups compared with controls. Data are expressed as
means  SEM. n Z 5 (4 for control) in two independent experiments.
**P  0.01 versus controls. CON, control; eNOS, endothelial nitric oxide
synthase; IFN, interferon; STD, short-term depletion.
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Figure 4

eNOS-mediated vasodilation of small pulmonary arteries is not impaired by inﬂammation in short-term CD4-depleted, Pneumocystisinfected mice. AeD: Arterial response in precision cut lung slice measurements of a representative live lung section. Lumen of resting artery (A),
lumen contracted to near 50% original area after U46619 treatment (B), lumen restored to near original size after acetylcholine-mediated eNOS
activation (C), and little to no increased dilation after ﬁnal treatment with SNP (D). EeG: U46619 contraction is enhanced in both BALB-STD and
IFN-g-STD mice (E), but eNOS activation returns lumen area to the same magnitude as in control mice (F), although this requires signiﬁcantly
greater dilation in both BALB-STD and IFN-g-STD mice (G). H: Endothelial-independent vasodilation is not signiﬁcantly different among the three
groups of mice. Data are expressed as means  SEM. n Z 16 to 35 proﬁles per group across 4 to 5 mice in three independent experiments.
**P  0.01, ***P  0.001, and ****P  0.0001 versus controls. CON, control; eNOS, endothelial nitric oxide synthase; IFN, interferon; SNP,
sodium nitroprusside; STD, short-term depletion.

larger peribronchial arteries (diameter, 27 to 76 mm)
(Figure 1). Subsequent analysis showed no signiﬁcant difference in the response of these two types, so they were
pooled together. Each section typically had three to six
measurable proﬁles with perpendicular planes of section.
Images of each proﬁle were taken before and after each
segment of the treatment procedure with a Nikon DS-QiMc
camera and Nikon Elements BR software version 3.10.
Speciﬁc treatments were modiﬁed from Faro et al40 and
Wright and Churg.41 For measurement of NO response and
arterial dilation after equilibration 107 mol/L U46619 (Enzo
Life Sciences, Farmingdale, NY) was applied for 5 minutes to
precontract vessels, followed by a 5-minute wash. After image
capture, 105 mol/L acetycholine (Tocris, Minneapolis, MN)
was perfused for 8 minutes. This was followed by a wash of
5 mL, and the ﬁnal treatment of 5 mL of 105 mol/L
sodium nitroprusside (Sigma-Aldrich). Response to ET-1
was performed as a dose-response contraction curve of
resting blood vessels.41 After equilibration, sequential
doses of 1011 to 108 ET-1 (Sigma-Aldrich) were
applied, with 5 minutes of each dose, followed by 5-minute
washes between doses. Lumen areas in each proﬁle before
and after each treatment were measured with ImageJ
software version 1.47b (NIH, Bethesda, MD; http://
imagej.nih.gov/ij).42 Typically, four to ﬁve sections from
each mouse were used, and values were averaged at each
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treatment point per mouse, with ﬁnal statistical comparisons made within the four to seven mice per group.

ELISA Procedures
ET-1 was measured in extracts from lung homogenates with
the use of a commercial ELISA kit (Enzo Life Sciences),
according to manufacturer’s instructions, including peptide
isolation on C18 Sep-Pak columns (Waters Corporation,
Milford, MA). The marker of NO-modiﬁed protein
3-nitrotyrosine was measured in total lung homogenates
with the use of a commercial ELISA from Abcam (no.
ab116691; Cambridge, MA). ADMA, an in vivo inhibitor of
eNOS, was measured in lung homogenates with the use of a
commercial ELISA from MyBioSource (San Diego, CA).

Western Blot Procedures
Sample proteins were separated by PAGE with the use of 4% to
20% gradient gels (Bio-Rad, Hercules, CA). Proteins were
transferred to nitrocellulose (GE Life Sciences, Piscataway, NJ)
and probed with the following antibodies. Monoclonal antieNOS was from BD Transduction Laboratories (no. 610296;
San Jose, CA), as was polyclonal anti-inducible NOS (iNOS;
no. 610332). Polyclonal anti-ADM was from Thermo Scientiﬁc
(no. PA5-24927; Waltham, MA). Polyclonal anti-endothelin
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receptor A (ETAR) and the control peptide to verify speciﬁcity
were from Alomone Labs (no. AER-001; Jerusalem, Israel).
Secondary antibodies were goat anti-mouse IgG horseradish
peroxidase conjugate from Southern Biotech (no. 1031-05;

Birmingham, AL), and donkey anti-rabbit IgG horseradish
peroxidase conjugate from BioLegend (no. 406401; San Diego,
CA). Images were captured on autoradiographic ﬁlm with the
use of chemiluminescent substrate Pierce Super Signal West
Pico (Thermo Scientiﬁc). Bands were quantiﬁed with ImageJ
software.42

Arginase Assay
Arginase activity in lung homogenates was determined with
the method of Corraliza et al.43 Crude homogenates were
mixed vigorously on a vortex for 30 seconds, then centrifuged for 5 minutes at 15,000  g at 4 C. Aliquots of the
supernatant ﬂuid were then assayed according to the published procedure and compared with a standard curve of
urea dilutions. Duplicate aliquots were analyzed for protein
concentration with the use of the bicinchoninic acid method
(Pierce Biotechnology, Rockford, IL). Arginase activity is
expressed as mmole urea produced per milligram total
protein per hour.

Expression Analysis
CD11cþ pulmonary cells were isolated from lung digests as
previously described.44 RNA was obtained from these cells
with the use of the Qiagen (Germantown, MD) RNeasy
Micro kit, and quality was veriﬁed with a RNA 6000 Nano
kit (Agilent, Santa Clara, CA). Primers for iNOS (catalog
no. QT00100275), arginase (catalog no. QT00134288), and
glyceraldehyde-3-phosphate dehydrogenase (catalog no.
QT01658692) were purchased from Qiagen. PCR was performed on an Eppendorf Mastercycler ep realplex (Hauppauge,
NY) with the use of a SYBER Green PCR Master mix from
Thermo Fisher (catalog no. 4367659). The reaction conditions
consisted of a preincubation at 95 C for 10 minutes, followed
by 40 cycles of an ampliﬁcation step that consisted of 95 C for
15 seconds, followed by 60 C for 60 seconds. Quantiﬁcation
was performed with the method of Livak and Schmittgen.45

Statistical Analysis
Preliminary group analysis was performed with the
Numbers software program version 2.3 (Apple, Cupertino,
CA). Final statistical analysis with analysis of variance
Figure 5 Potential inhibition of eNOS in BALB-STD mice may not occur.
AeC: Although protein expression of iNOS in lung homogenates is strongly
elevated in BALB-STD mice (A), nitrosative modiﬁcation of cellular proteins
is not signiﬁcantly elevated in this group (B), possibly because of
concomitant increase of arginase activity, which competes for the same
substrate (C). D: A known tissue inhibitor of eNOS, ADMA, is also not
elevated in BALB-STD mice, although it is elevated in IFN-g-STD mice. Data
are expressed as means  SEM. n Z 5 in two independent experiments.
*P  0.05, **P  0.01, and ****P  0.0001 versus controls. ADMA,
asymmetric dimethylarginine; CON, control; eNOS, endothelial nitric oxide
synthase; IFN, interferon; iNOS, inducible nitric oxide synthase; STD,
short-term depletion; 3-NT, 3-nitrotyrosine.
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returned to 70% to 85% of pre-U46619 values in all three
groups (Figure 4F), although this required signiﬁcantly
greater vasodilation, relative to the contracted vessel areas, in
both groups of infected mice (Figure 4G). Finally, when
sodium nitroprusside was added to the PCLSs after acetylcholine treatment, an additional vasodilatory response was
found, amounting to an additional 12% to 16% of the original
lumen diameter, which was not signiﬁcantly different between any of the groups (Figure 4H). These results suggested
that both production of and response to the vasodilator
endothelial NO were not signiﬁcantly affected by the Pneumocystis infection, although response to vasoconstrictive
agents was affected.
Figure 6 ET-1 concentrations are not signiﬁcantly different in BALB-STD
or IFN-g-STD mice compared with controls. Samples are peptide extracts
from total lung homogenates. Data are expressed as means  SEM. n Z 5
mice in two independent experiments. CON, control; ET-1, endothelin-1; IFN,
interferon; STD, short-term depletion.

followed by Tukey’s post hoc tests was performed with
Prism software version 6f (GraphPad, San Diego, CA).

Results
Functional Responses in eNOS Are Not Involved in
Pneumocystis-Associated PH Development
As reported in our previous study,34 transient depletion of
CD4 cells and concomitant Pneumocystis infection resulted
in persistent PH in wild-type mice but not in IFN-g
knockout mice (Figure 2). Changes in eNOS protein
expression were proposed as a mechanism of endothelial
dysfunction; surprisingly, we found that eNOS expression
was actually increased in BALB-STD mice, compared with
control mice (Figure 3); however, this same increase also
occurred in IFN-g-STD mice. Because protein concentration
did not support a role for eNOS in our observed vascular
dysfunction, we conducted functional studies of the eNOS
system in pulmonary vasculature with the use of PCLSs. This
assay required initial preconstriction of the arterial proﬁles
with the use of the thromboxane agonist U46619, followed
by measurement of endothelial-dependent vasodilation (via
stimulation of eNOS) by application of acetylcholine.
Finally, endothelial-independent vasodilation is measured by
application of the NO donor, sodium nitroprusside. We
initially determined the dose of U46619 in untreated mice
that would result in a 40% to 50% decrease in vascular lumen
area and the subsequent dose of acetylcholine that would
return the lumen size to 80% to 90% of initial area. This
treatment regimen was applied to PCLSs from both BALBSTD and IFN-g-STD mice and from control mice
(Figure 4, AeD). We found that both BALB-STD and IFNg-STD mice exhibited enhanced contractility in response to
U46619, indicated by signiﬁcantly greater reduction in
lumen area (Figure 4E). However, when acetylcholine was
subsequently applied to stimulate eNOS, vessel lumen area
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Elevated iNOS Response or ADMA Concentrations Do
Not Inhibit eNOS
iNOS was also proposed as a modulator of vascular tone,
especially in situations of IFN-g secretion, via production of
both NO and superoxide, resulting in increased peroxynitrite
and eNOS inactivation. As expected, iNOS protein levels were
high in BALB-STD mice but not in IFN-g-STD mice
(Figure 5A). However, the elevated levels did not translate into
increased nitrosative/oxidative stress. In fact, 3-nitrotyrosine, a
marker of protein nitration, was signiﬁcantly elevated in IFN-gSTD mice but not in BALB-STD mice (Figure 5B). It was also
surprising to ﬁnd that lung arginase activity, usually inversely
related to iNOS activity and a competitor for the same substrate,46 was as high or higher in BALB-STD mice than in IFNg-STD mice (Figure 5C). Because alveolar macrophages are a
main source of iNOS in lung inﬂammation, we measured
mRNA expression of both iNOS and arginase in lung CD11cþ
cells and found increased expression of both in BALB-STD
mice (data not shown), which may explain the lack of nitrosative stress. Finally, we quantiﬁed a known inhibitor of in vivo
function of eNOS, ADMA, in lung homogenates, and found no
difference between BALB-STD and control mice, although
slightly increased concentrations were found in IFN-g-STD
mice (Figure 5D).

Vasoconstriction in Response to ET-1 Is Enhanced in
BALB-STD Mice
In contrast to the vasodilatory eNOS system, the vasoconstrictive ET-1 system is important in our PH model. Concentrations of the ET-1 peptide in lung homogenates were not
signiﬁcantly different between any of the groups (Figure 6). As
with the eNOS system, we used an ex vivo PCLS assay to
measure the vasoconstrictive response to ET-1 in the three
groups of mice (Figure 7). At the lowest dose of ET-1 (1011
mol/L), a slight (approximately 10%) increase was found in
vessel lumen area in all three groups (Figure 8A). However,
when ET-1 was subsequently applied at doses of 1010 mol/L
to 109 mol/L, the intrapulmonary arteries in the BALB-STD
group exhibited signiﬁcantly greater vasoconstriction,
compared with both control and IFN-g-STD mice (Figure 8A).
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This differential effect disappeared at the highest dose of ET-1
that we used (108 mol/L), at which all three groups demonstrated vasoconstriction of nearly 50% of the original lumen
area (Figure 8A).
To explore possible mechanisms of this response, we
examined expression levels of the ETAR in lung homogenates and found a slight but signiﬁcant up-regulation in the
BALB-STD mice, compared with both the IFN-g-STD and
control groups (Figure 8B).

Expression of the Vasodilator ADM Is Drastically
Reduced in BALB-STD Mice
Another pulmonary vasoactive agent we measured was the
vasodilator ADM, which was reported in some in vitro
assays to be reduced in response to IFN-g.47 Interestingly,
we found that the 18-kDa circulating precursor of ADM was
almost absent in lung homogenates of BALB-STD mice but
was abundant in both the IFN-g-STD and control mice
(Figure 9). Our Western blot analyses did not show distinct
bands at the molecular weight range of the active form of
ADM (6 kDa); however, this form of the molecule is known
to be labile.48

Discussion

Figure 7

Small pulmonary artery proﬁles show increasing vasoconstriction when treated with a cumulative dose response of ET-1. Shown is a
representative proﬁle from a BALB-STD mouse precision cut lung slices
sample. ET-1, endothelin-1; STD, short-term depletion.
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We show here that inﬂammatory responses to a recently
cleared infectious microbe can produce alterations in the
response to and/or concentration of vasoactive agents that
substantially alter pulmonary vascular tone and may be
instrumental in the initiation of pulmonary hypertension.
We originally hypothesized that the eNOS system of
vascular regulation would be the likely candidate for
impairment in BALB-STD mice. Our previous observation
of the essential role of IFN-g suggested a mechanism
similar to those seen in other disease models, in which
increased NO production by iNOS (which is induced by
IFN-g) paradoxically results in reduced eNOS activity and
inhibits vasodilation.49,50 Furthermore, in one of these
studies,50 CD4 T cells were required for this response,
similar to our observations of the necessity of CD4 cells for
PH to occur.34 However, modiﬁcation of eNOS function
was not important in the onset of PH in BALB-STD mice.
Not only did functional tests of the endothelial NO
response, with the use of PCLSs, show no substantial differences in the vasodilatory response, but no evidence was
found of the nitrosative effects purported to cause eNOS
dysfunction in the context of elevated iNOS that we found
in BALB-STD mice. This was likely because of the
sequence of immune responses in these animals, in particular the unique phenotype of the pulmonary CD11c cells
(alveolar macrophages and dendritic cells) in BALB-STD
mice. Unlike the typical phenotype of M1 polarized cells
in response to IFN-g secretion (one of which is the
up-regulation of iNOS), these cells also exhibit aspects of an
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Figure 8 The response to ET-1 is enhanced in BALB-STD mice. A:
Vasoconstriction in small pulmonary artery proﬁles in BALB-STD mice is
signiﬁcantly greater over the range of 1010 to 109 ET-1. B: This coincides
with a signiﬁcant increase in the ETAR in BALB-STD mice total lung tissue as
indicated by quantiﬁcation of Western blot analysis. Data are expressed as
means  SEM. n Z 4 to 5 (B) or n Z 16 to 35 proﬁles per group across 4 to
5 mice (A) in two independent experiments. *P  0.05 versus IFN-g-STD
and controls. CON, control; ETAR, endothelin receptor A; ET-1, endothelin-1;
IFN, interferon; STD, short-term depletion.

M2 phenotype, including up-regulated scavenger receptor
CD204 as we previously reported,34 and increased arginase
expression. Indeed, this elevated arginase activity could
result in reduced iNOS NO production through competition
for the common substrate, arginine,46 and thus reduced
nitrosative effects on tissue proteins.
In contrast to the eNOS system, functional response to
ET-1 seems to be an important mechanistic component in
Pneumocystis-associated PH. Inﬂammatory alterations in
the ET-1 system were reported for several phenotypes of
PH.13 Increases in levels of the ET-1 peptide can occur in
the lung in response to several inﬂammatory mediators,
including tumor necrosis factor-a,31,51,52 transforming
growth factor-b,53 and IFN-g.31,51,53 Unlike the latter group,
we did not observe substantial increases in pulmonary ET-1
in lung samples; however, those studies were analyzed with
isolated cell types with discrete stimuli, whereas ours
examined total lung homogenate, taken from mice with a
complex inﬂammatory response to a prior infectious
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disease. In addition, many of the in vivo effects of ET-1
result from paracrine interactions of adjacent cells, and
localized concentration differences would be undetectable
by our assay. Therefore, we cannot rule out completely that
concentration increases of ET-1 did not have a role in the
observed PH in vivo. However, our results with PCLS
functional assays show that concentration increases were not
necessary to demonstrate an enhanced ET-1 response in the
BALB-STD mice. The up-regulation of the ETAR receptor,
and the associated enhanced response, which we describe
here as a possible mechanism of inﬂammatory induced PH,
was reported as a response to stressful perturbations of
vascular cells. Up-regulated ETAR in vascular cells occurs in
response to intermittent hypoxia,54,55 ischemia-reperfusion,56
angiotensin II,57 endotoxin exposure,32 environmental air
pollution,58 and long-term tobacco use.59 Our observations
indicate that this up-regulation can also occur as a consequence of inﬂammatory responses to an infectious disease.
In vivo, pulmonary vascular resistance depends on the
effects of many interacting regulatory agents, although ET-1
is undoubtedly one of the most important. Our evaluation of
the vasodilatory mediator ADM suggests an important role
in inﬂammation-associated PH. Some patients with PH have
elevated levels of ADM, perhaps in a compensatory vasodilatory response,60 and inhaled ADM is used with some
success in PH patients.60 ADM also has potent immune
modulatory actions61 and is an important human biomarker,
reﬂecting the magnitude of several clinical conditions,
including sepsis.62 That ADM is so severely down-regulated
in the lungs of BALB-STD mice would appear to be
maladaptive, and, in fact, may reﬂect another aspect of
collateral damage of the immune response. IFN-g was
shown to down-regulate ADM expression in some isolated

Figure 9

Expression of the vasodilator ADM is drastically reduced in
BALB-STD mice. Densitometric review of Western blot analyses of the 18-kDa
ADM precursor protein in total lung homogenates shows signiﬁcant decrease
in BALB-STD mice, compared with control and IFN-g-STD mice. Data are
expressed as means  SEM. n Z 5 (4 for control) in two independent experiments. *P  0.05, **P  0.01 versus controls. ADM, adrenomedullin; CON,
control; IFN, interferon; STD, short-term depletion.
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cell types in vitro47,63,64 yet increase it in others.65,66 Clearly,
our results indicate that in vivo pulmonary ADM production
can be dramatically reduced in an IFN-gedependent fashion.
It is likely, however, that in vivo results reﬂect multiple elements of the immune response, including other cytokines, and
the timing and duration of the immune response. As we previously reported, pulmonary IFN-g levels in our experimental
model are elevated for at least a 10-day period,34 and this
sustained exposure may be crucial for in vivo reduction of
ADM production. It is interesting that, although ADM has
known biomarker and treatment uses in humans, little is
known about the response of ADM in acute or chronic infectious diseases and whether this may be a predisposing
factor in cases of secondary PH, but our results would suggest
this is an intriguing possibility.
Although the potential mechanisms of vascular dysregulation that we observed, enhanced response to endothelin and
down-regulation of ADM, are reported in response to various
perturbations, this is the ﬁrst report that we are aware of in
which they occur as responses to an altered immune response
to an infectious disease. These results point to the importance
of ongoing and prior immunologic responses to infectious
agents as contributing factors in the development of PH,
which is increasingly seen as multifactorial in origin. Indeed,
although it is becoming apparent that the infection history of
the lung can be an important determinant of the immune
responses to subsequent infections,67 it is not known whether
infection history can be a lasting modiﬁer to vasoregulatory
mechanisms, but our results would suggest that this is a potential area of interest in the development of secondary PH.
As with any mouse experimental model, direct applicability
to human disease is limited at this time. The conditions of our
model, such as transient immunosuppression (CD4 depletion), allowing for encroachment of an opportunistic pathogen, followed by its robust elimination on CD4 resurgence,
are not a common feature of human pulmonary disease.
However, it does raise the question whether pulmonary diseases that involve a strong CD4 T-cell response, and/or
prolonged IFN-g, may lead to similar vascular dysfunction. A
deeper understanding of the mechanisms by which immunologic perturbations may drive the types of vascular
dysfunction reported here is needed.
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