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In flow-associated pulmonary arterial hypertension
(PAH), increased pulmonary blood flow is an essen-
tial trigger for neointimal formation. Using microar-
ray analysis, we recently found that the early growth
response protein 1 (Egr-1) transcription factor is in-
creased in experimental flow-associated end-stage
PAH. Its role in PAH development is unknown. Here,
we assessed the spatiotemporal expression of Egr-1
during neointimal development in flow-associated
PAH. Flow-associated PAH was produced in rats by
combining monocrotaline administration with an
aortocaval shunt. Animals were sacrificed 1 day be-
fore or 1 day, 1 week, or 4 to 5 weeks after flow
addition. Egr-1 expression was spatiotemporally as-
sessed using laser microdissection, quantitative real-
time PCR and immunohistochemistry. In addition,
Egr-1 expression was assessed in a non-neointimal
pulmonary hypertension model and in human PAH
associated with congenital shunt. In 4 to 5 weeks, rats
subjected to increased flow developed PAH with neo-
intimal lesions. Egr-1 mRNA was increased 1 day after
flow addition and in end-stage PAH, whereas mono-
crotaline only did not result in increased Egr-1 mRNA.
Directly after flow addition, Egr-1 was expressed in
endothelial cells. During disease development, Egr-1
protein expression increased and migrated through-
out the vessel wall. In PAH patients, Egr-1 was ex-
pressed in vessels with media hypertrophy and neo-
intimal lesions, including plexiform lesions. Thus,
Egr-1 may be an important regulator in the develop-

ment of pulmonary neointimal lesions induced by
increased pulmonary blood flow. (Am J Pathol 2011,

179:2199–2209; DOI: 10.1016/j.ajpath.2011.07.030)

Pulmonary arterial hypertension (PAH) is a vasoprolifera-
tive disorder in which vascular obstruction of the small
pulmonary arteries leads to an increased pulmonary vas-
cular resistance and eventually death.1 PAH is consid-
ered irreversible when pulmonary vascular remodeling
is characterized by the development of unique neoin-
timal lesions, including concentric laminar intima fibro-
sis and plexiform lesions.2,3 These neointimal lesions
cause intraluminal obstruction arising from proliferation
of endothelial and smooth muscle cells, fibrosis, and
inflammation.2,4,5

In congenital heart disease, increased pulmonary
blood flow is an essential trigger for neointimal formation
and disease development. Although neointimal develop-
ment is well-described histopathologically, the pathogen-
esis of PAH and its typical vascular lesions is largely
unknown. Several animal models have been described to
investigate the pathogenesis of PAH.6 The toxic alkaloid
monocrotaline model is a commonly used experimental
model of pulmonary hypertension. However, in this model
neointimal lesions, typical for irreversible PAH,3 are not
seen. We and other investigators have shown that com-
bining monocrotaline with an increased pulmonary blood
flow results in pulmonary neointimal lesions in end-stage
disease.7–10 Little is known about the development of
these lesions during disease progression.

In a rat model of flow-associated PAH, we recently
identified the early growth response protein 1 (Egr-1)
transcription factor, by microarray analysis, to be up-
regulated in end-stage PAH only when increased pulmo-
nary blood flow was added to monocrotaline administra-
tion.8 Egr-1 is expressed in a variety of cardiovascular
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processes in systemic vessels, such as intimal thicken-
ing, vascular proliferation, and vessel inflammation.11–14

Egr-1 is poorly expressed in the normal arterial wall but
can be enhanced by various stimuli, including fluid shear
stress and hypoxia.11,15–17 Once activated, Egr-1 is ca-
pable of activating or repressing the transcription of nu-
merous genes, including genes known to play a role in
the pathogenesis of PAH, such as transforming growth
factor �, platelet-derived growth factor, and monocytes
chemotactic protein 1 (MCP1).11

On the basis of these observations, we hypothesized
that Egr-1 may be an important factor in the development
of flow-induced neointimal lesions in PAH. In this study,
we therefore investigated the spatiotemporal expression
of Egr-1 during the development of pulmonary neointimal
lesions in experimental flow-associated PAH and com-
pared this expression pattern with that in a non-neointi-
mal pulmonary hypertension model (monocrotaline only)
and in human PAH associated with a congenital shunt.

Materials and Methods

Animals

Animal care and experiments were approved by the In-
stitutional Animal Care and Use Committee. Seventy-one
male Wistar rats (310 to 380 g) were used. Experimental
flow-associated PAH was produced using a monocrota-
line injection (60 mg/kg) followed by an abdominal aor-
tocaval shunt 1 week later, as described previously.7

To investigate the evolution of neointimal lesions, rats
were randomly assigned to the following groups: i) mono-
crotaline 7 (M 7): 1 day before flow (n � 12), 1 week after
monocrotaline administration, sacrificed before flow ad-
dition; ii) monocrotaline plus flow 8 (M�F 8): early acti-
vation (n � 12), sacrificed after 1 day of flow addition; iii)
monocrotaline plus flow 14 (M�F 14): early-stage PAH
(n � 12), sacrificed after 1 week of flow addition; and iv)
monocrotaline plus flow 30 (M�F 30): end-stage PAH
(n � 15), sacrificed when clinical signs of heart failure
occurred, as described previously.7 For each time point,
5 rats receiving either saline injection or saline injection
and sham surgery served as the control. Because the
sham groups showed no differences in hemodynamic
measurements, histologic findings, or mRNA and protein
expression, these groups were pooled as a control
group.

Furthermore, as an additional control group, we inves-
tigated Egr-1 expression in a non–flow-associated, non-
neointimal model of pulmonary hypertension. Rats were
injected with monocrotaline only and assigned to three
additional experimental groups: i) monocrotaline 8 (M 8)
(n � 5), sacrificed 8 days after monocrotaline injection; ii)
monocrotaline 14 (M 14) (n � 5), sacrificed 14 days after
monocrotaline injection; and iii) monocrotaline 30 (M 30)
(n � 5), sacrificed 30 days after monocrotaline injection.
The time points of sacrifice for these groups were similar

to the flow-associated PAH groups mentioned above.
Hemodynamic Measurements

Directly before sacrifice invasive hemodynamic measure-
ments were performed using a closed chest technique
that is routinely used in our laboratory.7,8 Rats were anes-
thetized with 3% to 5% isoflurane inhalation. A fluid-filled
pressure catheter was inserted into the right internal jug-
ular vein and guided to the pulmonary artery under pres-
sure waveform monitoring using a bedside monitor. Mean
right atrial pressure, right ventricular systolic pressure.
and pulmonary arterial pressures were measured.

Pathologic Analysis

After hemodynamic measurements, organs were har-
vested and prepared for further analysis. The left lateral
liver lobe was excised for wet/dry weight ratio measure-
ment as an indication for right ventricular failure. Heart
and lungs were excised and weighed separately. The
right lung was frozen in liquid nitrogen for molecular
analysis. The left lung was fixated by filling the airways
with 3.6% formalin and embedded in paraffin.

Pulmonary vascular morphology (n � 5 rats per exper-
imental group; n � 2 per sham group) was qualitatively
and quantitatively analyzed as described previously by
van Suylen et al and our laboratory.7,8,18 Intra-acinar ves-
sels without a clearly defined internal lamina elastica
combined with luminal occlusion were defined as neoin-
timal lesions. Intra-acinar vessels with a double lamina
elastica for more than half of its circumference were de-
fined as completely muscular. Intra-acinar vessels with a
double lamina elastica for less than half of its circumfer-
ence were defined as partially muscular. Normal, non-
muscular, intra-acinar vessels had a single lamina elas-
tica and no luminal occlusion. Muscularization per time
point was assessed and presented as the percentage of
vessels per degree of muscularization (including neoin-
timal lesions).

Laser Microdissection

Cryosections (9 �m) from rat lung tissue were mounted
on membrane-covered slides (PEN membrane; PALM
Microlaser Technologies, Bernried, Germany). Intra-aci-
nar vessels (1 � 106 �m2 of tissue per rat) from the M�F
30 group (n � 5 rats) and control group (n � 2 rats) were
dissected using the Laser Robot Microbeam System
(LMD6000; Leica, Wetzlar, Germany). Intra-acinar ves-
sels were identified based on size (�50 �m) and mor-
phologic findings.

Real-Time RT-PCR

Whole Lung

For real-time RT-PCR of whole lung samples (n � 5 to
8 per group), commercially available kits were used. To-
tal RNA was isolated from pulmonary tissue using TRIzol
reagent (Invitrogen, Carlsbad, CA). Real-time RT-PCR
experiments were performed on a CXF384 real-time

system C1000 Thermal cycler (BioRad Laboratories,



Egr-1 in PAH Development 2201
AJP November 2011, Vol. 179, No. 5
Veenendaal, The Netherlands). cDNA was synthesized
using QuantiTect Reverse Transcription Kit (Qiagen, Ben-
elux, Venlo, the Netherlands). Real-time RT-PCR was
conducted using SYBR Green PCR Master Mix according
to the manufacturer’s instructions (Eurogentec, San Di-
ego, CA). Primer sequences are available on request.
Expression levels were obtained from a dilution standard
curve and compared with those of cyclophilin or 36B4
mRNA to calculate the relative expression levels.

Laser-Dissected Material

Total RNA was extracted from laser-dissected tissue
using the RNAeasy Mini Kit (Qiagen, Leusden, Nether-
lands). DNA was removed using a RNase-free DNase set
(Qiagen). RNA was quantified using the Nanodrop ND-
1000 Spectrofotometer (Thermo Scientific, Waltham,
MA). cDNA was synthesized using QuantiTect Rev. Tran-
scription Kit (Qiagen). Primers and fluorogenic probes
were purchased as assay-on-demand (Applied Biosystems
Europe BV, Nieuwekerk aan de IJsel, Netherlands). Real-
time RT-PCR was performed using an ABI 7900HT Se-
quence Detector (Applied Biosystems, Carlsbad, CA). RNA
expression was normalized to the expression of GAPDH.

Immunohistochemistry

Paraffin-embedded lung sections were microwave
heated for antigen retrieval. To reduce nonspecific stain-
ing, sections were preincubated in 0.3% hydrogen per-
oxide. Sections were then embedded for 1 hour at room
temperature with primary antibodies for Egr-1 (rat: 1:50
dilution, Cell Signaling Technology Inc, Danvers, MA;
human: 1:150 dilution, Abcam, Cambridge, MA), von Wil-
lebrand factor (rat: 1:250 dilution, Abcam), SMA (rat:
1:400 dilution, Dako, Carpinteria, CA), and CD68� (1:300
dilution, AbD Serotec, Düsseldorf, Germany). Species-
specific IgG coupled to peroxidase was used as a sec-
ondary antibody (1:100 dilution, Dako). The sections
were stained with diaminobenzidine for 10 minutes and
counterstained with hematoxylin. For immunofluores-
cence staining, the following secondary antibodies were
used: Chromeo 488 IgG (1:400 dilution, Abcam) and
Chromeo 546 IgG (1:50 dilution, Abcam). Nuclei were
stained with DAPI (Vector Laboratories Inc, Burlingame,
CA). For positive control for Egr-1 staining, prostate ad-
enocarcinoma samples were used. Negative control (by
replacing the primary antibody with PBS) showed no
staining for all secondary antibodies.

Quantification of Immunohistochemical Analysis

Egr-1 staining was investigated (n � 5 rats per experi-
mental group; n � 2 per sham group) to characterize
spatiotemporal Egr-1 protein expression. Ten intra-acinar
vessels were randomly selected per rat. Vessels were
scored as followed: positive Egr-1 expression (0: no
staining; 1: positive staining) and localization of Egr-1
expression [0: no staining; 1: mainly positive staining of
endothelium; 2: mainly positive staining of media; and 3:

diffuse positive staining (both) or perivascular stain-
ing]. Endothelium was defined as the cell layer border-
ing the vessel lumen. Media was defined as the layer
between the outer elastic layer and the cell layer bor-
dering the vessel lumen. In addition, the number of
positive Egr-1 cells per 10 vessels was counted per
experimental group.

For macrophage (CD68�) count, three rats per exper-
imental group were analyzed. Ten intra-acinar vessels
per rat were captured at �400 magnification, and the
number of macrophages was counted per field. For all
analyses, slides were masked, making the experimental
group unknown for the observers (M.G.D. and H.S.).

Patient Material

Human lung tissue samples were obtained from ex-
planted lungs from five patients with PAH associated
with congenital cardiac shunts that underwent lung
transplantation. For control, lung tissue from two pa-
tients with disease-free lung parenchyma was obtained
from autopsy.

Statistical Analysis

Data are presented as mean � SEM. Differences be-
tween groups were determined by one-way analysis of
variance with the Bonferroni post hoc test. For data not
normally distributed, the Mann-Whitney U-test was per-
formed. P � 0.05 was considered to be significant. Sta-
tistical analyses were performed using SPSS statistical
software, version 16 (SPSS Inc, Chicago, IL).

Results

Development of Experimental Flow-Associated
PAH

Surgery was performed successfully in all but four rats,
which died due to perioperative complications: one rat
assigned to the M�F 14 (early-stage PAH) group and
three rats assigned to the M�F 30 (end-stage PAH)
group. In addition, in the M�F 30 group three spontane-
ous deaths were seen in week 2 after increased flow
induction. Necropsy revealed a considerable amount of
pleural fluid in all three rats, which was presumed to be
the cause of death.

In rats that received monocrotaline administration and
an aortocaval shunt (M�F), increased mean pulmonary
arterial pressure and peak systolic right ventricular pres-
sure did not occur at M�F 8 (early activation; 1 day after
flow induction) but were first seen at M�F 14 (early-stage
PAH; 1 week after flow induction) (Table 1). Mean pulmo-
nary arterial pressure and systolic right ventricular pres-
sure further increased at M�F 30 (end-stage PAH) (Table
1). Increased right ventricular hypertrophy (Fulton index),
right atrial pressure, and liver congestion (indications for
right ventricular failure) were only seen at M�F 30 (end-
stage PAH) (Table 1). The duration for rats in the M�F 30
group to develop severe, symptomatic PAH leading to

sacrifice was 4 to 5 weeks (30 � 3 days).
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Development of Pulmonary Vascular
Remodeling

Rats that received monocrotaline administration and an
aortocaval shunt (M�F) showed progressive pulmonary
vascular remodeling during PAH development (Table 1,
Figure 1). Wall thickness and muscularization of the intra-
acinar vessels occurred already 1 week after administra-
tion of monocrotaline and progressively increased over
time. At M�F 14 (early-stage PAH), most intra-acinar
vessels showed muscularization and sporadic neointimal
lesions were observed. At M�F 30 (end-stage PAH),
complex vascular lesions were seen in most intra-acinar
vessels. These lesions caused vessel obliteration through
both endothelial and smooth muscle cell proliferation
(Figure 1, C and D). Immunofluorescence staining
showed clear distinction between smooth muscle cells
and endothelial cells within these lesions (Figure 1D).
Vascular occlusive lesions were not seen in the preacinar
vessels.

Increased Egr-1 Expression after Increased
Blood Flow

One day before flow addition (M 7) Egr-1 levels were
not increased (Figure 2A). The induction of increased
pulmonary blood flow was followed by a nearly three-
fold increase of pulmonary Egr-1 mRNA expression
(P � 0.05 versus control; Figure 2A). At M�F 14 (early-
stage PAH), Egr-1 mRNA levels were decreased back

Table 1. Animal Characteristics

Parameter Controls

Hemodynamics
Mean RAP, mmHg 3 � 1
sRVP, mmHg 25 � 4
sPAP, mmHg 25 � 4
dPAP, mmHg 11 � 4
mPAP, mmHg 18 � 3
Heart rate/min 343 � 60

Pathology
Body weight at day 1, g 346 � 20
Body weight at sacrifice, g 373 � 24
RV weight, g 0.22 � 0.03
Fulton index [RV/(IVS/LV)] 0.29 � 0.04
Liver wet/dry weight ratio 2.8 � 0.3

Pulmonary vascular remodeling
Intra-acinar vessels (�50 �m)

Wall thickness, �m 0.1 � 0.1
Wall/lumen ratio 0.003 � 0.002
Muscularization
Nonmuscularized, % of vessels 91.8 � 5.9
Partially muscularized, % of vessels 7.4 � 5.2
Totally muscularized, % of vessels 0.8 � 1.1
Neointima, % of vessels 0.0 � 0.0

Preacinar vessels (�50 �m)
Wall thickness, �m 7.1 � 2.4
Wall/lumen ratio 0.07 � 0.02

Muscularization per experimental group is presented as the percent
lesions). Data are presented as mean � SD from 5 to 10 rats per group

*P � 0.05 versus controls.
dPAP, diastolic pulmonary arterial pressure; IVS, intraventricular sept

pressure; RV, right ventricle; sPAP, systolic pulmonary arterial pressure;
to the control level. At M�F 30 (end-stage PAH),
Egr-1 mRNA expression increased again, although not
reaching significance using a Bonferroni post hoc
analysis.

To investigate specifically the vascular expression of
Egr-1 at end-stage PAH, we investigated mRNA expres-
sion in laser-dissected intra-acinar vessels. These ves-
sels showed a 2.5-fold increase in Egr-1 at M�F 30
(end-stage PAH) compared with the control group (P �
0.05) (Figure 2B).

Two co-repressors of Egr-1, NAB1 (constitutive) and
NAB2 (inducible), block Egr-1 activation through direct
interaction. NAB1 mRNA expression showed a bipha-
sic decrease, parallel with Egr-1 mRNA increase,
namely at M�F 8 (early activation) and at M�F 30
(end-stage PAH; Figure 2C). At the same time points,
NAB2 mRNA expression showed a similar up-regula-
tion compared with Egr-1, however only reaching sig-
nificance (P � 0.05 versus control) at M�F 30 (end-
stage PAH; Figure 2D).

Progressive Increase of Egr-1 Protein
Expression and Shift in Localization

Immunohistochemistry revealed only sporadic Egr-1 pro-
tein staining in pulmonary vessels of control rats and 1
day before flow addition (M 7). In contrast, strong Egr-1
staining was observed in intra-acinar vessels at M�F 8
(Figure 3). During disease development Egr-1 protein
expression increased progressively with more than 90%
of vessels staining positive for Egr-1 in end-stage disease

7 M�F 8 M�F 14 M�F 30

1 3 � 1 3 � 1 9 � 2*
2 23 � 4 33 � 3* 64 � 12*
5 22 � 3 32 � 3* 60 � 10*
4 14 � 5 17 � 4* 29 � 7*
3 18 � 2 25 � 2* 42 � 6*
40 341 � 46 351 � 20 246 � 35*

10 336 � 13 332 � 12 330 � 16
7 338 � 14 327 � 35 380 � 35
0.03 0.22 � 0.03 0.26 � 0.09 0.48 � 0.04*
0.04 0.3 � 0.02 0.33 � 0.02 0.57 � 0.08*
0.2 3.1 � 0.1 3.0 � 0.2 3.4 � 0.1*

0.2 1.0 � 0.2 2.6 � 1.0 9.3 � 2.1*
0.010 0.030 � 0.015 0.112 � 0.067 1.806 � 1.562*

5.9* 44.7 � 10.3* 22.8 � 11.1* 0.0 � 0.0*
6.5 32.9 � 9.0* 27.4 � 3.5* 2.5 � 4.3
2.8 18.0 � 7.0 43.0 � 5.5* 22.4 � 9.9*
1.1 0.5 � 1.1 4.7 � 4.3 75.1 � 11.0*

2.6 10.3 � 1.5 11.0 � 3.2 19.6 � 11.5
0.03 0.11 � 0.05 0.13 � 0.06 0.19 � 0.08*

intra-acinar vessels per degree of muscularization (including neointimal

left ventricle; mPAP, mean pulmonary arterial pressure; RAP, right atrial
ystolic right ventricular pressure.
M

3 �
23 �
22 �
12 �
17 �

317 �

382 �
379 �
0.21 �
0.26 �
3.0 �

0.5 �
0.022 �

65.5 �
23.7 �
6.9 �
0.5 �

11.1 �
0.14 �

age of
.

(P � 0.05 versus control).
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Qualitative analysis revealed that 1 day after increased
pulmonary blood flow (M�F 8) Egr-1 was located mainly
in endothelial cells (Figure 3, B and C). During disease
development, Egr-1 showed a shift in localization. At
M�F 14 (early-stage PAH) Egr-1 was mainly observed in
the media layer of the vessel (P � 0.05 versus control). At
M�F 30 (end-stage PAH) Egr-1 was seen throughout the
intima and media layer (P � 0.001 versus control) with
high production of Egr-1 in neointimal lesions. In the
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Figure 1. Development of pulmonary vascular remodeling and neointimal lesio
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luminal obstruction due to endothelial proliferation. Data are presented as mea
larger preacinar vessels, Egr-1 staining was only seen at
M�F 30 (end-stage PAH; data not shown).

Only Sporadic Egr-1 Expression in
Non-Neointimal Pulmonary Vascular Remodeling

To check whether Egr-1 expression is specifically up-
regulated during flow-induced neointimal development,
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and factor (green; endothelial cells), and Dako (blue; nuclei). Note at M�F 30
. *P � 0.05 versus controls. CON, pooled sham groups. Scale bar � 50 �m.

Figure 2. mRNA expression during pulmonary
vascular remodeling in flow-associated PAH. A:
Egr-1 expression relative to 36B4 per experi-
mental group in whole lung. Bars indicate
mRNA increase compared with controls. Expres-
sion levels in the control group are set to 1. Bars
indicate mRNA increase compared with controls.
B: Egr-1 expression relative to GAPDH in laser-
dissected intra-acinar vessels at M�F 30 com-
pared with laser-dissected intra-acinar vessels of
controls. NAB1 expression relative to 36B4 (C)
and NAB2 relative to cyclophilin (D) per exper-
imental group in whole lung. Data are presented
as mean � SEM. *P � 0.05 versus controls. CON,
pooled sham groups.
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we investigated Egr-1 expression in a non-neointimal,
non–flow-associated model of pulmonary hypertension,
namely, monocrotaline only.

Four weeks after monocrotaline injection (M 30) rats
developed pulmonary hypertension (mean systolic right
ventricular pressure: 50 � 14 mm Hg; mean Fulton index:
0.32 � 0.03). Wall thickness and vessel occlusion in-
creased over time (mean wall thickness: 3.0 � 0.6 �m for
the M 30 group versus 0.1 � 0.1 �m for the control group;
occlusion score: 18.2% � 3.0% for the M 30 group versus
0.5% � 0.2% for the control group, Figure 4E, Table 2)
Neointimal lesions did not develop at M 30 (Table 2).

Egr-1 mRNA expression did not increase at the se-
lected time points (M7, M 8, M 14, M 30 groups; Figure
4A). Also no changes were seen in NAB1 or NAB2 ex-
pression after monocrotaline injection only (see Supple-
mental Figure S1 at http://ajp.amjpathol.org).

Immunohistochemistry revealed a moderate increase
in Egr-1 protein expression only at M 30 (Figure 4B). This
increase in Egr-1–positive vessels (Figure 4B) was far
less compared with the number of vessels in the M�F 30
group (Figure 3A). In addition, the number of positive
Egr-1 cells per vessel in the M 30 group was much lower
compared with the M�F group (Figure 4C). When Egr-1
expression occurred, these cells were mainly located
perivascularly (Figure 4D).

Increased MCP-1 Expression and Macrophage
Activation in End-Stage PAH

MCP-1 is a downstream target of Egr-1. MCP-1 mRNA
expression increased during vascular remodeling (P �
0.05 for the M�F 30 group versus controls; Figure 5A).
MCP-1 was also increased in the M 30 group (P � 0.05
for the M group versus controls; Figure 5A). One of the

Figure 3. Egr-1 staining in intra-acinar vessels in flow-associated PAH. A: P
B: Localization of Egr-1 staining in intra-acinar vessels per experimental grou
intra-acinar vessels per experimental group. Note that Egr-1 staining is locat
Egr-1 staining is seen in the intima and media layer with strong Egr-1 staining
CON, pooled sham groups. Scale bar � 50 �m.
effects of MCP-1 is macrophage infiltration. Macrophage
count was highly increased in the M�F 30 group com-
pared with the controls (P � 0.05) and compared with the
M 30 group (P � 0.05; Figure 5, C–D).

Increased Egr-1 Expression in Human PAH Is
Associated with a Congenital Shunt

To study whether Egr-1 expression is also increased in
human disease, we investigated Egr-1 expression in pul-
monary vascular lesions of patients with end-stage PAH
associated with congenital cardiac shunts. Egr-1 expres-
sion was nearly absent in pulmonary vessels from the
controls (Figure 6, A and D). In contrast, strong Egr-1
staining was found in pulmonary vessels of end-stage
flow-associated PAH patients (Figure 6, B, C, and E-H).
In vessels with media hypertrophy (Figure 6, B and E)
and plexiform lesions, Egr-1 was mainly found in the
endothelial cells bordering the lumen (Figure 6, C, F,
and G). In vessels with concentric intima fibrosis Egr-1
expression was found in cells throughout the vessel
wall (Figure 6H).

Discussion

In this study of experimental flow-associated PAH, we
investigated the spatiotemporal expression of Egr-1 dur-
ing the development of pulmonary neointimal lesions. In
our PAH model, induction of increased pulmonary blood
flow was followed by a biphasic response in Egr-1 mRNA
expression, namely, a rapid response early after flow
induction and a late response in end-stage PAH. During
disease progression, Egr-1 protein expression in the in-
tra-acinar vessels gradually increased. Moreover, with
disease progression, Egr-1 protein expression migrated
through the pulmonary vessel wall, from the endothelial

e of intra-acinar vessels staining positive for Egr-1 per experimental group.
pical examples (original magnification, �400) of Egr-1 staining (arrows) in
dothelial cells 1 day after flow addition (T8). During disease development,
timal lesions. Data are presented as mean � SEM. *P � 0.05 versus controls.
ercentag
p. C: Ty
ed in en
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intimal lesions in end-stage PAH. Rats that were sub-
jected to monocrotaline only did not show Egr-1 mRNA
up-regulation, showed sporadic perivascular Egr-1 stain-
ing, and did not develop end-stage neointimal lesions.

Figure 4. Egr-1 expression during pulmonary vascular remodeling in non-
up-regulation, and neointimal development, we investigated Egr-1 expressio
description in Materials and Methods. A: Egr-1 expression relative to 36B4 per e
Expression levels in the control group are set to 1. Egr-1 mRNA expression
Percentage of intra-acinar vessels staining positive for Egr-1 per experimental g
group (*P � 0.05 versus controls). However, this number is far less compared w
of positive Egr-1 cells per vessel in the end-stage groups differ (C). In addition,
as seen in D. Typical example (original magnification, �400) of Egr-1 staining in t
(original magnification, �400) a Verhoeff staining of a peri-acinar vessel with m
resulted in neointimal formation at M 30. Data are presented as mean � SEM.

Table 2. Animal Characteristics (Monocrotaline Only)

Parameter Controls

Pathology
Body weight at day 1, g 346 � 20
Body weight at sacrifice, g 373 � 24
RV weight, g 0.22 � 0.03
Fulton index [RV/(IVS/LV)] 0.29 � 0.04
Liver wet/dry weight ratio 2.8 � 0.3

Pulmonary vascular remodeling
Intra-acinar vessels (�50 �m)

Wall thickness, �m 0.1 � 0.1
Wall/lumen ratio 0.003 � 0.002
Muscularization
Nonmuscularized, % of vessels 92 � 6
Partially muscularized, % of vessels 7 � 5
Totally muscularized, % of vessels 0.8 � 1
Neointima, % of vessels 0.0 � 0

Preacinar vessels (�50 �m)
Wall thickness, �m 7 � 2
Wall/lumen ratio 0.07 � 0.02

Muscularization per experimental group is presented as the percenta
mean � SD from 5 to 10 rats per group.
*P � 0.05 versus controls.
IVS, intraventricular septum; LV, left ventricle; RV, right ventricle.
Increased Egr-1 expression during increased pulmonary
blood flow was confirmed in end-stage lesions of PAH
patients with a congenital cardiac shunt. These results
suggest that Egr-1 plays an important role in the devel-

al PH. To further emphasize the relationship among increased flow, Egr-1
on-flow, non-neointmal PAH model (monocrotaline-only rats). See detailed

ntal group in whole lung. Bars indicate mRNA increase compared with controls.
p-regulated in whole lung in monocrotaline-induced vascular remodeling. B:
e number of vessels that show positive Egr-1 staining is increased in the M 30
number of vessels in the M�F 30 group as seen in Figure 3A. Also the number
ion of Egr-1 staining differed in the M 30 group compared with M�F 30 group
group where Egr-1 staining was mainly found perivascularly. E: Typical example
pertrophy seen in the M 30 group. Administration of monocrotaline only never
5 versus controls. CON, pooled sham groups Scale bar � 50 �m.

7 M 8 M 14 M 30

10 314 � 7 310 � 8 253 � 16
7 323 � 6 318 � 12 340 � 18
0.03 0.22 � 0.04 0.18 � 0.01 0.24 � 0.03
0.04 0.27 � 0.04 0.27 � 0.03 0.32 � 0.03
0.2 3.2 � 0.09 3.3 � 0.1 3.2 � 0.2

0.2 0.9 � 0.3* 1.5 � 0.2* 3.0 � 0.6*
0.010 0.035 � 0.01* 0.05 � 0.008* 0.13 � 0.03*

6* 59 � 17* 36 � 6* 13 � 6*
7* 34 � 8* 42 � 5* 28 � 10*
3* 7 � 2* 22 � 3* 60 � 9*
1.1 0 � 0.0 0 � 0.0 0 � 0.0

2 5 � 1 6 � 2 9 � 2
0.03* 0.07 � 0.04 0.09 � 0.01 0.08 � 0.02

tra-acinar vessels per degree of muscularization. Data are presented as
neointim
n in a n
xperime
is not u
roup. Th
ith the
localizat
he M 30
M

382 �
379 �
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opment of pulmonary vascular remodeling in flow-asso-
ciated PAH, including the formation of neointimal lesions.

Egr-1 Transcription during Pulmonary Vascular
Remodeling
Using microarray analysis, we recently identified Egr-1 to
be specifically up-regulated by increased pulmonary
blood flow in end-stage PAH.8 However, the spatiotem-
poral expression of Egr-1 during the development of neo-
intimal lesions in flow-associated PAH has not yet been
described. We show that during pulmonary vascular re-
modeling in flow-associated PAH, Egr-1 transcription is
biphasic. It is plausible that in pulmonary vascular re-
modeling in flow-associated PAH, early Egr-1 up-regula-
tion (after 24 hours) in endothelial cells is due to the direct
increase in shear stress in the pulmonary vascular bed
after the induction of increased flow. This finding is sup-
ported by the fact that we did not see Egr-1 up-regulation
in the M 8 group (Figure 4). Also, previous studies have
shown Egr-1 up-regulation in endothelial cells of the sys-
temic vasculature directly after vessel injury, including
vessel injury due to shear stress.19–21 In flow-associated
PAH, shear stress caused by increased pulmonary blood
flow is a prerequisite for neointimal development.1,7 Be-
cause Egr-1 expression is increased specifically after
flow induction and because Egr-1 is seen to progress
throughout the vessel wall during which neointimal le-

Figure 5. MCP-1 expression and macrophage infiltration during pulmonary
whole lung of the M�F (A) and M (B) groups. Bars indicate mRNA increas
indicate mRNA increase compared with controls. C: Perivascular macrophage
�400) of CD68� staining. Note the marked increase in macrophage infiltratio
in the control group and a vessel with media hypertrophy in the M 30 group
groups. Scale bar � 50 �m.
sions develop, we suggest that early Egr-1 activation may
play an important role in turning on the process of neo-
intimal vascular remodeling in flow-associated PAH.

Egr-1 may also participate in chronic phases of neo-
intimal development. In end-stage PAH (both human and
experimental) Egr-1 is strongly expressed in both rat and
human neointimal lesions. However, the location of Egr-1–
positive cells in humans and rats appears different, espe-
cially in human plexiform lesions, where Egr-1 expression is
predominantly seen in endothelial cells. This difference
could be attributed to the fact that, even though the neoin-
timal PAH rat model shows great similarities to the human
disease, it obviously is not identical, illustrated by the fact
that the typical plexiform lesions have not been described in
a flow-associated rat model. Another possible explanation
between the differences in Egr-1 expression could be
formed by the fact that the human lung samples used were
from end-stage PAH patients who all had previously re-
ceived specific PAH treatment. This might have affected the
pattern of Egr-1 expression in humans.

Besides Egr-1 production in endothelial cells sub-
jected to high flow in end-stage disease, Egr-1 transcrip-
tion is also seen in cells throughout the vessel wall (hu-
man concentric intima fibrosis, rat neointimal lesions) that
are not subjected to flow (ie, shear stress). This observa-
tion shows that Egr-1 could also be up-regulated by other
stressors at this time point, for instance by specific Egr-1
downstream genes, such as platelet-derived growth fac-
tor, or by hypoxia. Both might contribute to vascular re-

r remodeling. MCP-1 expression relative to 36B4 per experimental group in
red with controls. Expression levels in the control group are set to 1. Bars
er field at �400 magnification. D: Typical examples (original magnification,

d the neointimal lesion in the M�F 30 group compared with a normal vessel
re presented as mean � SEM. *P � 0.05 versus controls. CON, pooled sham
vascula
e compa
count p

n aroun
modeling in end-stage disease in PAH patients.3–5 In
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hypoxia, Egr-1 has been shown to be up-regulated in
lungs22,23 and isolated fibroblasts24 subjected to chronic
hypoxia. Focusing on the pulmonary vessels, Yan and
colleagues22 have shown that in lungs of mice subjected
to hypoxia, Egr-1 is specifically produced in pulmonary
vessel smooth muscle cell. However, these studies failed
to show typical neointimal lesions, which indicates that
hypoxia-driven Egr-1 expression alone does not lead to
neointimal development. Interestingly, in another model,
transforming growth factor �–induced pulmonary vascu-
lar remodeling worsened in Egr-1�/� mice.25 Future in-
terventional studies are justified to investigate the role of
these specific triggers in chronic phases of neointimal
development and the effect of Egr-1 up-regulation on
pulmonary vascular remodeling in flow-associated PAH.

In our study, Egr-1 mRNA expression showed a differ-
ent pattern compared with that of Egr-1 protein expres-

b.

A B

D E

G

Figure 6. Egr-1 staining in human PAH lesions. A: Egr-1 staining of a normal
B: Egr-1 staining of vessel with media hypertrophy in PAH patient associated
plexiform lesion in PAH patient associated with a congenital cardiac shunt (o
Egr-1 staining. E: Enlarged view of the same vessel in B, showing marked E
showing Egr-1 staining mainly in endothelial cells bordering the lumen (ar
showing as similar pattern of Egr-1 expression (arrows) compared with F.
vessel wall. Scale bar � 100 �m.
sion. Although transcriptional expression in whole lung
decreased in early-stage PAH, Egr-1 protein expression
in the intra-acinar vessels gradually progressed. A pos-
sible explanation for this difference is that Egr-1 mRNA
expression was assessed in whole lung tissue, whereas
protein expression was investigated specifically in the
pulmonary vessels. This could have made protein expres-
sion more profound, as supported by the more profound
Egr-1 expression in the laser dissected vessels. In addition,
Egr-1 itself is known to bind to its own gene, allowing Egr-1
to attenuate its own transcription.26 Such negative feedback
could be a possible explanation for the down-regulation of
Egr-1 transcription seen at early-stage PAH.22

For activity, Egr-1 is also dependent on the expression
of its repressors NAB1 and NAB2. NAB2 is a downstream
target of Egr-1 and is able to directly repress Egr-1 ac-
tivity.26,27 The fact that NAB2 showed a similar expression
pattern compared with Egr-1 illustrates that the Egr-1 prod-

C

F

sel from a control subject free of lung disease (original magnification, �200).
congenital cardiac shunt (original magnification, �200). C: Egr-1 staining of
agnification, �200). D: Enlarged view of the same vessel in A, showing no

ning in the endothelial layer. F: Enlarged view of the plexiform lesion in C,
: Egr-1 staining of a larger plexiform lesion (original magnification, �100)
staining of a concentric intima lesion with diffuse staining throughout the
H

lung ves
with a
riginal m
gr-1 stai
rows). G
uct is active during its up-regulation. NAB2 may have its
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direct effect on preventing a permanent transcription of
Egr-1, as seen at early-stage PAH (M�F 14). In normal
conditions Egr-1 up-regulation is suppressed by the consti-
tutive expression of NAB1.26,27 Little is known about factors
that regulate NAB1 expression. However, the fact that
NAB1 mRNA levels in whole lung were seen to decrease at
the same time as Egr-1 mRNA levels increased suggests
that NAB1 expression could be down-regulated by the
same stressors that induce Egr-1 expression.

We also investigated MCP-1 transcription during dis-
ease development. MCP-1 is a downstream target of
Egr-1 and a proinflammatory cytokine known to play a
role in PAH.28 Although we observed an increase in
MCP-1 expression in end-stage PAH, this increase could
not solely be attributed to Egr-1 up-regulation due to
increased flow. Namely, MCP-1 was also increased by
monocrotaline only. Previously, studies have also shown
that MCP-1 plays a role in monocrotaline-induced media
hypertrophy.29 Apparently, in the described flow-associ-
ated PAH model, MCP-1 is also activated by other factors
than Egr-1. Interestingly though, perivascular macro-
phage infiltration, a known result of MCP-1 activation, was
threefold higher after increased pulmonary blood flow
(M�F 30 versus M 30) and seen to be located around
neointimal lesions. This finding shows that inflammatory
processes, in this case macrophage infiltration, may con-
tribute to neointimal development as seen in end-stage
vascular remodeling in human PAH.29,30–31

Egr-1 is also located upstream of numerous other
genes, such as platelet-derived growth factor3,5,32 and
tissue factor,9 that participate in PAH.9 Egr-1 could thus
be an important early factor in PAH by regulating different
genes involved in neointimal development. In systemic
vessels, the importance of Egr-1 expression during vas-
cular remodeling has been confirmed given that neoin-
tima formation is reduced when Egr-1 expression is
blocked.33–36 In addition, these studies demonstrate that
Egr-1–induced neointima formation is mediated through
both proliferative and inflammatory pathways.33–36

Taken together, this is the first study to demonstrate
the spatiotemporal correlation between increased Egr-1
expression and increased pulmonary blood flow, as an
inductor of neointimal development. These data suggest
that Egr-1 may be able to initiate and maintain the pro-
cess of neointimal development in flow-associated PAH
and therefore also justifies further exploration of the exact
role of Egr-1 in pulmonary vascular remodeling in PAH.

The spatiotemporal expression of Egr-1 in flow-asso-
ciated PAH, as described for the first time in this study,
identifies Egr-1 as a candidate gene to master the flow-
induced pulmonary vascular remodeling process asso-
ciated with the development of neointimal lesions. Further
studies are needed to study the specific role of Egr-1 in
flow-associated PAH.
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