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ABSTRACT
The SHR, a genetic model for hypertension and the
metabolic syndrome, has attenuated leukocyte adhe-
sion to the postcapillary endothelium by an unknown
mechanism. Based on recent evidence of elevated lev-
els of MMPs in plasma and on microvascular endothe-
lium of the SHR with cleavage of several receptor
types, we hypothesize that the reduced leukocyte-en-
dothelial interaction is a result of enhanced proteolytic
cleavage of P-selectin on the postcapillary endothelium
and PSGL-1 on leukocytes. The attenuated rolling inter-
actions of SHR leukocytes with the endothelium were
restored by chronic treatment with a broad-spectrum
MMP inhibitor (CGS) for 24 weeks. The SHR MMP lev-
els, in plasma and mesentery, as well as the systolic
blood pressure, decreased significantly with treatment.
In the SHR mesentery, labeling of P-selectin in the post-
capillary venules by immunohistochemistry demon-
strated, on average, a 31% lower extracellular P-selec-
tin density compared with the normotensive WKY. A
significantly lower extracellular PSGL-1 density on the
membranes of SHR neutrophils compared with the
WKY also supported our hypothesis. In vivo stimulation
of the mesenteric postcapillary venules with histamine
demonstrated that the SHR had an attenuated re-
sponse, as measured by leukocyte rolling velocity on
the endothelium. The reduced P-selectin and PSGL-1
density, on SHR postcapillary endothelium and on SHR
leukocytes, respectively, was restored significantly by
chronic MMP inhibition. The impaired ability of SHR leu-
kocytes to reduce rolling velocity upon inflammatory
stimulation led to fewer firmly adhered leukocytes to
the endothelium as a contributor to immune suppres-
sion. J. Leukoc. Biol. 92: 183–194; 2012.

Introduction
Recruitment of leukocytes to the endothelium in postcapillary
venules during inflammation is a multistep process. It begins
with displacement of leukocytes onto the endothelium by hy-
drodynamic interaction with erythrocytes and membrane roll-
ing of leukocytes on the endothelium, followed by firm adhe-
sion, spreading, crawling, and eventual leukocyte migration
across the endothelium into tissue [1]. The leukocyte adhe-
sion cascade involves selectins, integrins, chemokines, and ki-
nases [1] and is also under the control of fluid shear stress.
When stimulated, P-selectin serves as a transient adhesion re-
ceptor on the surface of endothelial cells. Its primary counter-
receptor, PSGL-1, on the surface of leukocytes, binds to P-se-
lectin and facilitates rolling along the endothelium with subse-
quent adhesion and extravasation [2, 3]. Mice deficient in
selectins have increased circulating leukocyte counts as a result
of the leukocytes’ inability to roll on the endothelium, result-
ing in reduced migration of T lymphocytes into inflamed tis-
sue [4].

Besides elevated blood pressure and insulin resistance, the
SHR exhibits multiple signs of immune suppression with a re-
duced inflammatory response [5]. The SHR has a chronic ele-
vation of circulating leukocyte count [6] with enhanced forma-
tion of pseudopods and lengthened transit time through capil-
laries, thereby resulting in elevated capillary hemodynamic
resistance [7]. In addition, the SHR has a defective adhesion
of leukocytes to postcapillary endothelium [8] and exhibits
enhanced apoptosis of lymphocytes in the thymus [9]. With
elevated MMP levels, specifically MMP-2, -7, and -9, in the
plasma and on arteriolar and venular endothelium of the mi-
crocirculation [10, 11], the SHR has been found to have ex-
cessive cleavage of several membrane receptors, such as the
insulin receptor-�, VEGFR-2, FPR, �2-adrenergic receptor, as
well as �2-integrin leukocyte adhesion receptor (CD18) [10–
13]. Abnormal cleavage of these receptors has been shown to
result in insulin resistance, capillary rarefaction, reduced neu-
trophil fluid shear stress response (hemodynamic resistance),
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arteriolar constriction, and systemic hypertension, respectively
[10–13]. As proteolytic cleavage may affect other membrane
receptors, we examine in this study how elevated MMP levels
may interfere with mechanisms of P-selectin-mediated leuko-
cyte adhesion in the SHR.

Upon histamine stimulation, selectin-mediated leukocyte
adhesion to the venular endothelium is impaired in the SHR
[8]. The phenomenon is associated with a reduced venular
expression of P-selectin in the SHR [8], leading to an elevated
number of circulating leukocytes, including PMN leukocytes
[14]. Compared with normotensive rats, leukocytes in the mes-
enteric postcapillary venules of hypertensive rats also show re-
duced adhesion and emigration upon stimulation with plate-
let-activating factor or leukotriene B4 [14]. We hypothesize
that the attenuated leukocyte adhesion and rolling on mesen-
teric postcapillary endothelium are a result of proteolytic cleav-
age of P-selectin and PSGL-1 by elevated levels of MMPs.

We tested the hypothesis by measurements of the extracellu-
lar P-selectin density on endothelial cells of mesenteric mi-
crovessels of the WKY and SHR via whole-mount mesentery
immunohistochemistry and in the form of sP-selectin in
plasma by ELISAs. We also quantified the density of PSGL-1
on neutrophils by immunolabeling intracellular and extracellu-
lar domains. As a functional test, we performed in vivo intravi-
tal experiments, where SHR leukocyte rolling velocities were
tracked along the mesenteric endothelium upon histamine
stimulation. MMP activity in WKYs and SHRs was blocked with
a broad-spectrum MMP inhibitor (CGS; 3 mg/kg/day) [15] in
their drinking water for 24 weeks as a pharmacological inter-
vention.

MATERIALS AND METHODS

Animals
All animal protocols were reviewed and approved by the Institutional Ani-
mal Care and Use Committee at the University of California, San Diego
(CA, USA). Control SHR and WKY rats (8 weeks of age; male; Harlan Lab-
oratories, Indianapolis, IN, USA; n�5) were given standard diet and drink-
ing water ad libitum, whereas a separate, age-matched treatment group
(male; denoted CGS SHR and CGS WKY; n�7) was given 3 mg/kg/day of
the broad-spectrum MMP inhibitor CGS {also known as MMI270; N-hy-
droxy-2(R)-[(4-methoxysulfonyl) (3-picolyl)-amino]-3-methylbutaneamide
hydrochloride monohydrate; Novartis Pharmaceuticals, Summit, NJ, USA}
in its drinking water. The 3-mg/kg/day CGS dose was based on the effec-
tive antimetastatic dose (5–25 mg/kg) for a mouse melanoma model via
osmotic pump; however, our treatment was administered in the drinking
water, and we found that a lower dose was necessary to enhance drug con-
sumption and maintain normal drinking of the inhibitor-containing water
[15]. The treatment duration of 24 weeks was the time required for the
MMP activity in the SHR plasma to decrease significantly and the SHR
blood pressure to lower (SHR vs. CGS SHR groups). Prior to 24 weeks, we
checked the systolic blood pressure and plasma MMP activity at various
time-points and found no significant differences between SHR and CGS
SHR groups.

In vivo MMP assay and leukocyte rolling experiments
The rats were tranquilized with a s.c. injection of 10 mg/kg body weight of
xylazine (Vedco, St. Joseph, MO, USA), followed after 15 min by an intra-
muscular injection of 50 mg/kg body weight of sodium pentobarbital (Ab-
bott Laboratories, North Chicago, IL, USA) at the rats’ caudal thigh mus-

cle of the hind limb for general anesthesia. Supplemental doses of sodium
pentobarbital at 5 mg/kg body weight were given i.v. as needed after can-
nulation of the femoral vein (polyethylene catheters, PE50; Becton Dickin-
son Primary Care Diagnostics, Sparks, MD, USA).

A midline abdominal incision was made. The mesentery was gently
placed outside of the abdominal cavity using dampened cotton swabs and
prepared on a glass pedestal, while superfused with Krebs-Henseleit solu-
tion and gassed with 5% carbon dioxide and 95% nitrogen. Images of
the mesentery were recorded with a digital fluorescent intravital micro-
scope (Leica, Buffalo Grove, IL, USA) using a 10� water immersion micro-
scope objective (Leica; numerical aperture 0.3) and a 10� eyepiece. Cot-
ton gauze was used to lightly pin down a mesentery sector.

For MMP activity detection, we topically applied the broad-spectrum
MMP substrate solution {7-methoxycoumarin-4-acetyl-Pro-Leu-Gly-Leu-�-
(2,4-dinitrophenylamino) Ala-Arg amide; Sigma-Aldrich, St. Louis, MO,
USA; #M6412; 2 �mol/L [16]} to the mesentery, prepared as described
above (of WKY, SHR, CGS WKY, and CGS SHR; n�5 for each group), fol-
lowing removal of Krebs-Henseleit solution via gentle suction. The 7-me-
thoxycoumarin group of the substrate is quenched by energy transfer to
the 2,4-dinitrophenyl group, and cleavage of the Gly-Leu bond produces a
fluorescent signal (328/393 nm) [16]. This MMP fluorogenic substrate is
cleaved by collagenases, stromelysins, and 72 kDa gelatinase [16]. Fluores-
cent images of the mesentery submerged in the substrate solution were
captured at Time 0 (when the substrate was applied initially with minimal
incubation) and at a 1-h incubation. Images of the mesentery without sub-
strate and of the substrate alone served as negative controls. The intensity
of the emitted fluorescent light was recorded in digital units (0–255, where
0 is pure black, and 255 is pure white) after subtraction of background in-
tensity at Time 0, using consistent microscope and camera settings. Post-
capillary venules and arterioles were distinguished by tracing upstream or
downstream of capillaries in the mesentery and locating arteries surround-
ing individual mesentery sectors. Vessel-wall thickness and diameters also
facilitated the distinction.

For leukocyte rolling measurements, video records of leukocytes in postcapillary
venules were made after 20 min of equilibration until hemodynamic parameters
reached steady-state. Bright field images (3 min in duration) of postcapillary
venules on rat mesentery were captured and stored (on DVD) every 10 min over a
time course of over 1 h, using a 60� water immersion objective (Leitz, now
Leica). Leukocyte velocity was measured by tracking frame-by-frame cell positions
along an 80-�m segment of a venule and dividing by the time each cell required
to traverse the vessel segment. Leukocyte rolling velocities, VW , were normalized by
erythrocyte velocities, VR , as follows

Imas �
VW

VR

,

Imas is an index of the strength of the membrane-adhesive energy between
leukocytes and the endothelium [8].

We used a velocimeter (Velocity Tracker MOD-102; IPM, La Mesa, CA,
USA) to measure centerline erythrocyte velocity, VR , calibrated by a rotat-
ing glass disc [17]. The mean erythrocyte velocity (Vmean) was computed as

Vmean �
VR

1.6
,

,

where VR represents centerline erythrocyte velocity in the venule [8]. The
venular wall shear rate on the endothelium was computed as

� � 8 * � Vmean

Dv
�,

where Vmean and Dv represent average erythrocyte velocity and venular diam-
eter, respectively [8].

The shear rate was recorded in individual, unbranched vessels (25–40
�m in diameter) every 7 min, using a 3-min record ending at 60 min. A
leukocyte was defined to be adherent to the endothelium when it was sta-
tionary and not rolling for at least 30 s. To observe leukocyte rolling in the
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presence of histamine, we removed the Krebs-Henseleit superfusate on the
mesentery and applied 10 �mol/L histamine dihydrochloride (Sigma-Al-
drich; #53300 as a stimulant of P-selectin) in 1� PBS at t � 0 min for 10
min. Five animals (n�5), in each of the following groups, were studied:
SHRs, WKY rats, CGS SHRs, and CGS WKY rats (20 cells/rat analyzed). At
the end of the study, the animals were euthanized (120 mg/kg Fatal Plus,
i.v.; Vortech Pharmaceuticals, Dearborn, MI, USA).

Superfusion of MMP-9 on WKY mesenteric
postcapillary venules in vivo
As a positive control, to determine specific MMPs responsible for proteo-
lytic cleavage of P-selectin, we topically applied 1.63 nM MMP-9 to WKY
mesentery after 10 min of 10 �M histamine stimulation with the same mes-
enteric preparation described above (n�3 rats). Histamine not only in-
duces P-selectin on endothelial cells, but it also acts as a vasodilator, which
increases permeability of microvessels. The 1.63-nM MMP-9 concentration
is based on plasma MMP-9 levels measured from hypertensives [18]. Video
recordings of adherent leukocytes on an 80-�m segment of the WKY post-
capillary venule were made on DVDs at the following time-points: (1) t �

0: immediately prior to histamine stimulation; (2) t � 10 min: at the end
of 10 min histamine stimulation, immediately followed by MMP-9 superfu-
sion; (3) t � 20 min: at the end of 10 min MMP-9 superfusion. Negative
controls with 1� PBS in place of MMP-9 superfusion were included (n�3
WKY rats).

Blood collection and PSGL-1 labeling by
immunohistochemistry
Blood (100 �l) was collected via a great saphenous vein puncture and hep-
arinized (10 U/ml) to prevent coagulation. Blood smears were made with
10 �l blood (n�4) on glass slides (Fisher Scientific, Pittsburgh, PA, USA;
#12-544-7) and fixed in 10% neutral-buffered formalin (Fisher Scientific;
#23-032-060) in the following groups: SHRs, WKY rats, CGS SHRs, and CGS
WKY rats. A hydrophobic pen (Vector Laboratories, Burlingame, CA, USA;
#H-4000) was used to define borders for the labeling area.

The blood smears were incubated for 5 min in 0.5% hydrogen peroxide
(to block endogenous peroxidase activity; Sigma-Aldrich; #H-1009; diluted
in tap water) and 2.5% normal horse serum (to prevent nonspecific bind-
ing; Vector Laboratories; #MP-7405; ImPRESS reagent anti-goat Ig peroxi-
dase kit), respectively. Primary antibodies targeting the extracellular do-
main (Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-10174; 12 �g/ml
final concentration) or intracellular domain (Santa Cruz Biotechnology;
sc-10176; 12 �g/ml final concentration) of PSGL-1 were applied for 90
min. For negative control, normal goat IgG (Santa Cruz Biotechnology; #
sc-2028; 12 �g/ml final concentration) was applied in place of the primary
antibody. Following primary antibody, secondary antibody conjugated to
peroxidase (Vector Laboratories; #MP-7405; ImPRESS reagent anti-goat Ig
peroxidase kit) was applied to the blood smears for 30 min. Lastly, Vector
NovaRED, which is a substrate for peroxidase, was applied for 5 min (Vec-
tor Laboratories; #SK-4800), and a color change in red served as the re-
porter for antibody binding to PSGL-1. We used 1� PBS as the wash buffer
to remove excess antibodies and reagents in between steps for the above
procedure.

Blood pressure measurements
After 24 weeks of treatment with CGS, we measured the systolic blood pres-
sure of the treated SHR and WKY rats via tail-cuff plethysmography. The
tail-cuff is set up with a balloon-pressure controller and a Power Lab chan-
nel apparatus (AD Instruments, Colorado Springs, CO, USA). The systolic
blood pressures of n � 7 rats/group of the treated animals (CGS WKY and
CGS SHR) and n � 5 rats of the nontreated or control animals (WKY and
SHR) were measured.

In vitro gelatinase assay
To determine the blood plasma gelatinase level after chronic CGS treat-
ment of the SHR and WKY rat groups, we used the EnzChek Gelatinase/

Collagenase Assay Kit (Life Technologies, Carlsbad, CA, USA; #E-12055).
Gelatin (final concentration at 10 �g/ml), from pig skin conjugated to flu-
orescein, served as the substrate (digestion product generates signal with
�ex�495 nm and �em�515 nm). Blood was collected from animals treated
with CGS by great saphenous vein puncture and centrifuged at 400 g and
4°C for 10 min. We used 50 �l plasma for each sample in the assay, and an
equal volume of 1� kit reaction buffer as the plasma diluent. We gener-
ated a standard curve using collagenase from Clostridium histolyticum, pro-
vided by the kit, as positive control. A spectrophotometer (FilterMax F5
Multi-Mode Microplate Reader; Molecular Devices, Sunnyvale, CA, USA)
was used to read the fluorescence from the gelatinase reactions. Gelatinase
activity in the plasma of SHRs, WKY rats, CGS WKY rats, and CGS SHRs
(n�3 animals/group) was analyzed. The fluorescence of reaction samples
was read initially after enzyme and substrate mixing and then every 5 min
for a total of 20 min. The increase in enzyme activity over time was used
for comparison among groups.

P-selectin labeling on whole-mount mesentery by
immunohistochemistry
After completion of in vivo studies and euthanasia, we collected the
mesentery sectors along with the cecum and intestines by cecal ligation,
excision, and subsequent fixing of the mesentery in 10% neutral-buff-
ered formalin (Fisher Scientific, Pittsburgh, PA; #23-032-060) overnight.
Individual mesentery sectors were excised the next day and washed with
tap water and 0.5% hydrogen peroxide (to block endogenous peroxi-
dase activity) in 10 ml glass beakers. Digest-All 4 Proteinase K Solution
(Life Technologies; #00-3011) was used to permeabilize the mesentery
and allow for penetration and binding of antibodies. This step was fol-
lowed by application of 2.5% normal horse serum (Vector Laboratories;
#MP-7405; ImPRESS reagent anti-goat Ig peroxidase kit) to block non-
specific binding. After washing with 1� PBS (Sigma-Aldrich; #P5493,
diluted in dH2O), the mesentery sector was incubated with primary anti-
body targeting an epitope in the extracellular domain of P-selectin
(R&D Systems, Minneapolis, MN, USA; #AF737; goat-anti-mouse CD62P
antibody; homology of mouse vs. rat is 78%; final concentration in 1�

PBS is 12 �g/ml) for 2 h. The secondary antibody (Vector Laboratories;
#MP-7405; ImPRESS reagent anti-goat Ig peroxidase kit) was applied for
another 2 h, and excess antibody was removed by rinsing in 1� PBS.
The mesentery was then incubated in Vector NovaRED (Vector Labora-
tories; #SK-4800) for 1 min. The mesentery was washed in dH2O,
mounted on a glass slide to dry overnight, coverslipped with Vecta-
Mount mounting media (Vector Laboratories; #H-5000), and allowed to
dry another day before microscope imaging.

We used an inverted microscope (Olympus IX70) with a 40� objective
to observe the whole-mount, labeled mesentery. Quantitative analysis of
P-selectin label density was determined from the images under the 40�

objective. Images were captured with a charge-coupled device camera (Op-
tronics) using WinTV 2000 camera software (Version 3.55.21090, Haup-
pauge Computer Works, Hauppauge, NY, USA).

Circulating leukocyte count
Blood was drawn from femoral artery, and Unopette #365804 capillary pi-
pette (20 �l) microcollection system for leukocyte count (dilution factor
100) was used (Becton Dickinson, Franklin Lakes, NJ, USA). Red blood
cells in whole blood were lysed in 0.0268% acetic acid provided in the col-
lection tube, and leukocytes were counted with a hemocytometer. Leuko-
cyte differentials (including PMN leukocytes and lymphocytes) of WKY,
SHR, CGS WKY, and CGS SHR (n�7) were recorded using 40� micro-
scope objective.

Plasma sP-selectin ELISA
A rat sP-selectin ELISA kit was purchased from Novatein Biosciences (Cam-
bridge, MA, USA; #NB-E30415). Plasma samples from WKY, SHR, CGS
WKY, and CGS SHR (n�3) were analyzed based on kit protocol.
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Measurements and analysis of in vivo leukocyte
rolling velocities
Leukocyte rolling velocities were measured from video records of mes-
enteric postcapillary venules via frame-by-frame measurements of the
time interval that leukocytes require to traverse along an 80-�m venular
segment before, during, and after histamine stimulation (a P-selectin
stimulant).

Measurements of adherent leukocyte count
The number of leukocytes along 80 �m postcapillary venular segments sta-
tionary for 30 s was considered adherent to the endothelium and counted.
For the positive control experiment, where MMP-9 was superfused on WKY
mesenteric postcapillary venules, the normalized adherent leukocyte count
was computed by dividing the number of adherent leukocytes at the end of
MMP-9 superfusion (t�20 min) by that before MMP-9 superfusion (t�10
min).

Quantification of in vivo MMP activities
Images of the mesenteric microvessels were captured of the fluorescence
emitted by the fluorogenic MMP substrate, which reported the presence of
MMPs in vivo. Fluorescent intensities were traced digitally along a contour
line on the endothelial cells of mesenteric microvessels. MMP activity was
determined in the form of average pixel intensity using digital image analy-
sis (ImageJ, Version 1.42q).

Quantification of PSGL-1 density on neutrophil
membranes
Images showing immunohistochemical labeling of PSGL-1 on blood smears
(derived from Vector NovaRED substrate) were analyzed by tracing con-
tours of neutrophils and by measurements of the average pixel intensity on
each cell within the contours. The OD (dimensionless) for the PSGL-1 la-
bel was then computed as described previously [13].

Quantification of P-selectin density on mesenteric
microvessels
Images of whole-mount mesentery immunohistochemical labels for P-selec-
tin were analyzed by first splitting the original micrograph into its red,
blue, and green channels (ImageJ, Version 1.42q). As red channel images
show the signals from Vector NovaRED substrates, they were used for mea-

surements of P-selectin label intensity. A contour was drawn around each
mesenteric microvessel. The mean pixel intensity was determined within
each vessel contour (10 venular, 10 capillary, as well as 10 arteriolar seg-
ments were measured and averaged/animal; five animals were analyzed in
each group: WKY, SHR, CGS WKY, and CGS SHR).

Statistical analysis
Experimental results are reported as mean � sd. We used single-factor
ANOVA (Microsoft Excel 2007) for comparisons among experimental
groups �2. One-tailed Student’s t test was used to evaluate the differences
between any two experimental groups. P � 0.05 was considered statistically
significant in Student’s t test and single-factor ANOVA.

RESULTS

Chronic MMP inhibition with the broad-spectrum MMP
inhibitor CGS led to the normalization of systolic blood
pressure in the SHR
After 24 weeks of CGS treatment in their drinking water, the
SHR’s elevated systolic blood pressure (Fig. 1; WKY vs. SHR)
was reduced significantly (Fig. 1; SHR vs. CGS SHR). The sys-
tolic blood pressure of CGS WKY was also reduced signifi-
cantly from that of the WKY (Fig. 1; WKY vs. CGS WKY).
Furthermore, the systolic blood pressure of the CGS SHR
group was, on average, not significantly different from the
WKY controls.

Chronic MMP inhibition with the broad-spectrum
MMP inhibitor CGS reduced the MMP activity in the
SHR
The elevated plasma gelatinase activity in the SHR compared with
the WKY was reduced significantly by CGS treatment (Fig. 2; SHR
vs. CGS SHR). In addition, CGS WKY plasma gelatinase levels
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were significantly lower than that of the WKY. Plasma gelatinase
activity of the CGS SHR group was not significantly different
from the WKY controls (Fig. 2). The in vivo MMP activity, as de-
tected with a broad-spectrum MMP fluorogenic substrate along
mesenteric postcapillary venules, as well as arterioles, is signifi-
cantly higher in the SHR than the WKY (Fig. 3A–C). On average,
the MMP activity is 37% higher in the postcapillary venules (Fig.
3B) and 24% higher in the arterioles (Fig. 3C) of the SHR com-
pared with the WKY. After chronic inhibition, the MMP activity
in the CGS SHR group was significantly lower compared with the
SHR group (Fig. 3A–C). In a similar manner, the average MMP
activity in CGS WKY was reduced significantly from that in the
WKY (Fig. 3A–C).

With blunted responses to histamine stimulation, the
SHR presented impaired leukocyte rolling and
adhesion mechanisms, which were restored by
chronic MMP inhibition
With histamine stimulation (10 �mol/L) inducing P-selectin ex-
pression at Time 0 (for 10 min), the leukocyte rolling velocity
(relative to centerline erythrocyte velocity) of the normotensive

WKY rat responded with a reduction of leukocyte rolling velocity,
followed by a recovery period (Fig. 4A). In contrast, the SHR re-
vealed an attenuated reduction of leukocyte rolling velocity fol-
lowing histamine stimulation (Fig. 4A). The normalized leukocyte
rolling velocity for the SHR is significantly higher than that in the
WKY at Time 30 min (Fig. 4A). With chronic MMP inhibition by
CGS, the SHR response to histamine is restored (Fig. 4A). In the
postcapillary venules, the WKY transiently increased the venular
shear rate after histamine stimulation, whereas the SHR did not
(Fig. 4B). In the interval from 10 min to 50 min (t�10–50 min),
after the onset of histamine stimulation (t�0 min), the number
of adherent leukocytes was significantly lower in the SHR com-
pared with the WKY (Fig. 4C). Chronic MMP inhibition restored
the number of adherent leukocytes in the SHR (Fig. 4C, CGS
SHR vs. SHR). At t � 10, 20, 30, and 40 min, the average num-
ber of adherent leukocytes on the postcapillary venular endothe-
lium is significantly higher in the CGS SHR than the SHR (Fig.
4C). The average diameter of the postcapillary venular segments
analyzed is not significantly different among WKY, SHR, CGS
WKY, and CGS SHR (Fig. 4D).
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oles (lower row) for the following groups at 1 h: WKY,
SHR, CGS WKY, and CGS SHR. Original scale bar, 20 �m.
(B) Mean fluorescent intensity [relative fluorescence units
(RFU); mean gray value of pixels] measured on a line
drawn along the borders or endothelium of 10 postcapil-
lary, 100 �m-long venular segments in each animal group
(WKY, SHR, CGS WKY, and CGS SHR). The fluorescence
of background is subtracted with an image at Time 0 (of
mesentery with substrate present) serving as the reference
background. One-tailed Student’s t test: *P � 0.01 WKY
versus SHR; **P � 0.01 SHR versus CGS SHR; ***P �
0.01 WKY versus CGS WKY. Single-factor ANOVA: P �

0.01 among WKY, SHR, CGS WKY, and CGS SHR (not shown). (C) Mean fluorescent intensity measured with a line
drawn along the borders or endothelium of 10 arteriolar, 100 �m-long segments in each animal group (WKY, SHR, CGS
WKY, and CGS SHR). One-tailed Student’s t test: *P � 0.01 WKY versus SHR; **P � 0.01 SHR versus CGS SHR; ***P �
0.01 WKY versus CGS WKY. Single-factor ANOVA: P � 0.01 among WKY, SHR, CGS WKY, and CGS SHR (not shown).
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MMP-9 superfusion on WKY mesenteric postcapillary
venules after histamine stimulation reduces the
number of adherent leukocytes
In addition to the reduction in adherent leukocyte count in
the MMP-9 superfusion group (1.63 nM; Fig. 5A and C; black
arrows and MMP-9 superfusion, respectively), the leukocyte
rolling velocity for the MMP-9 superfusion group increased
significantly compared with the PBS superfusion group at the
end of the 10-min MMP-9 superfusion, reflecting the decrease
in the number of adherent leukocytes (Fig. 5B; t�20 min;
MMP-9 vs. PBS superfusion).

The SHR had a significantly lower extracellular P-
selectin density in the postcapillary venules compared
with the WKY
Chronic MMP inhibition restored the extracellular P-selectin
density in the postcapillary venules of the SHR and the WKY

(Fig. 6). On average, the SHR postcapillary venules were 31%
lower in extracellular P-selectin density compared with the
WKY (Fig. 6A and C). In addition, the extracellular P-selectin
density on arterioles and capillaries was lower in the SHR com-
pared with the WKY but not significantly (Fig. 6A and C, im-
ages of capillaries not shown). The negative control with IgG
replacing the primary antibody had nondetectable P-selectin
label density (Fig. 6B).

Labeling of the PSGL-1 by immunohistochemistry on
membranes of leukocytes from fresh blood smears
fixed in 10% formalin revealed a significantly
reduced extracellular PSGL-1 density in the SHR
On average, the extracellular PSGL-1 domain density in the
SHR was 49% lower compared with that of the WKY (Fig. 7A;
WKY vs. SHR), and the reduced density in the SHR was signifi-
cantly restored after chronic MMP inhibition (Fig. 7A; SHR vs.
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Figure 4. Leukocyte rolling velocity, venular shear rate, number of adherent cells in the postcapillary venules of WKY, SHR, CGS WKY, and CGS
SHR (n�5 rats/group; n�20 leukocytes analyzed/rat and per one venular segment), and diameter of postcapillary venular segments analyzed. His-
tamine (10 �mol/L) was applied topically to the mesentery (via superfusion) at Time 0 min for 10 min. (A) Average leukocyte rolling velocity
normalized to erythrocyte centerline velocity measured along an 80-�m venular segment in the mesenteric postcapillary venule. One-tailed Stu-
dent’s t test: *P � 0.01 for Vw/VR (WKY) versus Vw/VR (SHR) at 30 min. (B) Corresponding average venular shear rates in each animal group.
One-tailed Student’s t test: *P � 0.05 WKY versus SHR at 40 min. (C) Average number of leukocytes adherent to the endothelium along 80 �m
mesenteric postcapillary venular segments at �10, 0, 10, 20, 30, 40, 50, and 60 min. One-tailed Student’s t test: *P � 0.01 WKY versus SHR at t �
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of postcapillary venular segments analyzed in WKY, SHR, CGS WKY, and CGS SHR. There are no significant differences among groups based on
one-tailed Student’s t test for pair-wise comparisons and single-factor ANOVA for all four groups.
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CGS SHR). In contrast, the intracellular domain density of
PSGL-1 was not significantly different between WKY and SHR
(Fig. 7B). The intracellular PSGL-1 domain labeling by immu-
nohistochemistry also showed a small increase in density for
the treatment groups compared with the control groups but
not significantly (Fig. 7B; WKY vs. CGS WKY and SHR vs. CGS
SHR). The negative control, with an irrelevant IgG replacing
the primary antibody, showed no detectable label density (Fig.
7C). Note that the PSGL-1 label density in the extracellular
and intracellular domains is heterogeneous on the cell mem-
branes (Fig. 7A and B micrographs), a morphological feature
found in receptor labeling of leukocyte membranes on blood
smears.

The elevated SHR circulating leukocyte count,
including PMN leukocytes and lymphocytes, is
reduced after chronic MMP inhibition
Chronically CGS WKY and CGS SHR showed a reduced num-
ber of total circulating leukocytes compared with their non-
treated control groups, WKY and SHR, respectively (Fig. 8A).
The average total circulating leukocyte count of the CGS SHR
group was not significantly different from the WKY controls
(Fig. 8A). The average PMN leukocyte and lymphocyte count
of the SHR was significantly higher than that in the WKY (Fig.
8B and C). The PMN leukocyte counts of CGS WKY and CGS
SHR were significantly lower than their controls, WKY and
SHR, respectively (Fig. 8B). Specifically, the difference in PMN

leukocyte count between CGS SHR and SHR was larger than
the difference in PMN leukocyte count between CGS WKY and
WKY (Fig. 8B). The PMN leukocyte count of CGS SHR was
not statistically different from that of the WKY (Fig. 8B).

The average sP-selectin level in SHR plasma was
significantly higher than that of the WKY
The sP-selectin levels in plasma, as determined by ELISA, are
elevated in the SHR, and it is reduced after chronic MMP in-
hibition (Fig. 9). The plasma sP-selectin levels of CGS SHR
were not significantly different from that of the WKY (Fig. 9).

DISCUSSION

In the SHR, leukocytes in the postcapillary venules exhibit a
blunted response upon histamine stimulation, as shown by
their rolling velocities and impaired adhesion to the endothe-
lium (Fig. 4A and 4C; WKY vs. SHR) [8, 14, 19]. The disrup-
tion of leukocyte adhesion and rolling mechanisms on the
SHR endothelium is associated with elevated MMP activities,
which lead to abnormal proteolytic cleavage of extracellular
P-selectin and PSGL-1. Compared with the WKY, the impair-
ment of leukocyte adhesion in the SHR correlates with an ele-
vated SHR circulating leukocyte count (Fig. 8A–C). Chronic
MMP inhibition with CGS in the drinking water of the SHR
effectively normalizes the number of circulating leukocytes to
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levels in the WKY (Fig. 8A). Although the PMN leukocytes and
the lymphocytes are elevated significantly in the SHR com-
pared with the WKY (Fig. 8B and C), the major subtype of leu-
kocytes, reduced significantly by CGS in the SHR, is the PMN
leukocytes (Fig. 8B). The effect of CGS treatment is more
prominent in the SHR compared with the WKY (Fig. 8B).

Proteolytic cleavage of the adhesion receptors, P-selectin
and PSGL-1, is in line with cleavage of other vascular receptors
in the SHR, such as the �2-adrenergic receptor, the insulin
receptor-�, and the FPR, resulting in arterial blood pressure
elevation, insulin resistance, and impaired fluid shear stress
response, respectively [10–13]. MMP cleavage of the SHR FPR
is a process that leads to impairment of neutrophil pseudopod
retraction under fluid shear [13]. Chemotactic stimulation
with the tripeptide fMLP fails to elicit a normal pseudopod

projection, reflected by actin polymerization in SHR neutro-
phils [13].

In addition to the FPR, the leukocyte integrin CD11b/CD18
(macrophage-1 antigen), also activated by fMLP, participates
in leukocyte adherence-dependent locomotion [20]. Fluid
shear stress down-regulates surface expressions of CD18 integ-
rins and increases the chance of lysosomal proteases, such as
cathepsin B, to cleave the integrin, leading to neutrophil pseu-
dopod retraction, as well as detachment from substrates, such
as the endothelium [21, 22]. In the SHR, the CD18 integrin is
also defective as a result of MMP cleavage [10]. Proteolytic
damage to CD18, along with its counter receptor, ICAM-1,
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as well as other adhesion molecules, in the SHR may also
contribute to the defective leukocyte-endothelial interaction
[10, 23].

In the current study, we confirmed the presence of signifi-
cantly higher MMP activities in the SHR compared with the
WKY (Figs. 2 and 3), which is consistent with previous studies,
showing an elevation of MMP-2, -7, and -9 in SHR plasma [10,

11]. Specifically, MMP-9 levels are significantly higher in the
SHR mesenteric microvessels, as shown by immunolabeling
[10]. The elevation of MMP level and activity may be transient
and meal-dependent, with postmeal MMP activity significantly
higher than that measured premeal in the rat (unpublished
results). Regulation of MMP levels, including activation mecha-
nisms of pro-MMPs, inhibitory mechanisms of MMPs (e.g.,
TIMPs), as well as transcriptional controls of MMP production,
remains to be studied further [24].

MMPs have the ability to cleave multiple membrane recep-
tors on the vascular endothelium and endothelial glycocalyx
[11, 25]. Although the extracellular P-selectin density was, in
general, heterogeneous within animals and among animals, on
the endothelium of postcapillary venules, the average extracel-
lular P-selectin density in the SHR was significantly lower than
the WKY (Fig. 6A and C). The extracellular PSGL-1 density on
SHR neutrophils (Fig. 7A) was also heterogeneous. The extra-
cellular domains of P-selectin (Protein Accession #P98106)
and PSGL-1 (Protein Accession #Q8K5B0) [26, 27] contain
multiple cleavage sites for MMP-9, but the exact sites, which
are cleaved in vivo, remain to be determined.

The current evidence herein shows that chronic MMP inhi-
bition interferes with the receptor cleavage phenomenon. As a
synthetic hydroxamic acid derivative, the broad-spectrum MMP
inhibitor CGS blocks MMP activity by binding Zn2� at the ac-
tive sites of a wide range of MMPs [28, 29]. The maximal tol-
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erable dose of CGS in humans is 300 mg of CGS, given twice/
day, which is equivalent to 10 mg/kg total/day for a 60-kg per-
son [29]. Above this dose, patients develop a maculopapular
rash, which dose-dependently increases in frequency and sever-
ity [29]. The current dose of 3 mg/kg/day CGS falls below the
maximal tolerable dose and still effectively decreases plasma
MMP activity in the SHR over time. After 24 weeks of treat-
ment with CGS, the SHR presented a significantly lower sys-
tolic blood pressure, as well as a significantly reduced gelati-
nase and MMP activity (Figs. 1, 2, and 3A–C; SHR vs. CGS
SHR). Systolic blood pressure readings via tail-cuff plethysmog-
raphy were comparable with those measured from the femoral
artery using a pressure transducer [10]. Furthermore, chronic
MMP inhibition with CGS produced similar effects or reduc-
tion in MMP activity and systolic blood pressure for the WKY
besides the SHR. The biochemical and pharmaceutical path-
ways, which CGS renders in control versus hypertensive ani-
mals, remain to be delineated in future studies. Moderate
MMP inhibition could serve as a potential therapeutic option
in normalizing systolic blood pressure, down-regulating gelati-
nase activity, and preventing excessive proteolytic cleavage of
vascular receptors, which lead to cellular dysfunctions in hy-
pertensives.

In this study, we used the method of immunohistochemistry
for the detection of P-selectin and PSGL-1 densities rather
than flow cytometry or Western blot. The major reason is that
centrifugation, which is a required sample preparation step in
flow cytometry and Western blot, leads to damage or shedding
of receptors on neutrophils as a result of degranulation [13].
As a result, the ability to label a receptor is compromised and
no longer represents the in vivo physiological state. Not only is
the circulating leukocyte count of the SHR significantly higher
than that of the WKY (Fig. 8A–C), but also, the SHR has endo-
thelial apoptosis and capillary rarefaction as a result of MMP
cleavage of VEGFR-2 [11]. Additional separation steps would
need to be performed to equalize the number of leukocytes as
well as the number of endothelial cells between WKY and SHR
for comparison of PSGL-1 and P-selectin density, respectively,
before using methods, such as Western blot or flow cytometry
(but without centrifugation). Consequently, we used immuno-
histochemistry in conjunction with quantitative image analysis
to detect receptor density so that whole blood and whole-
mount mesentery tissues are analyzed with minimal manipula-
tion.

Our study is driven by the hypothesis that elevated MMPs in
the SHR lead to cleavage and damage of P-selectin and
PSGL-1; however, there may be other mechanisms in the SHR
causing impairment of leukocyte adhesion to the endothelium.
First, it is possible that the ability of histamine to stimulate P-
selectin is compromised as a result of defective histamine re-
ceptors, such as the H1 and H4 receptors. Endogenous inflam-
matory mediators, such as platelet activating factor and leuko-
triene B4, have also been shown to produce attenuated
leukocyte adhesion in postcapillary venules of hypertensive rats
[14]. Histamine receptors (H1 and H4 receptors) are impor-
tant in leukocyte recruitment in allergic inflammation,
whereas the histamine H1 receptor has been shown to be criti-
cal in histamine-induced leukocyte rolling and adhesion to

postcapillary venules [30, 31]. Second, platelet-mediated re-
cruitment of leukocytes to the endothelium may depend on
the vWF secreted in the SHR. It has been shown that in re-
sponse to LPS stimulation, the SHR released significantly more
vWF than the WKY [32]. Potential proteolytic cleavage of P-
selectin on platelets could impair platelet-mediated leukocyte
recruitment to the endothelium. This possibility requires fur-
ther investigation in future studies.

In the SHR, cleavage of the extracellular domain of P-selec-
tin and PSGL-1 leads to impaired leukocyte rolling after hista-
mine stimulation and consequently, reduced adhesion and
transmigration into surrounding tissues (Fig. 4A and C).
Chronic MMP inhibition by CGS treatment significantly re-
stored extracellular P-selectin density on the endothelium of
postcapillary venules, extracellular PSGL-1 density on neutro-
phils, and leukocyte rolling in response to histamine stimula-
tion in the SHR (Figs. 4, 6, and 7). The specific MMPs respon-
sible for cleavage of the VEGFR-2 in the SHR include MMP-2,
-7, and -9 [11]; we tested in a positive control experiment by
topical application of MMP-9 (1.63 nM) on the WKY mesen-
tery. MMP-9 appears to enter the circulation after histamine
stimulation (with increased capillary permeability and leuko-
cyte adhesion to the endothelium), causing release of adher-
ent leukocytes from the postcapillary endothelium (Fig. 5A
and C). The increased leukocyte rolling velocity after 10 min
of MMP-9 superfusion (at 20 min in Fig. 5B) also correlates
with the detachment of adherent leukocytes, which originally
became adherent from histamine stimulation. MMP-9 may thus
contribute to cleavage of extracellular domains of P-selectin on
endothelial cells and PSGL-1 on leukocytes.

It is interesting to note that an impaired response of the
SHR leukocytes with a reduced number of adherent neutro-
phils and blunted transendothelial migration has been shown
to be an acute, protective mechanism against inflammation
[33, 34]. The elevation of MMP activity in SHR plasma and
cleavage of adhesion receptors may contribute to this protec-
tive mechanism. In contrast, studies have shown that enhanced
numbers of lymphocytes and macrophages chronically infil-
trate the SHR kidney and surround cerebral blood vessels of
hypertensive rats [35, 36]. Infiltrations of such cell types in the
SHR could initiate after renal and brain damage or may be
causing complications associated with hypertension and diabe-
tes [18, 37]. Involvement of elevated MMPs and potential re-
ceptor cleavage kinetics in lymphocytes and macrophages in
the SHR remain to be examined.

An important approach to confirm receptor cleavage is by
locating and quantifying the cleavage product in plasma, as
soluble receptor fragments may serve as indicators for proteo-
lytic cleavage. Present in plasma at low concentrations on the
order of 100 ng/ml [38], sP-selectin requires sensitive detec-
tion methods, such as ELISA, and novel nano-scale tools [39].
Plasma concentrations of sP-selectin fragments are elevated in
the SHR (Fig. 9), as well as in human hypertensives, and they
have been interpreted as markers for platelet activation in car-
diovascular diseases [40–44]. Our ELISA indicates that
chronic MMP inhibition by CGS restores sP-selectin levels in
the SHR plasma to levels found in the normotensive control
WKY rat (Fig. 9). In addition to sP-selectin, soluble fragments
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of its primary ligand, PSGL-1, as well as extracellular domain
fragments of other receptors may provide further insights re-
garding the MMP cleavage phenomenon.

sPSGL-1 has been found to be higher in the supernatants of
activated neutrophils, a process that reduces adhesion of leu-
kocytes to P-selectin in vitro [45]. MMP inhibitors, such as
doxycycline and EDTA, reduce sheddase (a type of metallopro-
teinase) activity, as well as prevent endothelial glycocalyx from
shedding [25]. This leads to antiadhesion and proadhesion
effects, as sheddases promote cleavage of extracellular recep-
tor domains; shedding of glycocalyx may expose adhesion mol-
ecules that aid in adhesion [25], whereas receptor cleavage is
antiadhesive (Fig. 4C; SHR). The elevated MMP level in the
SHR (Figs. 2 and 3) and lower SHR extracellular domain den-
sity of P-selectin and PSGL-1 on endothelium and leukocytes,
respectively (Figs. 6 and 7), indicate that receptor cleavage is
likely to occur, in addition to shedding of the glycocalyx. The
P-selectin�/� genes in animal models provide further insights
about the essential role of P-selectin with respect to hyperten-
sion.

In the angiotensin II-induced form of hypertension, the P-
selectin�/� mice, after angiotensin II infusion, have a signifi-
cantly higher mean arterial blood pressure than WT control
mice with saline infusion [46]. However, the mean arterial
pressure of the P-selectin�/� mice with angiotensin II infusion
is not significantly different from the WT mice infused with
angiotensin II [46]. In contrast, the angiotension II-infused
P-selectin�/� mice with WT bone marrow chimeras have a sig-
nificantly reduced mean arterial blood pressure compared
with the WT mice infused with angiotensin II [46]. This evi-
dence suggests that P-selectin�/� mice are prone to angiotensin
II-induced hypertension, and WT bone marrow P-selectin chime-
ras facilitate normalization of blood pressure. P-selectin�/� mice
also have increased glomerular damage, elevated proteinuria, and
higher mortality compared with WT mice [47]. In addition, ele-
vated circulating neutrophil counts, lack of leukocyte rolling, and
delayed leukocyte extravasation upon inflammatory stimulation in
P-selectin�/� mice demonstrate immunological dysfunctions as a
result of impairment of P-selectin [48]. In tissue repair mecha-
nisms, such as wound healing, selectins and adhesion molecules
play important roles by regulating inflammatory cell infiltrations
[49]. P-, E-, and L-selectin�/� as well as ICAM-1 have been docu-
mented to delay wound healing of the skin in mice [49]. The
absence of PSGL-1 (in genetically deficient mice) also inhibits
early cutaneous wound healing [50]. Therefore, P-selectin and its
primary ligand PSGL-1 are essential mediators in a number of
physiological repair mechanisms. The SHR may be at a higher
risk for impaired wound healing with an elevation of MMPs and
defects in P-selectin and PSGL-1.

In summary, defects in P-selectin, PSGL-1, and integrins,
in conjunction with a reduced ability to project pseudopods,
may contribute to leukocyte adhesion deficiency in the
SHR. During exogenous inflammatory stimuli, there were
lower extracellular P-selectin and PSGL-1 receptor densities
on endothelial cells and leukocytes, respectively, in the SHR
compared with the WKY. The evidence not only provides a
specific manifestation of immune dysfunction in the SHR
but also fortifies the receptor cleavage mechanism seen with

other vascular receptors as a result of elevated MMP levels
in the SHR. Transcriptional regulations of MMPs, as well as
P-selectin and PSGL-1, in the SHR remain to be investigated
further. Pharmacological interventions in the SHR by
chronically blocking MMP activity with CGS significantly re-
duced blood pressure, restored P-selectin density, enhanced
leukocyte responses to histamine stimulation, and recovered
circulating leukocyte counts.
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