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Peripheral corticotropin-releasing hormone (CRH) is
an important regulator of localized inflammatory re-
sponses. The aim of this study is to define the patho-
logical signaling pathways in which peripheral CRH
receptor-mediated responses reside. We report that
PECAM-1-expressing synovial membrane endothelial
cells are the principal source of CRH receptor subtype
1� in chronically inflamed synovial tissue (ST). Anal-
ysis of ST from an early arthritis patient cohort (n �

9) established that expression of CRH-R1� signifi-
cantly (P < 0.03) colocalized with PECAM-1 and E-
selectin expression in vivo. Freshly excised ST ex-
plants released a mediator(s) that acts to promote
CRH-R1� mRNA to levels present in inflamed human
synovium (n � 8). We tested the ability of conditioned
medium and individual inflammatory mediators to
modulate CRH-R1� expression. Histamine selectively
induced the expression of CRH-R1� , and these effects
were mediated through the histamine receptor type 1.
Ectopic expression of CRH-R1� in normal human
endothelial and synoviocyte cells resulted in the induc-
tion of the orphan receptor NR4A2 through the recon-
stitution of cAMP/protein kinase A/cAMP response ele-
ment-binding protein signaling and identified a role for
CRH in modulating nuclear factor �B transcriptional
activity. CRH enhanced the expression of nitric-oxide
synthase (NOS III) to promote NO production from
CRH-R1�-expressing cells. These data establish a role
for CRH receptor-mediated responses in regulating vas-
cular changes associated with chronic synovitis. (Am J

Pathol 2007, 170:1121–1133; DOI: 10.2353/ajpath.2007.061000)

Current data support the direct involvement of peripherally
produced corticotropin-releasing hormone (CRH) in the
modulation of immune responses. The construction of mice
lacking CRH confirms that peripheral CRH, in contrast to its
direct immunosuppressive effect, is required for the induc-
tion of the inflammatory response in vivo.1 Recent findings
underscore a direct involvement of CRH in the pathogene-
sis of human inflammatory joint disease and suggest the
potential importance and clinical relevance of this peptide
in disease progression. Linkage and association results for
CRH provide evidence that genetic variation of the CRH
locus may be a risk factor for the development of rheuma-
toid arthritis (RA).2,3 We and others have demonstrated that
elevated levels of CRH mRNA and protein are produced
locally and regulated by proinflammatory cytokines in syno-
vial cells.4,5 We have also demonstrated the selective up-
regulation of the CRH receptor subtype 1� in RA and pso-
riatic arthritis (PsA) compared with normal synovial tissue
(ST).6,7 Recent studies using a rat model of adjuvant-in-
duced arthritis demonstrate that chronic treatment with a
CRH receptor type 1 antagonist significantly reduces in-
flammation-induced degeneration of synovia, cartilage, and
bone in arthritic joints.8 Interestingly, in chronically inflamed
ST, CRH-R1� expression is restricted to vascular endothe-
lial cells and perivascular mast cell populations.6 In RA,
degranulated mast cells release potent mediators, includ-
ing histamine, prostanoids, and multifunctional cytokines
capable of eliciting phenotypic changes to the local envi-
ronment.9,10 Additional animal studies have established
that CRH activates rat skin mast cells, through CRH recep-
tor type 1, leading to changes in vascular permeability.11

The enhanced formation of new blood vessels (angio-
genesis) is one of the earliest histopathological findings
in RA and PsA and is central to erosive disease resulting
in joint destruction.12,13 Until recently, the endothelium
lining the blood vessels was thought to be a passive
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bystander in the inflammatory processes. However, it is
now recognized that the endothelium plays an active and
pivotal part in the recruitment of leukocytes to the in-
flamed synovium by responding to proinflammatory cy-
tokines such as tumor necrosis factor-� (TNF�) and in-
terleukin (IL)-1� and vasodilatory mediators including
histamine and prostanoids.13,14 The recruitment of leuko-
cytes from the circulation depends on a stepwise series
of specific adhesive events mediated by increased
amounts of different adhesion receptor/ligand pairs.14

The principal families of adhesion molecules involved are
the integrins (�v-�3, -�1, and -�2), the selectins (E-, P-,
and L-selectin), and the immunoglobulin superfamily
(PE-, V-, and I-CAM).14–16 Preclinical animal and human
studies suggest that the targeting of cell adhesion mole-
cules may be an effective approach in the control of
inflammation in RA.16,17

Using an ex vivo model of RA, we recently established
that CRH contributes significantly to synovial tissue pro-
duction of prostaglandin E2 (PGE2) in a cyclooxygenase
(COX)-2-dependent manner.18 Furthermore, CRH can
rapidly modulate the nuclear content of transcriptional
activators including cAMP response element-binding
protein (CREB)/ATF and nuclear receptor NR4A family
members in RA synovium.5,18 Inhibition of CREB activity
brings about the correction of aberrant synovial cell func-
tions in patients with inflammatory joint disease.19 Mem-
bers of the NR4A family (NR4A1/NUR77, NR4A2/NURR1,
and NR4A3/NOR1) are emerging as critical effector mol-
ecules of cytokine, prostanoid, and growth factor action,
which exhibit proangiogenic effects in vivo.20–25 Taken
together, these observations confirm that CRH receptor-
mediated signaling may play a role in pathological mech-
anisms associated with vascular changes that drives
chronic synovitis. Nevertheless, the molecular mecha-
nisms of CRH action in the inflammatory lesion remain to
be elucidated, and it is clear that further studies are
needed to define the pathological signaling pathways in
which CRH receptor-mediated responses reside.

In this study, we confirmed that PECAM-1-expressing
synovial membrane endothelial cells (SMECs) are a pri-
mary site of CRH-R1� expression in inflamed synovium.
Quantitative analysis of ST from an early inflammatory
arthritis patient cohort (n � 9) establishes that vascular
endothelial expression of CRH-R1� significantly (P �
0.03) colocalizes with PECAM-1 and E-selectin expres-
sion in vivo. In contrast, �v�3, a receptor up-regulated on
endothelial cells during angiogenesis, localizes to small
vessels and shows a highly restricted expression pattern
compared with CRH-R1�. We establish that proinflamma-
tory signals contribute to the elevated expression of CRH-
R1� observed in vivo by testing the capacity of freshly
excised ST explants and monocyte-conditioned medium
to modulate endothelial expression of CRH-R1�. Of sig-
nificance, such inflammatory milieu were capable of up-
regulating CRH-R1� transcript levels to levels present in
inflamed ST (n � 8). We compared the ability of individual
mediators, associated with vascular and inflammatory
changes in RA, with modulate CRH-R1� expression. Our
data reveal that vasodilatory mediators including hista-
mine, and to a lesser extent PGE2, selectively induce the

endothelial expression of CRH-R1�. Importantly, the po-
tent effects of histamine occur in a dose-dependent man-
ner and are mediated through the histamine receptor 1
(HR1). Ectopic expression of CRH-R1� in normal human
microvascular endothelial and synoviocyte cells results in
the potent and sustained induction of NR4A2 expression
through the reconstitution of CREB signaling and identi-
fies a novel role for CRH in modulating nuclear factor �B
(NF-�B) transcriptional activity. Finally, CRH enhances
the expression of nitric-oxide synthase (NOS III) to pro-
mote nitric oxide production from CRH-R1�-expressing
cells. Thus, these data identify for the first time the mo-
lecular pathways in the inflammatory lesion that control
and direct CRH receptor-mediated signaling and further
underscore a pathogenic role for CRH in regulating vas-
cular changes associated with chronic synovitis.

Materials and Methods

Patient Details and Tissue Samples

Synovial biopsies were obtained from the knee joint by
arthroscopy after informed consent from patients (n � 20)
attending the Early Arthritis Clinic at St. Vincent’s Univer-
sity Hospital, Dublin, Ireland. Biopsies were obtained
from patients with disease duration of less than 12
months. At the time of biopsy, patients were receiving
nonsteroidal anti-inflammatory medication, but none had
received disease-modifying agents or prednisolone. Ar-
throscopic synovial biopsy of the knee was performed on
patients under local anesthesia using a 2.7-mm Storz
arthroscope and 1.5-mm grasping forceps. Osteoarthritic
(OA) synovial tissue (n � 3) was obtained from patients
undergoing total knee arthroplasty. Human myometrial
tissue (n � 8) expressing CRH-R1� mRNA was acquired
by informed consent from nonpregnant premenopausal
patients undergoing hysterectomy. Ethical permission
was obtained from the Ethics Committee in accordance
with the Declaration of Helsinki principles. Biopsy sam-
ples were either snap frozen or embedded in TissueTek
OCT compound (Sakura, Zoeterwoude, the Netherlands),
snap frozen, and stored in liquid nitrogen until used.
Cryostat sections (7 �mol/L) were mounted on 3-amin-
opropyltriethoxysilane-coated glass slides, air dried over-
night, wrapped in foil, and stored at �80°C until immu-
nohistochemical analysis was performed.

Immunohistochemistry Analysis

Synovial tissue sections (7 �mol/L) were fixed in 1%
paraformaldehyde, air dried, and incubated for 2 hours
with normal blocking serum (Vector Laboratories, Peter-
borough, UK). The primary antibody for CRH-R1 was a
goat polyclonal antibody (C20, 200 �g/ml; Santa Cruz
Biotechnology, Santa Cruz, CA) raised against a peptide
mapping at the carboxy terminus of human CRH-R1. C20
was diluted 1:100 in 0.6 mol/L NaCl and incubated on
sections at room temperature for 90 minutes. The primary
antibody for factor VIII/von Willebrand factor (clone, F8/
86, 200 �g/ml; Dako, Glostrup, Denmark), a mouse

1122 Ralph et al
AJP March 2007, Vol. 170, No. 3



monoclonal antibody, was diluted 1:100 in normal block-
ing serum and incubated on sections at room tempera-
ture for 1 hour. The primary antibody for �v�3 (clone,
23C6, 200 �g/ml; Santa Cruz Biotechnology), a mouse
monoclonal antibody, was diluted 1:100 in normal block-
ing serum and incubated on sections at 4°C overnight.
The primary antibody for E-selectin (clone, 1.2B6, 200
�g/ml; Novo Castra Laboratories, Newcastle upon Tyne,
UK), a mouse monoclonal antibody, was diluted 1:50 in
normal blocking serum and incubated on sections at
room temperature for 1 hour. The primary antibody for
PECAM-1 (clone, JC7OA, 200 �g/ml; Dako), a mouse
monoclonal antibody, was diluted 1:100 in normal block-
ing serum and incubated on sections at room tempera-
ture for 1 hour. A biotinylated secondary antibody (1:500;
Vector Laboratories) was applied, followed by avidin-
biotin-peroxidase complex (Vector ABC kit; Vector Lab-
oratories). For negative controls, all sections were incu-
bated in the corresponding amount of isotype matched
nonimmune IgG.

Dual-Labeling Immunofluorescence

Tissue sections were incubated for 1 hour in diluted
normal rabbit serum (Vector Laboratories). CRH-R1 poly-
clonal antibody (C-20), diluted 1:10 in 10% normal human
serum, was incubated on the tissue sections for 90 min-
utes, followed by the addition of biotinylated anti-goat
secondary antibody (1:500; Vector Laboratories). Sec-
tions were incubated for 1 hour in diluted normal horse
serum and then in a 1:20 dilution of the second primary
antibody, a mouse monoclonal PECAM-1 antibody
(JC7OA), for 1 hour. Fluorescein isothiocyanate-conju-
gated goat anti-mouse IgG1 antibody (1 mg/ml, diluted
1:50; Southern Biotechnology Associates, Birmingham,
AL) was added, followed by the addition of Cy3 fluoro-
chrome conjugated mouse anti-biotin monoclonal anti-
body (clone, BN-34, diluted 1:100; Sigma-Aldrich, St.
Louis, MO). Slides were mounted in fluorescent mounting
medium (Dako). Isotype-matched nonimmune IgG was
included as a control for each of the primary antibodies,
and the primary antibodies were sequentially omitted in
selected sections as an additional control to ensure stain-
ing was specific for each (data not shown).

Primary Human Synoviocyte and Microvascular
Endothelial Cell Culture

SMECs were isolated from total knee synovium (n � 3)
obtained at the time of arthroplasty and cultured as pre-
viously described.18 Dermal- and lung-derived primary
human microvascular endothelial cells (HMVEC-d and
HMVEC-L, respectively) were obtained commercially (Bio-
Whittaker, Cambrex Bioscience, Berkshire, UK) and cul-
tured as previously described.18,26 K4 IM synoviocyte cells
are an established immortalized human synoviocyte cell
line that were derived from a healthy donor and immortal-
ized with SV40 antigen. The K4 IM cell line was provided by
Professor H. Eibel (Clinical Research Unit for Rheumatol-

ogy, University Hospital, Freiburg, Germany) and grown as
described previously.18,21

Cell Treatments

HMVECs were cultured in T25-cm2 culture flasks (Becton
Dickinson, Franklin Lakes, NJ) and grown to 80% conflu-
ency before stimulation. Cells were maintained in serum-
free medium for 24 hours. Histamine, PGE2, forskolin,
CRH, mepyramine (Sigma-Aldrich), IL-1�, and TNF�
(Calbiochem, San Diego, CA) were resuspended accord-
ing to the manufacturer’s instructions and included at the
concentrations indicated. Synovial membrane biopsies
were obtained from arthroscopy or arthroplasty, minced
asceptically, and coincubated with the HMVECs for 24
hours. Monocyte conditioned medium (diluted 1:20) was
coincubated with HMVECs for 24 hours. After stimulation,
the medium was removed, the cells were washed and
lysed, and RNA extractions using the RNeasy Mini kit
(Qiagen, Valencia, CA) were performed. For ectopic ex-
pression, studies using pcCRH-R1�, synoviocyte (K4 IM)
cells, and HMVEC-L were grown in six-well plates, and 24
hours after nucleofection (Amaxa GmbH, Cologne, Ger-
many), cells were stimulated with CRH or PGE2 for 1 to 3
hours. For the NO assay, cells were cultured in 12-well
plates (300,000 cells/well), after nucleofection with pc-
CRH-R1�. Twenty-four hours after nucleofection, cells
were stimulated as indicated with CRH or a combined
cytokine stimulation of interferon-� (IFN�) (R&D Systems,
Minneapolis, MN), IL-1�, and TNF� for a further 24 hours.

Flow Cytometry

Cell-surface molecule expression was examined on iso-
lated SMECs by flow cytometric analysis. SMECs were
adjusted to 1 � 106 cells/ml, and a 100-�l aliquot of this
cell suspension was stained with 5 �l of each monoclonal
antibody for 10 minutes at room temperature. Stained
cells were analyzed on a Becton Dickinson FACS Scan.
SMECs were identified using monoclonal antibodies CD
31 (PECAM-1; clone, WM-59), CD 54 (ICAM-1; clone,
HA-58), CD 106 (VCAM-1; clone, 51-10C9) and CD 62 E
(E-selectin; clone, 68-5H11) (Becton Dickinson). Appro-
priate isotype control anti-sera IgG1 (fluorescein isothio-
cyanate) and IgG2a (phycoerthin) were included in each
assay.

Synthesis of cDNA and Polymerase Chain
Reaction (PCR)

cDNA was prepared by reverse transcription of 1 �g of
each total RNA sample as described previously.5 PCR
was performed in 50-�l volumes containing 2 �l of cDNA
reaction mixture; 1� PCR buffer II; 1.25 mmol/L each of
dATP, dCTP, dGTP, and dTTP; 2.5 U of AmpliTaq Gold
(Perkin Elmer, Boston, MA); 1.0 mmol/L MgCl2 [for CRH-
R1� and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)]; 1.5 mmol/L MgCl2 (for NR4A2 and NOS III);
200 ng of sense and antisense primers (for CRH-R1�);
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and 100 ng of sense and antisense primers (for NR4A2,
NOS III, and GAPDH). The concentrations of MgCl2 and
primer, along with annealing temperature, have been
previously validated and reported.6, 27 Each PCR sample
underwent a 30- to 35-cycle amplification to ensure that
the reactions had not reached the plateau phase of am-
plification. PCR products were electrophoresed on a
1.5% agarose gel and visualized using ImageMaster sys-
tem (ImageMaster VDS; Amersham Biosciences, Little
Chalfont, Buckinghamshire, UK).

The sense 5�-GCCCTGCCCTGCCTTTTTCTA-3� and
antisense 5�-GCTCATGGTTAGCTGGACCA-3� primer
pair was used to amplify CRH-R1�, yielding a 333-bp
product. The sense 5�-CGACATTTCTGCCTTCTCC-3�
and antisense 5�-GGTAAAGTGTCCAGGAAAAG-3�
primer pair was used to amplify human NR4A2, yielding a
277-bp product. The sense 5�-CCAGCTAGCCAAAGTC-
ACCAT-3� and antisense 5�-GTCTCGGAGCCATACAG-
C-3� primer pair was used to amplify NOS III, yielding a
353-bp product. The sense 5�-GCCTCAAGATCATCAG-
CAA-3� and antisense 5�-CCAGCGTCAAAGGTGGAG-3�
primer pair was used to amplify GAPDH, yielding a
465-bp product. Primers amplifying a 635-bp product for
of GAPDH were used where indicated (sense, 5�-CCAC-
CCATGGCAAATTCCATGGCA-3�; antisense, 5�-TCTAG-
ACGGCAGGTCAAGTCCACC-3�). All primer pairs
flanked intronic sequences.

Southern and Northern Blot Analysis

Amplified CRH-R1� and GAPDH cDNA PCR products
were run on a 1% agarose gel, denatured, neutralized,
and transferred overnight onto a nylon membrane via
upward capillary transfer. Previous studies from our lab-
oratory confirmed the identity of the CRH-R1� PCR prod-
uct by subcloning and nucleotide sequencing,6 which
corresponds to the human CRH-R1� receptor cDNA.28

Northern blotting was performed according to stan-
dard procedures. Equal amounts of RNA (10 �g) were
denatured in glyoxal sample buffer (Biowhittaker Molec-
ular Applications, Rockland, ME) and subjected to elec-
trophoresis on a 3-(N-morpholino)propanesulfonic acid
(MOPS) buffer-based gel system (Reliant RNA gel sys-
tem; Biowhittaker Molecular Applications). The RNA was
then blotted by capillary transfer onto nylon membranes
(Bio-Rad, Hercules, CA). The blots were prehybridized
for 4 hours at 42°C in 45% formamide, 0.1% sodium
dodecyl sulfate, 4� standard saline citrate, 5� Den-
hardt’s solution (0.1% Ficoll, 0.1% bovine serum albumin,
and 0.1% polyvinylpyrrolidone), 250 �g/ml denatured
herring testes DNA, and 0.1 mol/L sodium phosphate
buffer, pH 6.5. The full-length E-selectin cDNA was pro-
vided by Dr. S. Narumi (Department of Molecular Preven-
tative Medicine, School of Medicine, University of Tokyo,
Tokyo, Japan).

CRH-R1�, E-selectin, or GAPDH cDNAs were radiola-
beled to a high specific activity using �-[32P]dCTP and a
random primer labeling system (Promega, Southampton,
UK). After incubation with a prehybridization solution, the
membrane was hybridized with the �-[32P]-labeled cDNA

probe at 65°C under high stringency conditions. After
hybridization, blots were exposed to film at �80°C using
intensifying screens.

Construction of the CRH-R1� Mammalian
Expression Vector

The full-length CRH-R1� cDNA, subcloned into pBluescript
SK� plasmid (phCRF-R1-BS), was provided by Professor
Wylie Vale (Clayton Foundation Laboratories for Peptide
Biology, The Salk Institute, La Jolla, CA).28 After transforma-
tion of phCRF-R1-BS into competent Escherichia coli cells,
phCRF-R1-BS plasmid DNA was isolated using QIAprep
miniprep kit (Qiagen). The CRH-R1� cDNA insert was iso-
lated by restriction endonuclease digestion of phCRF-
R1-BS plasmid DNA with EcoR1 (Promega) and purified
from 1% agarose gel (Agarose gel DNA extraction kit;
Boehringer Mannheim GmbH, Ingelheim, Germany). The
CRH-R1� cDNA insert was ligated into phosphatase-
treated pcDNA3.1 expression vector (Invitrogen, Carlsbad,
CA), and after transformation into competent E. coli cells, an
endotoxin-free preparation of the pcDNA3.1 vector DNA
containing the CRH-R1� cDNA insert (hereafter referred to
as pc-CRH-R1�) was made using Endofree plasmid midi kit
(Qiagen). The orientation of the CRH-R1� cDNA insert in
pc-CRH-R1� was confirmed by sequencing (MWG-Bio-
tech, High Point, NC).

Transient Transfection of Synoviocyte Cells and
HMVECs

Transient transfection of cells was achieved using
nucleofector technology (Amaxa), permitting DNA deliv-
ery directly to the nucleus. Nucleofection of synoviocyte
cells and HMVEC-L was performed using the Human
Dermal Fibroblast Nucleofector kit (Amaxa) and the HM-
VEC-L Nucleofector kit (Amaxa), respectively. On reach-
ing 70 to 80% confluency, cells were nucleofected with
pc-CRH-R1�, pc-LacZ, CRE-tk-LUC (Promega), or �B-tk-
LUC (kindly provided by Dr. Cormac Taylor, University
College Dublin, Dublin, Ireland) as indicated. Approxi-
mately 1 � 106 synoviocyte cells and 0.6 � 106 HMVEC
cells were nucleofected using nucleofector programs
U20 and S05, respectively. Twenty-four hours after trans-
fection, media were changed to serum-free media. After
treatments, cells were washed with ice-cold phosphate-
buffered saline, and total RNA or protein was harvested.
Luciferase activity was measured with a luminometer
(Turner TD; Turner Biosystems, Sunnyvale, CA) and lu-
ciferase assay reagents (Promega).

Detection of CRH-R1� by Immunofluorescence
and Confocal Microscopy

After nucleofection, cells were transferred to eight-chamber
tissue culture slides (Becton Dickinson), and transfection
efficiency was assessed 24 hours later. Cells cultured in
eight-chamber tissue culture slides (Becton Dickinson)
were air dried for 15 minutes, washed twice with ice-cold
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phosphate-buffered saline, and fixed in 1% paraformalde-
hyde. Cells were then incubated in diluted normal rabbit
serum (Vector Laboratories) for 2 hours and then in a 1:100
dilution of CRH-R1 polyclonal antibody (C20) (Santa Cruz
Biotechnology) in 10% normal human serum for 1 hour.
Cells were washed in phosphate-buffered saline and incu-
bated for 30 minutes in biotinylated anti-goat secondary
antibody (1:500; Vector Laboratories). A Cy3 fluorochrome-
conjugated anti-biotin antibody (BN-34, 1.2 mg/ml, 1:100;
Sigma) was added to bind the biotinylated anti-goat added
previously. After final washing in phosphate-buffered saline,
slides were mounted in fluorescent mounting medium
(Dako) or Vectashield fluorescent mounting medium with
4,6-diamidino-2-phenylindole (Vector Laboratories). For
negative controls, isotype-matched nonimmune goat IgG
was included. Image analysis was performed using fluores-
cent and confocal microscopy.

Nitric Oxide and Vascular Endothelial Growth
Factor (VEGF) Assays

Nitric oxide (NO) production was determined by measur-
ing the release of the nitrite (NO2

�) anion into the culture
medium using the total NO assay kit (R&D Systems). The
assay had sensitivity to detect NO2

� concentrations in
the micromolar range (�1.35 �mol/L). Cell culture super-
natants were diluted 1:2 as recommended by the kit man-
ufacturers and ultrafiltered through 10,000 molecular
weight-cutoff filters (Sigma). In a 96-well plate, NO2

� was
assayed using the Griess reaction in cell culture superna-
tants and a range of serial dilutions of a nitrite standard
(1000 �mol/L nitrite) by measuring absorbance at 540 nm.
Total nitrite production was determined for each sample in
duplicate and corrected to a standard curve of nitrite. The
Quantikine VEGF immunoassay (R&D Systems) is a solid-
phase enzyme-linked immunosorbent assay designed to
measure VEGF165 levels in cell culture supernatants. The
minimum detectable concentration of VEGF is �5.0 pg/ml.

Statistical Analysis

All results, where indicated, are presented as the mean �
SEM. For immunohistochemistry analysis, counting of
blood vessels staining positive in synovium obtained from
patients diagnosed with RA or PsA (n � 9) was per-
formed in randomly selected high-power fields at �100
magnification; a minimum of three high-power fields from
three separate sections were counted, and the mean
count was calculated. Comparisons and correlations of
positive blood vessel counts for CRH-R1, PECAM-1, E-
selectin, �v�3, and von Willebrand Factor (factor VIII)
were made using Pearson statistical analysis. Compari-
sons between levels of nitrite production were made us-
ing Mann-Whitney U-test. The statistical program used
was Statview (SAS Institute, Cary, NC). P values of �0.05
were considered statistically significant.

Results

CRH-R1� Is Abundantly Expressed on
Activated Endothelium in Chronically Inflamed
Human Synovial Tissue

Consistent with our previous observations,6,7 we found a
marked increase in CRH-R1� expression by SMECs
compared with normal HMVECs (Figure 1A). Reflecting
the inflammatory milieu of the arthritic joint, flow cytomet-
ric analysis of primary SMECs and normal HMVECs (n �
3) showed increased expression levels of PECAM-1 (Fig-
ure 1B), E-selectin, and VCAM-1 (data not shown) on
SMECs and high constitutive levels of ICAM-1 on both
cell populations (Figure 1B). To confirm further that ex-
pression of CRH-R1� colocalizes on endothelial surfaces
with markers of endothelial activation, two-color immuno-
fluorescence staining for CRH-R1� and PECAM-1 was
performed (Figure 1C). CRH-R1� immunoreactivity
showed a homogeneous distribution in the synovial vas-
culature in all patients with inflammatory arthritis (n � 9)
(Figures 1C and 2). Consistent with previous observa-
tions in human disease and in animal models of arthritis,
the endothelial cells of inflamed synovia studied stained
intensely for PECAM-1, with a marked concentration of
expression on endothelial intercellular junctions (Figures
1C and 2).29,30 Dual immunofluorescence of CRH-R1�
and PECAM-1 revealed significant colocalization of the
two proteins to the synovial vasculature (Figure 1C).

Using ST from an early arthritis patient cohort (n � 9), a
more detailed immunohistochemical analysis was under-
taken to evaluate the synovial distribution of CRH-R1�. Se-
rial ST sections for each patient were treated with antibodies
to endothelial markers including von Willebrand factor,
PECAM-1, E-selectin, and �v�3, and the pattern of staining
was compared with CRH-R1�. Representative ST analysis
from our arthritis patient cohort (n � 9) is shown in Figure 2.
The highly specific and ubiquitous endothelial cell marker,
von Willebrand factor, established that the inflamed syno-
vium contained an increased number of large and small
vessels (Figure 2B). Consistent with vessels at sites of in-
flammation, both large and small vessels expressed the
endothelial cell activation molecules PECAM-1 and E-selec-
tin (Figure 2, C and D).15 Homogenous PECAM-1 staining
was seen on blood vessels present in synovium, whereas
E-selectin was seen in a subset of PECAM-1-positive ves-
sels. Endothelial staining for CRH-R1� was extensive
throughout the synovium with a distribution of expression
similar to von Willebrand factor (Figure 2, A and B). Endo-
thelial expression of CRH-R1� correlated significantly with
PECAM-1 (n � 9; r � 0.79; P � 0.03) and E-selectin (n � 9;
r � 0.64; P � 0.03) expression (Figure 2, C and D). In
contrast, �v�3, a receptor transiently up-regulated on en-
dothelial cells during angiogenesis,31 was localized to small
vessels throughout the synovium and expressed on only a
subset of endothelial cells (Figure 2E). Although �v�3-ex-
pressing endothelia were CRH-R1� positive, CRH-R1� ex-
pression was extensively more widespread throughout the
synovial vasculature in all of the patient tissue studied (n �
9). Using species- and isotype-matched immunoglobulins
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instead of primary antibodies, staining was absent in all
sections of synovium (Figure 2F; data not shown).

Histamine, through the Histamine Receptor 1,
Promotes Endothelial CRH-R1� Expression

Consistent with our ST immunolocalization findings, high
levels of CRH-R1� mRNA were present in primary SMECs
but were undetectable in normal HMVECs (Figures 1 and
3). To determine the regulatory signals capable of mod-
ulating endothelial CRH-R1� expression, we examined
the ability of proinflammatory agonists to regulate steady-
state CRH-R1� mRNA levels (Figure 3). HMVECs stimu-
lated with monocyte-conditioned medium (MoCM), a
complex combination of inflammatory mediators reported
to accurately reflect in vivo cytokine concentrations,
strongly increased CRH-R1� mRNA expression over 24
hours to levels equivalent to those present in ST obtained
from patients with PsA (n � 8) (Figure 3).

Next, we sought to verify the ability of mediators pro-
duced and released locally from ST to alter endothelial
CRH-R1� expression. Using a coculture system, freshly
explanted ST from patients diagnosed with RA, PsA, or

OA were individually cocultured with HMVEC monolay-
ers. After 24 hours, total RNA from HMVEC monolayers
was extracted, and CRH-R1� mRNA levels were mea-
sured. The induction of CRH-R1� mRNA levels by medi-
ators released from ST explants were comparable with
transcript levels induced by MoCM and those present in
inflamed ST (Figure 3, A–D).

We extended this analysis further to investigate the
effects of individual proinflammatory agonists, associ-
ated with ST vascular changes, to regulate CRH-R1�

mRNA expression (Figure 4). Histamine, and to a
lesser extent PGE2, consistently up-regulated CRH-
R1� mRNA over 24 hours; however, although IL-1� and
TNF� had no effect on CRH-R1� mRNA (Figure 4A),
both mediators robustly induced the expression of E-
selectin mRNA in the same cells (Figure 4B). The reg-
ulation of pituitary CRH-R1� gene expression by CRH
through activation of the adenylate cyclase/protein ki-
nase A signaling pathway has previously been estab-
lished. We therefore tested the ability of CRH and
forskolin, an adenylate cyclase-activating agent, to
stimulate CRH-R1� in HMVECs. Neither CRH nor fors-
kolin showed any effect on CRH-R1� mRNA levels in

Figure 1. PECAM-1 (CD31)-expressing endothelia are a major source of CRH-R1� in human inflammatory arthritis. A: Representative reverse transcriptase
(RT)-PCR products generated using CRH-R1� and GAPDH-specific primers after amplification of mRNA from human myometrium (MM), primary SMECs, and
primary HMVECs; MW, 100-bp DNA molecular weight markers. B: Flow cytometric analysis of cultured primary SMECs and HMVECs using antibodies directed
against PECAM-1 (CD31) and ICAM-1 (CD54). C: Representative immunostaining for CRH-R1 and PECAM-1 in synovial tissue from a patient with early PsA.
Synovial tissue sections were incubated with a Cy3-labeled CRH-R1 antibody. CRH-R1 immunofluorescence is indicated by intense red staining on the vascular
endothelium and discrete perivascular cells. Subsequently, the same section was incubated with fluorescein isothiocyanate-labeled immune serum directed against
PECAM-1, as indicated by the green fluorescence. Superimposition results in distinct yellow fluorescence, confirming the colocalization of CRH-R1 with
PECAM-1-expressing endothelium. BV, blood vessel. Original magnification, �200.
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these cells at any of the concentrations tested (data not
shown).

To establish the most effective histamine concentration
for maximal induction of CRH-R1� expression, endothe-
lial cells were treated with a range of histamine concen-
trations (10�7 to 10�4 mol/L) for 24 hours. A representa-
tive example of three individual experiments illustrates
that histamine regulation of CRH-R1� mRNA levels oc-
curs in a concentration-dependent manner (Figure 4C).

Histamine at all concentrations tested [10�7 mol/L (2.2 �
0.3-fold), 10�6 mol/L (3.8 � 0.4-fold), 10�5 mol/L (4.6 �
1.8-fold), and 10�4 mol/L (3.2 � 0.6-fold)] significantly
(P � 0.01) increased CRH-R1� mRNA levels with maxi-
mal induction occurring at 10�5 mol/L histamine. To in-
vestigate further the mechanism of histamine modulation
of CRH-R1� expression, we examined the effects of
mepyramine, a selective histamine receptor 1 antagonist,
in our endothelial cell system. As shown in Figure 4D,
pretreatment with mepyramine (0.1, 1.0, and 10.0

Figure 2. Coexpression of CRH-R1� with activation and angiogenic molecules on endothelial cells in early inflamed human synovial tissue. Representative serial
PsA synovial tissue cryosections were stained with immune serum directed against CRH-R1 (A), von Willebrand factor (factor VIII) (B), PECAM-1 (CD31) (C),
E-selectin (D), �v�3 (E), or isotype-matched nonimmune IgG (F). Positive cells are indicated by dark brown staining. Nuclei are counterstained with hematoxylin.
LL, lining layer; SL, sublining layer. Original magnification for each stain, �100 (A–F).

Figure 3. CRH-R1� mRNA can be induced in normal HMVECs to equivalent
transcript levels measured in human inflamed synovial tissue and human
myometrium. A: RT-PCR analysis was performed using primers for CRH-R1�
and GAPDH with total RNA extracted from HMVECs left untreated (NT) or
coincubated for 24 hours with MoCM, PsA synovial tissue (PsA1 and PsA2),
and human myometrium (MM1 and MM2). B: HMVECs left untreated (NT) or
coincubated for 24 hours with synovial biopsies (RA, PsA, and OA Bx) or
MoCM and human myometrium (MM3 and MM4). C and D: Densitometric
analysis representing CRH-R1� mRNA levels in HMVECs. Values are the
means � SEM. For HMVECs, each value is representative of three separate
experiments. For human synovial tissue, n � 8 and myometrium, n � 8.

Figure 4. Modulation of CRH-R1� mRNA levels in HMVECs by the vasoactive
mediator histamine. A: Expression of CRH-R1�, E-selectin, and GAPDH
mRNA was analyzed using total RNA isolated from HMVECs left untreated
(NT), treated for 24 hours with histamine (10�2 mol/L), PGE2 (10�6 mol/L),
TNF� (10 ng/ml), IL-1� (10 ng/ml), or MoCM and human myometrium (MM1
and MM2). B: HMVECs left untreated (NT) or treated for 4 hours with TNF�
(10 ng/ml) or IL-1� (10 ng/ml). C: HMVECs left untreated (NT) or treated for
24 hours with increasing concentrations of histamine (10�7 to 10�4 mol/L).
D: HMVECs left untreated (NT) or treated for 24 hours with histamine (10�5

mol/L) in the absence or presence of increasing concentrations of mepyra-
mine (0.1, 1.0, and 10.0 �mol/L).
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�mol/L) for 2 hours prevented the maximal histamine
(10�5 mol/L)-dependent effects on CRH-R1� mRNA lev-
els in a concentration-dependent manner.

NR4A2 Is a Transcriptionally Regulated Target
Gene Downstream of CRH-R1� Signaling

To explore further the biological effect(s) of CRH recep-
tor-mediated responses in chronically inflamed syno-
vium, we transiently transfected normal human synovio-
cyte and HMVECs with 1 to 2 �g of a eukaryotic
expression vector containing the full-length human CRH-
R1� cDNA. Consistent with our earlier observations, there
was a clear absence of CRH-R1� expression by normal
human synoviocyte cells and HMVECs; however, after
vector transfection, CRH-R1� mRNA and protein levels
were markedly increased and maintained over 24 hours
(Figure 5, A–C) and 48 hours (data not shown). Confocal
microscopic analysis confirmed cytoplasmic localization
and membrane distribution of ectopically expressed
CRH-R1� (Figure 5A, inset).

We have previously shown the orphan nuclear recep-
tor NR4A2 to be the principal member of the NR4A sub-
family to contribute to CRH signaling in the anterior pitu-
itary and in the pathological context in RA and PsA
synovial tissue explants.5,32 In this study, in the absence
of CRH-R1� expression, CRH (10�8 mol/L) had no effect
on NR4A2 mRNA levels in HMVECs (Figure 6) or syno-
viocytes (data not shown). Proinflammatory mediators,
including PGE2, markedly enhance NR4A2 mRNA and
protein levels within 1 to 4 hours.20 After transfection of
CRH-R1� cDNA, the temporal induction of NR4A2 gene
expression by CRH (10�8 mol/L) was equivalent to the

effects of PGE2 (10�6 mol/L) in both cell types (Figure 6,
A and B).

Activation of CREB and NF-�B Signaling by
CRH in CRH-R1�-Expressing Cells

The stimulatory effect of CRH on gene transcription has
been shown to be mediated through cAMP/protein kinase
A (PKA) activation.7,33,34 Increased cytosolic levels of
cAMP leads to the activation of intracellular kinases in-
cluding PKA, which phosphorylates CREB. This phos-
phorylated and activated form CREB binds to the cAMP
response element (CRE) consensus sequence to regu-
late gene transcription.

We confirm the ability of CRH to modulate CREB sig-
naling in CRH-R1�-expressing cells (Figure 7A). Expres-
sion vectors containing either LacZ or CRH-R1� were
cotransfected with the reporter CRE-tk-luciferase, which
contains three copies of the CRE fused with the minimal

Figure 5. Ectopic expression of CRH-R1� in normal human synoviocytes and HMVECs. A: Synoviocytes nucleofected with 1.0 or 2.0 �g of pc-CRH-R1� for 24
hours were stained with a Cy3-labeled CRH-R1 antibody (C20) or isotype-matched nonimmune IgG. CRH-R1� expression is indicated by intense red fluorescence.
Original magnification, �400. Inset: 4,6-diamidino-2-phenylindole staining, visible as blue fluorescence, distinguishes the nucleus and localizes CRH-R1� to the
cytoplasmic membrane. Original magnification, �600. B and C: RT-PCR analysis of CRH-R1� and GAPDH mRNA expression in synoviocytes and HMVECs after
nucleofection with or without the CRH-R1� cDNA.

Figure 6. CRH-induced NR4A2 mRNA expression is dependent on CRH-R1�.
HMVECs (A) and synoviocytes (B) were nucleofected with or without 2.0 �g
of pc-CRH-R1� for 24 hours, left untreated, or treated with CRH (10�8 mol/L)
or PGE2 (10�6 mol/L) for a further 1 to 3 hours. Total RNA was extracted, and
RT-PCR was performed using primers specific for CRH-R1�, NR4A2, and
GAPDH.
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tk promoter. Treatment of LacZ-expressing cells with for-
skolin (25 �mol/L) strongly activated the transcription of
the reporter in contrast to negligible effects with increas-
ing CRH concentrations (10�8 to 10�6 mol/L). However,
in CRH-R1�-expressing cells, CRH strongly activated
transcription of the CRE reporter, similar to the effects of
forskolin, in a concentration-dependent manner (Figure
7A).

To explore novel proinflammatory pathways down-
stream of CRH, we tested the effect of CRH on the acti-
vation of NF-�B signaling using CRH-R1�-expressing
cells (Figure 7B). The reporter �B-tk-luciferase containing
three copies of the �B consensus sequence was cotrans-
fected with either LacZ or CRH-R1� expression vectors.
Treatment of LacZ-expressing cells with CRH showed no
effect on NF-�B activation at any of the concentrations
tested (Figure 7B). However, with CRH-R1�-expressing
cells, CRH in a concentration-dependent manner
strongly activated transcription of the �B reporter equiv-
alent to the effects of TNF� (10 ng/ml).

CRH Enhances the Expression of NOS III to
Promote NO Production in CRH-R1�-
Expressing Cells

Our in vivo and in vitro data suggest that the vascular
endothelium is a major target of CRH action in chronically
inflamed ST. Therefore, we investigated whether CRH
had any effects on the endothelial production of media-
tors associated with vascular permeability and angiogen-
esis. Consistent with published observations,35,36 we
found that proinflammatory cytokines can significantly
(P � 0.049) increase the endothelial production of NO
(Figure 8A) and VEGF (data not shown). We next ex-
plored the ability of CRH to modulate NO and VEGF
production by CRH-R1�-expressing endothelium. No sig-
nificant effects of CRH (10�6 mol/L) on NO production
were observed in endothelial cells lacking CRH-R1�. In
contrast, CRH in a concentration-dependent manner sig-
nificantly (P � 0.034) increased NO production in CRH-
R1�-bearing cells (Figure 8A). A combination of TNF�,

IL1-�, and lipopolysaccharide have been shown to in-
duce NO from rheumatoid synoviocytes by 2.5-fold. The
increased production of NO by CRH was equivalent to
the magnitude of such cytokine effects (Figure 8A). Using
the same transfection system, CRH had no measurable
effects on the endothelial production of VEGF in the pres-
ence or absence of ectopically expressed CRH-R1�
(data not shown).

NO is produced by the nitric-oxide synthase (NOS)
family of enzymes in which three forms of NOS exist:
constitutive (NOS I), inducible (NOS II), and endothelial
(NOS III). Previous studies using human myometrial cells
and placental explants show a selective role for CRH in
modulating NO production through increased expression
of NOS III protein levels within 8 hours.37,38 Significantly,
in these published studies, CRH showed no effect on the
levels of NOS II expression. Thus, to elucidate the mech-
anism of action of CRH in regulating NO production in our
CRH-R1� transfectants, we measured the effects of CRH
on the expression levels of NOS III. In CRH-R1�-express-
ing synoviocyte cells, CRH induced a rapid increase in
NOS III mRNA levels, which peaked within 3 hours (Fig-
ure 8B). High constitutive levels of NOS III mRNA were
measured in endothelial cells, and treatment of CRH-R1�
transfectants with CRH (10�8 mol/L) showed no discern-
ible effect on the transcription of NOS III above the high
steady-state levels observed (data not shown).

Discussion

Modulation of locally produced CRH is an important com-
ponent of the cytokine network in human and animal
models of inflammatory arthritis.4–6,8,18,39 In this study,
analysis of ST from patients with recent-onset RA and
PsA confirms increased endothelial expression of CRH-
R1� mRNA and protein. Our results demonstrate signifi-
cant colocalization of CRH-R1� with endothelial adhesion
molecules revealing that activated endothelia are a prin-
cipal target of peripheral CRH action in chronically in-

Figure 7. CRH signaling, via CRH-R1�, can modulate CREB and NF-�B
transcriptional activity. Synoviocytes were nucleofected with 2.0 �g of pc-
LacZ or 2.0 �g of pc-CRH-R1� together with 500 ng of a CRE-tk-LUC reporter
plasmid (A) or 500 ng of a �B-tk-LUC reporter plasmid (B). After nucleofec-
tion, cells were treated with increasing concentrations of CRH (10�8 to 10�6

mol/L), forskolin (FOR, 25 �mol/L), or TNF� (10 ng/ml) for 24 hours. Values
are presented as fold induction after normalization. All transfection experi-
ments were performed in triplicate dishes. The mean � SEM of four individ-
ual experiments is shown.

Figure 8. CRH promotes nitric oxide production from CRH-R1�-expressing
cells. A: HMVECs were nucleofected with or without pc-CRH-R1� and
seeded into 12-well plates (300,000 cells/well). Cells were left unstimulated
or stimulated with increasing concentrations of CRH (10�8 to 10�6 mol/L) or
a combination of IL-1� (25 ng/ml), TNF� (25 ng/ml), and interferon-� (1000
U/ml) for 24 hours. Cell culture medium was harvested, and nitric oxide
production was determined by measuring nitrite production using the Griess
reaction. Values are the means � SEM from three separate experiments. B:
Synoviocytes transfected with pc-CRH-R1� for 24 hours were treated with
CRH (10�8 mol/L) for a further 1 to 3 hours. Expression of NOS III and
GAPDH mRNA was analyzed using total RNA. Each gel is representative of
three separate experiments.
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flamed synovium. To elucidate the regulatory mecha-
nisms underlying peripheral CRH-R1� gene expression,
we established the ability of proinflammatory pathways
associated with vascular changes to stimulate CRH-R1�
expression. We demonstrate for the first time that CRH-
R1� mRNA expression in primary endothelial cells is
increased by mediator(s) released from freshly explanted
ST. Our studies reveal the ability of monocyte-condi-
tioned medium and vasoactive mediators, including his-
tamine, to modulate endothelial CRH-R1� transcription to
levels present in vivo in inflamed ST. Transient overex-
pression of CRH-R1� in normal endothelial and synovio-
cyte cells facilitates the reconstitution of CRH-dependent
CREB signaling and identifies a role for NR4A2 and
NF-�B as effector molecules of CRH action. Finally, in
cells ectopically expressing CRH-R1�, CRH enhances
the expression of nitric-oxide synthase III and promotes
NO production. Thus, this study provides substantial and
novel evidence to support the conclusion that modulation
of CRH-R1� expression by chronically inflamed synovium
contributes to CRH-induced vascular changes in human
joint disease.

The ingress of leukocytes into sites of inflammation is
crucial for the pathogenesis of arthritis and other inflam-
matory conditions.14 Increased angiogenesis and cyto-
kine-dependent induction of adhesion molecule expres-
sion on synovial membrane endothelial cells are the
earliest histopathological features of RA and PsA.12,40

Several adhesion molecules, termed integrins, selec-
tions, and immunoglobulins, act in concert to regulate
angiogenesis and leukocyte extravasation. The integrin
�v�3 has been shown to be both a marker and critical
effector for blood vessels during synovial angiogene-
sis.31 In animal models, CRH has been implicated in the
enhancement of local angiogenesis and epithelial tumor
growth in the skin.41 Consistent with this observation, our
analysis demonstrates that, in RA and PsA synovium,
�v�3-expressing endothelia are CRH-R1�-positive. Inter-
estingly, compared with the restricted expression of
�v�3, the expression of CRH-R1� is extensively more
widespread throughout the synovial vasculature. In RA
synovium, E-selectin acts to promote leukocyte tethering
and rolling and has been shown to be a marker of endo-
thelial activation in leukocyte-rich regions.14,42 Notably,
E-selectin shows a highly endothelial-selective distribu-
tion and is expressed on activated endothelial cells within
hours after exposure to inflammatory mediators such as
IL-1�, TNF�, and interferon-�.15,43 PECAM-1, an immu-
noglobulin-related molecule, is expressed on leukocytes
as well as endothelial cell junctions where it is a key
participant in the adhesion cascade leading to transen-
dothelial migration.30 Blockage of PECAM-1 on the en-
dothelium inhibits leukocytes from transendothelial mi-
gration.44 In this study, our analysis indicates that
activated synovial membrane endothelial cells are a ma-
jor site of CRH-R1� expression. The significant colocal-
ization of CRH-R1� with PECAM-1 and E-selectin expres-
sion in vivo highlights the clinical significance of
enhanced endothelial CRH-R1� expression in chronically
inflamed tissue. The relevance of these observations in
the pathogenesis of human inflammatory joint disease is

further underscored by the observation that in rat adju-
vant-induced arthritis, administration of antalarmin, a
CRH-R1 antagonist, significantly attenuates the progres-
sive inflammatory-induced degeneration of synovium,
cartilage, and bone in arthritic joints.8

Previous work has established that CRH expression in
RA synovium correlates significantly (P � 0.0005) with
the extent and intensity of mononuclear cell infiltration.4

Consistent with these in vivo observations, we have es-
tablished that proinflammatory mediators released by ex-
planted ST and activated mononuclear cells may also
contribute to synovial CRH signaling through the in-
creased expression of endothelial CRH-R1�. Inflamma-
tory cytokines including IL-1� and TNF� have been
shown to modulate steady-state CRH mRNA expression
in primary synoviocytes, and importantly, the human CRH
promoter also responds to these mediators in a similar
manner.5 To elucidate the regulatory mechanisms under-
lying endothelial CRH-R1� gene expression, we tested
the ability of the same immunological stimuli to stimulate
receptor synthesis. The effects of histamine and PGE2

were also incorporated into this study because CRH re-
ceptor-mediated responses have been shown to contrib-
ute significantly to PGE2 levels in RA synovial and hista-
mine release through mast cell degranulation.11,18 In
contrast to the regulation of CRH mRNA by diverse stim-
uli, the expression of CRH-R1� is primarily induced by
histamine and to a lesser extent by PGE2. Histamine
binds to four different G protein-coupled receptors
(HR1–4) that transduce signals to cells through distinct
pathways.45 Endothelial cells express functional HR1 and
HR2, and the engagement of H1 receptors is central to
histamine effects on leukocyte adhesion and vascular
leakage.45,46 As evidenced by associated signal trans-
duction elements, HR1 acts to potentiate a proinflamma-
tory response, whereas HR2 suppresses inflammatory
functions.45 Our data demonstrate the involvement of the
HR1 receptor subtype in mediating histamine-induced
changes in endothelial CRH-R1� gene transcription.
Down-regulation of NF-�B, which acts as a critical tran-
scription factor in mediating inflammatory responses,
represents a mechanism for HR1-antihistamines to inhibit
inflammatory cell accumulation.47 Interestingly, the re-
cent isolation of the 5� region of the human CRH-R1 gene
reveals a potential NF-�B consensus binding site located
within the �53 and �43-bp region of the proximal pro-
moter.48 Taken together, these data suggest that synovial
CRH may signal in a paracrine manner through the en-
hanced release of histamine and PGE2, which, in turn, act
to amplify local CRH effects through the increased ex-
pression of endothelial CRH-R1�.

The NR4A orphan nuclear receptors are emerging as
key regulators of cytokine and growth factor action in
chronic inflammatory diseases including arthritis, athero-
sclerosis, and cancer.20–24,49 Members of the NR4A sub-
family are necessary and sufficient to regulate VEGF-
mediated angiogenesis in vitro and in vivo.25 As ligand-
independent nuclear receptors, activity of these
transcription factors is tightly controlled at the level of
protein expression. Aberrant NR4A2 expression in the
synovial lining layer, subsynovial synoviocytes, and vas-
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cular endothelial cells in inflammatory arthritides confirms
that NR4A2 is expressed in cells believed to be at the
leading edge of invading pannus.5,20 In this study, we
have confirmed that NR4A2 is a downstream effector
molecule in the modulation of endothelial function by
CRH. Using primary human endothelial cells, stimulation
of CRH-R1�-expressing transfectants results in a rapid
CRH-dependent induction of NR4A2 mRNA. In human
synoviocyte cells, a major site for cytokine-induced
NR4A2 expression in RA,20 comparable CRH-receptor-
mediated effects on NR4A2 expression are achieved. In
the absence of CRH-R1�, CRH had no effect on the
expression of NR4A2 in both cell types, thus confirming
our previous observation of the absence of CRH-R1�
expression on normal endothelial cells and primary RA
synoviocytes.

Studies in RA synovial tissue have shown simultaneous
expression of transcription factors including NF-�B,
cAMP response element-binding protein (CREB), cJun,
and Oct-1, suggesting that the coordinate expression of
such transcriptional mediators results in enhanced angio-
genesis, inflammatory cell influx, synoviocyte hyperactiv-
ity, and tissue outgrowth.19,50–52 CRH signals through
PKA and CREB/activating transcription factor (ATF) fac-
tors in RA synovium and rapidly contributes to CREB-1
and ATF-2 binding activity in primary synovial membrane
endothelial cells.18 In the present study, we broaden
these observations to verify that synovial CRH-R1� sig-
naling leads to significant transcriptional activation
through the CRE consensus sequence. In addition, our
data reveal a role for CRH in mediating NF-�B transcrip-
tional activity through the �B DNA binding motif. Activa-
tion of NF-�B is a central event in inflammatory diseases,
and the construction of NF-�B/p50-deficient mice has
established that the p50 subunit of NF-�B is essential for
the development of local joint inflammation and destruc-
tion in models of collagen-induced arthritis.53,54 Interest-
ingly, the transcriptional regulation of NR4A2 by proin-
flammatory mediators requires proximal promoter
regions that contain CRE and �B consensus sequenc-
es.20 High DNA-binding activity of CREB-1 and NF-�B/
p50 homodimer subunits to the human NR4A2 promoter
has been measured in RA synovium.20 Consequently, the
promotion of CREB and NF-�B transcriptional activities
by CRH confirms that, in CRH-R1�-bearing cells, NR4A2
is a molecular target downstream of CRH signaling.

In animal models, CRH acts as a potent vasodilator by
increasing vascular permeability in a CRH-R1-dependent
manner.11,55 It has been established that CRH-induced
vasodilation in human skin occurs via mast cell degran-
ulation and is principally mediated by histamine and, to a
lesser extent, by prostacyclin and NO.56 A number of
studies, although not in the microvasculature, suggest
that CRH-induced dilation is mediated through NO.57,58

Jain et al59 demonstrated that NO mediates the relaxation
responses to CRH in rat aorta. CRH acting via type 1 CRH
receptors in human myometrial cells exerts stimulatory
effects on NO production via PKA-dependent and -inde-
pendent mechanisms.37 We have confirmed that NO pro-
duction can be significantly up-regulated by CRH in
CRH-R1�-expressing endothelial cells. Thus, these find-

ings, taken together with those from previous studies,
suggest that histamine-and NO-dependent vasodilation
may be mediated, at least in part, through CRH and
downstream of CRH-R1� signaling. Notably, CRH-R1�
signaling does not seem to increase endothelial VEGF
production despite the recent observation that CRH in-
duces the release of mast cell-derived VEGF through
CHR-R1-dependent activation of PKA.60 These data sug-
gest that the target genes downstream of CRH-R1 sig-
naling are likely to be tissue and cell type dependent.

In summary, the results from this study confirm that,
during chronic inflammation, activated endothelial cells
are a major target of CRH action. Engagement of type
1� receptors by CRH activates distinct intracellular
signals leading to molecular and functional changes in
endothelial cells. An understanding of these molecular
and functional changes may lead to the development
of endothelium-targeted therapies for RA and other
chronic inflammatory conditions.
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