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Abstract

The objective of this study was to define the nature, magnitude,
and mechanisms of histamine-induced leukocyte-endothelial
cell interactions in postcapillary venules of the rat mesentery
using intravital microscopic techniques. Superfusion of the mes-
entery with histamine (10-7-10- M) resulted in a dose-re-
lated increase in the number of rolling leukocytes, a reduction
in rolling velocity, and an increased clearance of FITC-labeled
rat albumin from blood to superfusate. The histamine-induced
recruitment of rolling leukocytes and increased albumin clear-
ance were prevented by histamine H1 (hydroxyzine, diphenhy-
dramine) but not H2 (cimetidine) receptor antagonists. Be-
cause histamine induces expression of the adhesion molecule
P-selectin in cultured endothelial cells, a monoclonal antibody
directed against rat P-selectin and soluble sialyl-LewisX oligo-
saccharide (the carbohydrate ligand to P-selectin) were also
tested as inhibitors. Both were effective in preventing the hista-
mine-induced recruitment of rolling leukocytes, but neither
agent attenuated the increased albumin clearance. These obser-
vations suggest that (a) histamine recruits rolling leukocytes
and increases albumin leakage in postcapillary venules via H1
receptor activation, (b) histamine-induced recruitment of rol-
ling leukocytes is mediated in part by P-selectin expressed on
the endothelial cell surface, and (c) the histamine-induced vas-
cular albumin leakage is unrelated to leukocyte-endothelial
cell adhesion. Our results are consistent with the view that
histamine may act as a mediator of acute inflammatory reac-
tions. (J. Clin. Invest. 1994.93:1508-1515.) Key words: leuko-
cyte-endothelial cell adhesion * P-selectin * sialyl-Lewisx * in-
flammation * leukocyte rolling

Introduction

Histamine has long been implicated as a mediator of acute
inflammatory reactions (1). The concept that histamine may
act as an inflammatory mediator is based on several lines of
evidence: (a) the actions of histamine in regional vascular beds
closely parallel those seen in inflammatory foci, including va-
sodilation, increased vascular permeability, and interstitial
edema; (b) histamine release has been demonstrated in a vari-
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ety of inflammatory conditions; and (c) histamine antagonists
reduce the hyperemia and edema associated with early inflam-
mation ( 1-5). Interest in histamine as a modulator of the in-
flammatory response has increased recently with the recogni-
tion that neutrophils adhere avidly to monolayers of cultured
vascular endothelial cells incubated with this autacoid (6, 7).
Histamine-induced neutrophil adhesion appears to be initiated
from a rapid and transient cell-surface expression of the leuko-
cyte adhesion molecule P-selectin (GMP-140/PADGEM)
contained in secretory granules of both endothelial cells and
platelets (6, 8, 9). Despite these in vitro findings, a role for
histamine in recruitment of neutrophils to sites of inflamma-
tion has not been documented in vivo.

P-selectin is one of three members of the selectin family. It
is found in endothelial cells and platelets and is rapidly ex-
pressed in response to histamine (6, 10), thrombin, and oxy-
gen radicals. The other two members of the family are E-selec-
tin, which is expressed on endothelial cells in response to in-
flammatory cytokines and endotoxin, and L-selectin which is
constitutively expressed on neutrophils and other leukocytes
( 11, 12). The selectins participate in neutrophil recruitment to
sites of inflammation in a multistep process involving rolling of
the neutrophils on activated endothelium, activation of the rol-
ling cells to upregulate integrin adhesion molecules, firm adhe-
sion of the cells to the endothelium, and transmigration
through the venule wall into the tissue (13-15). Each of the
three selectins has been proposed to participate in the initial
rolling of leukocytes on the activated endothelium ( 13-15).
Evidence for P-selectin-mediated rolling of leukocytes is pro-
vided by in vitro studies using artificial lipid bilayers contain-
ing P-selectin ( 14), immobilized platelets ( 16), or histamine-
stimulated monolayers of endothelial cells (9), all of which
support rolling under flow conditions similar to those found in
the microcirculation. In addition, the results of recent in vivo
studies indicate that P-selectin contributes to the basal (sponta-
neous) leukocyte rolling observed in postcapillary venules of
exteriorized mesenteric preparations ( 17, 18). However, the
importance of P-selectin in mediating the recruitment of rol-
ling leukocvtes in postcapillary venules exposed to histamine
remains unclear.

The overall objective of this study was to define the ability
of histamine to induce leukocyte-endothelial cell interactions
in rat mesenteric venules in vivo and to evaluate the role of
P-selectin in these interactions. Four specific issues were ad-
dressed: (a) what are the effects of different concentrations of
histamine ( l0-7-l0-5 M) on the rolling, adherence, and emi-
gration of leukocytes and vascular albumin leakage?; (b) which
subtype (H 1 vs H2) of histamine receptors mediates the hista-
mine-induced leukocyte-endothelial cell adhesion?; (c) does
P-selectin contribute to histamine-mediated leukocyte-endo-
thelial cell interactions in vivo?; and (d) is the histamine-in-
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duced increase in vascular protein leakage dependent on leuko-

cyte adhesion?

Methods

Surgical procedure. 64 male Sprague-Dawley rats (200-250 g) were

maintained on a purified laboratory diet and fasted for 24 h before the
experiment. The animals were initially anesthetized with pentobarbital
(65 mg/kg body wt, intraperitoneally), then a tracheotomy was per-
formed to facilitate breathing during the experiment. The right carotid
artery was cannulated, and systemic arterial pressure was measured
with a pressure transducer (P23A; Statham, Oxnard, CA) connected to

the carotid artery cannula. Systemic blood pressure and heart rate were

continuously recorded with a physiologic recorder (Grass Instrument
Co., Quincy, MA). The left jugular vein was also cannulated for drug
administration and blood sample collection. After a midline abdomi-
nal incision, both renal pedicles were ligated, and a segment of the
midjejunum was exteriorized. All exposed tissue was moistened with
saline-soaked gauze to minimize evaporation and dehydration.

Intravital microscopy. Rats were placed in a supine position on an

adjustable Plexiglas microscope stage, and the mesentery was prepared
for microscopic observation as described previously ( 19, 20), with
minor modifications for measurement of vascular albumin clearance.
Approximately 30 min were required for exteriorization of the mesen-

tery. Briefly, the mesentery was draped over an optically clear coverslip
that allowed for observation of a 2-cm2 segment of tissue. The tempera-
ture of the pedestal was maintained at 370C with a constant tempera-
ture circulator (model 80; Fisher Scientific Co., Pittsburgh, PA). A

small rubber gasket (internal area = 3.14 cm2) was placed on the mesen-
tery, and the outside area of contact between the gasket and mesentery
was sealed (to prevent leakage of superfusate from the ring) with a
mixture of high vacuum grease (Dow Corning Corp., Midland, MI)
and white petrolatum (E. Fougera & Co., Melville, NY). Rectal and
mesenteric temperatures were continuously monitored using an elec-
trothermometer. The exposed bowel wall was covered with Saran Wrap
(The DowChemical Co., Indianapolis, IN), then the mesenteric tissue
within the gasket was suffused with warmed bicarbonate-buffered sa-
line (BBS)' (pH 7.4) that was bubbled with a mixture of 5% 02/5%
C02/90% N2-

An inverted microscope (Nikon Optiphoto, Japan) with an objec-
tive lens (magnification of 40) (Nikon Optiphoto) and an eyepiece
(magnification of 10) was used to observe the mesenteric microcircula-
tion. The mesentery was transilluminated with a 12-V, 100-W direct
current-stabilized light source. A video camera (VK-C1 50; Hitachi
Ltd., Tokyo, Japan) mounted on the microscope projected the image
onto a color monitor (PVM-2030; Sony, Japan), and the images were
recorded using a video cassette recorder (NV8950; Panasonic, Japan).
A video time-date generator (WJ8 10; Panasonic) projected the time,
date, and stopwatch function onto the monitor.

Single unbranched venules with diameters ranging between 25 and
35 Mmand a length > 150 Mumwere selected for study. Venular diame-
ter was measured either on- or off-line using a video image-shearing
monitor (IPM, Inc., La Mesa, CA). The number of adherent leuko-
cytes was determined off-line during playback of videotaped images. A
leukocyte was considered to be adherent to venular endothelium if it
remained stationary for a period 2 30 s ( 19). Adherent cells were ex-
pressed as the number per 100-Mm length of venule. The number of
emigrated leukocytes was also determined off-line during playback of
videotaped images. Any interstitial leukocytes present in the mesentery
at the onset of the experiment were subtracted from the total number of
leukocytes that accumulated during the course of the experiment. Leu-
kocyte emigration was expressed as the number per microscopic field
(1.7 X 10-2 mm2or 1 50-Mm length of venule). Rolling leukocytes were
defined as those white blood cells that moved at a velocity less than that

1. Abbreviations used in this paper: BBS, bicarbonate-buffered saline;
HUVEC, human umbilical vein endothelial cell; SLex, sialyl-LewisX.

of erythrocytes in the same stream. The flux of rolling leukocytes was
determined as the number of rolling leukocytes that crossed a fixed
point on the venule over a given period of time. Mesenteric prepara-
tions exhibiting a basal leukocyte rolling flux > 20 cells/min were ex-
cluded from the study. Leukocyte rolling velocity was determined (10
cells per determination) from the time required for a leukocyte to roll
along a given distance of the venule. The number of rolling leukocytes
was determined from the flux of rolling leukocytes and leukocyte rol-
ling velocity (21). Centerline red blood cell velocity was measured
using an optical Doppler velocimeter (Microcirculation Research Insti-
tute, Texas A&MUniversity, College Station, TX) that was calibrated
against a rotating glass disk coated with red blood cells. Venular blood
flow was calculated from the product of mean red blood cell velocity
(mean red blood cell velocity = centerline velocity 1.6) (22) and
microvascular cross-sectional area, assuming cylindrical geometry.
Venular wall shear rate (SR) was calculated based on Newtonian defini-
tion: SR = 8(Vmc/Dv) (23).

Albumin clearance measurements. Purified rat albumin (Sigma
Chemical Co., St. Louis, MO) (10 mg/ml) was labeled with FITC
(Sigma Chemical Co.) (100 Mg/ml). FITC-labeled albumin (100 mg/
kg) was injected intravenously 24 h before the experiment. The vascu-
lar clearance of FITC-albumin was determined by measuring the fluo-
rescence intensity of diluted samples of plasma and mesenteric super-
fusate (collected from a 3.14-cm2 area) on a luminescence
spectrometer (model LS-5B; Perkin-Elmer Ltd., Buckinghamshire,
UK). The concentration of FITC-labeled albumin in each sample was
determined from a standard curve. Vascular albumin clearance was
calculated from the formula:

[superfusate FITC-albumin]
X superfusion rate (2 ml/min)

Albumin clearance [plasma FITC-albumin]
Experimental protocols. After all parameters measured on-line (ar-

terial pressure, erythrocyte velocity, and venular diameter) were in a
steady state, the mesentery was superfused (2 ml/min) with either his-
tamine ( 10-', 10-6, and 10-5 M) or BBS alone, with video recordings
for quantitation of leukocyte-endothelial cell adhesion and repeat mea-
surements of hemodynamic parameters made 20-30 min into the su-
perfusion period. Plasma and superfusate samples were obtained at 20
min for determination of vascular albumin clearance. The responses to
BBSalone or each concentration of histamine were determined in five
to six rats. In some experiments, the responses to 10-5 Mhistamine
were determined in the presence of either a histamine HI receptor
antagonist ( 10MM, hydroxyzine or diphenhydramine) or an H2 antag-
onist (10 MM, cimetidine), which was added to the superfusate. In
other experiments, the responses to I0- Mhistamine were examined
in animals which were treated intravenously with synthetic analogues
( I mg/ 100 g body wt) of the carbohydrate ligand of P-selectin, sialyl-
LewisX (SLex; NeuAca2,3Gal3l,4[Fucal,3]GlcNAc-), 10 min be-
fore superfusion with histamine. The SLex oligosaccharide used,

NeuAca2,3Gal031,4(Fuca1,3) GlcNAcf01,3Gall0-O(CH2)5COOCH3,
and a control oligosaccharide missing a key fucose residue required
for recognition by P-selectin, NeuAca2,3Gal,3l,4GlcNAcIBl,3GalI3-
O(CH2)5COOCH3, were prepared by a combined chemical and enzy-
matic strategy (24, 25, and Zheng, Z.-L., and S. DeFrees, unpublished
observations). In experiments using mAbs, rats received an intrave-
nous injection of the antibody (2 mg/kg) 30 min before superfusion
with l0-5 Mhistamine. mAbs used included "blocking" (PBI.3; P-
selectin/blocking/IgG,/clone 352)andnonblocking(PNBI .6;P-selec-
tin/nonblocking/IgG,/clone P6H6) to P-selectin (26, 27). PB1.3
cross-reacts with rat P-selectin, while PNB1.6 appears not to cross-react
(26). Therefore, PNB1.6 serves primarily as an isotype-matched anti-
body control in these experiments.

Neutrophil adhesion to cultured endothelial cells. The histamine-
activated human umbilical vein endothelial cell (HUVEC) assay was
performed essentially as described by Lorant et al. ( 15). Primary HU-
VECwere grown to confluence in 1%gelatin-coated (Sigma Chemical
Co.) 96-well assay plates (Costar Corp., Cambridge, MA) in endothe-
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lial basal growth medium (Clonetics Corp., San Diego, CA) containing
2%human serum, 50 itg/ml gentamicin, 50 ng/ml amphotericin B, I
Mg/ml hydrocortisone, and 10% FCS (JRH Biosciences, Lenexa, KS)
but without bovine brain extract or epithelial growth factor. The mono-
layers were washed 3X with HBSScontaining Ca2+ and Mg2" (Gibco
Laboratories, Grand Island, NY), 1 mMHepes (Gibco Laboratories),
0.2% d-glucose (Sigma Chemical Co.), and 0.5% BSA(Sigma Chemi-
cal Co.) (HBSSg/BSA). HUVECwere activated in the same buffer for
5 min with histamine (Sigma Chemical Co.) at 10-4 Mfor 5 min at
370C. Histamine receptor antagonists cimetidine (Sigma Chemical
Co.) and diphenhydramine hydrochloride (Sigma Chemical Co.) at
I0-' Mwere mixed with histamine before addition to the HUVEC.

Peripheral blood was obtained by venepuncture from healthy do-
nors after informed consent according to protocols approved by the
Human Subjects Review Board of Cytel Corporation. The blood was
collected in syringes containing heparin (10 U/ml), and the neutro-
phils were isolated using Mono-poly Resolving Medium (Flow Labora-
tories, Inc., McLean, VA) at room temperature. Isolated neutrophils
were washed 3X and resuspended in HBSSg/BSA.

After activation, the assay plate was washed lx in HBSSg/BSA,
and 100 MAl of buffer containing 5 X I0 neutrophils was then added per
well in HBSSg/BSA and allowed to settle for 5 min. The plates were
then washed by inverting and refilling with 200 ul of HBSSg/BSA
using a multichannel pipette 3x. Adhesion was quantitated by spectro-
photometric analysis of myeloperoxidase (28).

Statistics. The data were analyzed using standard statistical analy-
ses, i.e., ANOVAwith the Scheffe's (posthoc) test. All values are re-
ported as mean±SE. Statistical significance was set at P < 0.05.
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7

Histamine-induced leukocyte rolling in mesenteric venules.
The most profound effects of histamine on leukocyte-endothe-
lial cell interactions were related to leukocyte rolling. Fig. 1
summarizes the changes in the flux of rolling leukocytes (A),
leukocyte rolling velocity (B), and number of rolling leuko-
cytes (C) induced by different concentrations of histamine.
Over the concentration range of l0-7-I0-' M, histamine elic-
ited a dose-related recruitment of rolling leukocytes (fivefold
increase at 10-1 M) and reduced leukocyte rolling velocity
(50% at 10-5 M). The net result of these changes was a dra-
matic increase in the number of rolling leukocytes in postcapil-
lary venules at any given moment in the presence of histamine
( 10-fold increase at I0-1 M). Wewere unable to demonstrate
consistently histamine-induced recruitment of rolling leuko-
cytes when the basal flux of rolling leukocytes exceeded 20
cells/min, suggesting that the leukocyte adhesion response to
histamine is more readily apparent in preparations exhibiting
minimal inflammation under control conditions.

Histamine-induced leukocyte rolling and adhesion involves
the HI receptor and P-selectin. The mechanism of histamine-
induced rolling of leukocytes was investigated by examination
of inhibitors of histamine receptors and known leukocyte-en-
dothelial cell adhesion molecules. Fig. 2 shows the effect of
histamine receptor antagonists on the leukocyte-rolling re-
sponses elicited by I0-1 Mhistamine. The histamine-induced
recruitment of rolling leukocytes and the reduction in leuko-
cyterolling velocity were largely eliminated by Hl receptor an-
tagonists (hydroxyzine and diphenhydramine) but not by ci-
metidine (an H2 receptor antagonist), indicating that the his-
tamine effect is mediated predominately by the HI receptor.

Since histamine is known to stimulate P-selectin-mediated
adherence of neutrophils on cultured endothelial cells (6, 27),
it was of interest to determine if this activity was an H1 recep-
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Figure 1. Induction of
leukocyte rolling in
mesenteric venules by
histamine. Shown are
the effects of increasing
concentrations of hista-
mine on the flux of rol-
ling leukocytes (A), leu-
kocyte rolling velocity
(B), and number of rol-
ling leukocytes (C) in
rat mesenteric venules.

i0-5 *P < 0.05 relative to
control (0) value.

tor-dependent event. Indeed, as shown in Fig. 3, an H1 recep-
tor antagonist (diphenhydramine), but not the H2 antagonist
(cimetidine), abolishes histamine-induced neutrophil adhe-
sion to cultured human umbilical cord endothelial cells.

P-selectin, which has been shown to mediate leukocyte rol-
ling on artificial membranes and endothelial cell monolayers
under shear force (9, 14), was therefore a prime candidate for
the histamine-induced rolling of leukocytes observed in mesen-
teric venules. Accordingly, several P-selectin antagonists were
tested for their ability to inhibit histamine-induced leukocyte
rolling. As shown in Fig. 4, a blocking mAb to P-selectin
(PB1.3) prevented recruitment of rolling leukocytes while a
second isotype-matched nonblocking P-selectin antibody,
which does not cross-react with rat P-selectin, had no effect.
Similarly, a receptor antagonist based on a synthetic oligosac-
charide containing the carbohydrate ligand of P-selectin SLe',
NeuAca2,3Gal(31,4(Fuca l,3)GlcNAcI81,3Gal-R), also inhib-
ited leukocyte rolling, while a closely related inactive analogue
(SLN; NeuAca2,3Gal3l,4GIcNAc(31,3Gal-R) had no effect.
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Figure 2. Effects of histamine HI and H2 receptor antagonists on

histamine-induced leukocyte rolling. The H I receptor antagonists,
hydroxyzine (Hyd) and diphenhydramine (Dip), and the H2 receptor

antagonist, cimetidine (Cim), were evaluated for their ability to alter
the flux of rolling leukocytes (A), leukocyte rolling velocity (B), and
number of rolling leukocytes (C) induced by IO-5 Mhistamine.

Taken together, the results suggest that P-selectin plays a major
role in histamine-induced leukocyte rolling in rat mesenteric
venules.

Effects of histamine on leukocyte adherence, trans-endothe-
lial migration and hemodynamic properties. Table I summa-

rizes the effects of histamine on the hemodynamic responses of
mesenteric venules (red blood cell velocity, vessel diameter,
and wall shear rate) and other changes in leukocyte-endothe-
lial cell interactions including adherence and trans-endothelial
emigration. With the exception of leukocyte adherence, hista-
mine did not significantly alter any of the aforementioned pa-
rameters. Although there appeared to be a dose-related reduc-
tion in venular shear rate in response to histamine, this did not
reach statistical significance. Previous studies of the influence

of shear rate on leukocyte rolling (29) indicate that a 40% re-
duction in shear rate does result in significant recruitment of
rolling and adherent leukocytes. Significant increases in the
number of adherent leukocytes were noted when the mesentery
was superfused with histamine at concentrations of 10-6 and
IO-s M. The increased leukocyte adherence induced by 10 -5 M
histamine was significantly attenuated by SLex pentasacchar-
ide, but not by the Hi and H2 receptor antagonists or the
P-selectin mAbPB1.3.

Histamine-induced increase in vascular permeability is not
dependent on leukocyte rolling. Fig. 5 illustrates the relation-
ship between histamine concentration and vascular FHTC-al-
bumin clearance in rat mesentery. While there was a tendency
for albumin clearance to increase with 10-6 Mhistamine, a
statistically significant rise (threefold) in albumin clearance
was noted only at a histamine concentration of 10-5 M. As
shown in Fig. 6, the increased vascular albumin clearance in-
duced by IO-s Mhistamine was largely prevented by the HI
receptor antagonists (hydroxyzine and diphenhydramine) but
not by the H2 receptor antagonist cimetidine. The histamine-
induced rise in vascular protein leakage was not affected by
pretreatment with either SLeX oligosaccharide or the P-selectin
antibody PB1.3, both of which prevent leukocyte rolling
(Fig. 4).

Discussion

Recruitment of neutrophils and resultant neutrophil-mediated
pathology is an early and rate-limiting step in acute inflamma-
tion. Neutrophil recruitment is largely confined to the venous
segment of the microcirculation and appears to result from
several identifiable sequential steps seen as an initial rolling of
the cells on the activated endothelium, activation and firm ad-
hesion of the neutrophil, and finally trans-endothelial migra-
tion into the surrounding tissue. Increasing evidence indicates
that the processes of leukocyte rolling and adhesion are coordi-
nated by separate and distinct leukocyte adhesion molecules
representing three cell-adhesion receptor families, the inte-
grins, the immunoglobulin superfamily, and the selectins ( 13-
15, 30). Neutrophil adhesion and trans-endothelial migration
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Figure 3. Effects of histamine receptor antagonists on histamine-in-
duced adhesion of neutrophils on cultured HUVEC. The H 1 receptor
antagonist, diphenhydramine (Dip), and the H2 receptor antagonist,
cimetidine (Cim), were evaluated for their ability to inhibit neutro-
phil adhesion to cultured endothelial cells induced by l0-4 Mhista-
mine.
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Figure 4. Effects of P-selectin antagonists on histamine-induced leu-
kocyte rolling. Tested were a blocking mAb to P-selectin (PBJ.3),
a nonblocking mAbto P-selectin (PNBI.6), a carbohydrate ligand
receptor antagonist (SLeX; NeuAca2,3Gal, 1,4 [ Fuca1,3 ] GlcNAc-
R), and a control oligosaccharide missing fucose (SLN;

NeuAca2,3Gal# 1,4GlcNAc-R). Shown is the ability of each agent to

alter the flux of rolling leukocytes (A), leukocyte rolling velocity (B),
and number of rolling leukocytes (C) induced by IO-5 Mhistamine.

are now well documented to require the interaction of the neu-

trophil integrins (LFA-l and Mac-l ) with their ligand, intercel-
lular cell adhesion molecule-l on endothelial cells ( 14, 30). It
is the selectins (L-, E-, and P-selectin) which are believed to
mediate the initial rolling step. L-selectin is constitutively ex-

pressed on neutrophils and is rapidly shed after neutrophil acti-
vation, while the P- and E-selectins are expressed on endothe-
lial cells ( 13, 14, 30) and recognize the SLeX carbohydrate li-

gand of glycoprotein (or glycolipid) receptor(s) on neutrophils
( 1, 12). The importance of the SLeX ligand recognition by E-

and P-selectins in mediating leukocyte-endothelial cell inter-
actions has been recently confirmed by the discovery of a hu-

man leukocyte adhesion deficiency resulting from the absence
of SLex on neutrophils (31 ) and the demonstration that neutro-

phils isolated from leukocyte adhesion deficiencyII patients
roll poorly and fail to adhere firmly in flowing postcapillary
venules of rabbit mesentery (32). Moreover, both P- and E-se-
lectins have been implicated in leukocyte recruitment to sites
of inflammation by virtue of their expression in inflammatory
disease (26, 33-37) and by the ability of mAbs to these recep-

tors to inhibit inflammation in animal models of disease (12,
26, 38, 39). From a mechanistic viewpoint, there is accumulat-
ing in vivo evidence that L-selectin is required for leukocyte
rolling ( 13, 40-42), however, relatively little is known about
the role of P- and E-selectin in the modulation of leukocyte-
endothelial cell adhesion in inflamed postcapillary venules.

Although P- and E-selectins are both expressed on endothe-

lial cells and bind neutrophils via SLeX glycoprotein ligands,
their roles in leukocyte recruitment in vivo are differentiated
by the activators of their expression. In vitro studies with cul-
tured endothelial cells have documented that E-selectin is ex-

pressed in response to inflammatory cytokines (IL-1, and

TNF) as well as endotoxin ( 12). Expression is induced by de
novo synthesis requiring 2-4 h for accumulation of sufficient
cell-surface receptor to mediate adhesion. In contrast, P-selec-
tin expression is induced by thrombin, hydrogen peroxide, or

histamine and is expressed virtually instantaneously by virtue
of the fact that it is already stored presynthesized in secretory
granules (Weibel-Palade bodies). With this knowledge, some

predictions can be made as to the circumstances under which
these two selectins will be expressed and will be available to

mediate neutrophil recruitment in vivo. However, most of
these activators have multiple in vivo activities, and there have
been few studies which examine their effects on leukocyte-en-
dothelial cell interactions separate from their other activities.

The contention that histamine plays a role in modulating
early inflammatory responses has largely been based on reports

of elevated histamine levels at sites of inflammation and the
effectiveness of histamine receptor antagonists in blunting the
vasodilation and interstitial edema associated with acute in-
flammation (1). Histamine has also been shown to exert a

proinflammatory effect on isolated human granulocytes
through enhancement of chemotaxis andC3b receptor (Mac-

1; CDl lb/CD18) expression (43, 44). In general, the proin-
flammatory effects of histamine have been attributed to H1
receptor activation of leukocytes (chemotaxis) and its effects
on the permeability of microvascular endothelium (1). Al-

though several groups of investigators have reported histamine-
induced enhancement of neutrophil adhesion to monolayers of
cultured endothelial cells (6, 7, 15), the consequences of such
expression have not been evaluated in vivo.

In this study, we undertook a series of experiments that

were designed to define the ability of histamine to induce in
vivo leukocyte-endothelial cell adhesion in rat mesenteric ven-
ules. The results of our study demonstrate that histamine, over

a concentration range of l0-'-lO-7 M, elicits a dose-depen-
dent recruitment of rolling leukocytes and a reduction in leu-

kocyte rolling velocity. Exposure of the mesenteric microcircu-
lation to histamine did not lead to significant alterations in

venular hemodynamics (e.g., wall shear rate), which indicates
that the recruitment of rolling and adherent leukocytes in-
duced by this autacoid cannot be attributed simply to shear
rate-dependent leukocyte adhesion (29, 45). The results also

demonstrate that H but not H2 receptor antagonists can abol-
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Table I. Effects of Histamine on Venular Hemodynamics and Leukocyte-Endothelial Cell Adhesion in the Absence or Presence of Either
Hydroxyzine (Hyd), Diphenhydramine (Dip), Cimetidine (Cim), SLe' Pentasaccharide (SLe), Control Oligosaccharide (SLN),
P-Selectin Antibody (mAb PBJ.3), or an Isotype-matched Antibody Control (mAb PNBI.6)

Leukocyte Leukocyte
adherence emigration Erythrocyte Venular Wall

per 100lm per field velocity diameter shear rate

mm/s Amsm'

Control 1.0±0.6 3.0±1.7 2.8±0.6 28±2 497±81
Histamine

lo-7 M 2.8±0.7 1.5±0.7 2.8±0.2 30±1 476±38
10-6 M 4.8±0.7* 2.0±0.7 2.4±0.2 30±1 401±91
l0-, M 7.2±1.1* 2.5±0.9 1.8±0.4 30±1 303±64

Histamine (I0-' M)
plus Hyd 7.3±2.4 2.3±0.3 2.4±1.1 28±1 429±198

plus Dip 4.8±1.4 2.3±1.4 2.3±0.3 27±1 423±62
plus Cim 5.5±1.7 0.5±0.3 1.5±0.4 28±1 273±61
plus SLe' 2.3±1.9* 2.0±1.2 2.1±0.2 29±2 355±14
plus SLN 5.5±1.4 4.8±2.8 3.0±0.5 31±2 495±28
plus mAbPB1.3 4.5±2.1 4.0±1.6 2.5±1.0 31±1 392±146
plus mAbPNB1.6 9.0±3.0 5.0±2.0 2.2±0.2 29±3 488±41

* P < 0.05 relative to control; tP < 0.05 relative to I0-5 Mof histamine.

ish the recruitment of rolling leukocytes and the reduction in
leukocyte rolling velocity induced by histamine. This provides
additional evidence for the importance of H 1 receptor stimula-
tion in the inflammatory responses mediated by histamine.

Histamine also induced a dose-dependent increase in the
number of adherent neutrophils as defined by cells which re-
mained stationary cells for at least 30 s. However, most of these
cells eventually were released into the circulation and did not
emigrate into the surrounding tissue (Table I). The results sug-
gest that histamine alone cannot mediate recruitment of neu-
trophils into inflamed tissues unless other chemical mediators
are present as chemoattractants to stimulate the neutrophils to
cross the venular endothelium. This is not surprising if the
primary effect of histamine is to induce P-selectin, since in
vitro studies have shown that interaction of neutrophils with
P-selectin is not sufficient to upregulate the neutrophil inte-
grins (LFA- 1, Mac- 1) required for firm adherence ( 14). In-
deed, von Andrian et al. (42) have shown that leukocyte rolling
induced in rabbit mesenteric venules by IL- 1B (which upregu-
lates E-selectin) does not lead to firm adhesion and emigration
unless the neutrophil activator leukotriene B4 (LTB4) is added
to the superfusate. The results emphasize that leukocyte rolling
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is only a prerequisite to the movement of neutrophils from the
blood to the extravascular sites; it is not a committed step.

One of the major objectives of this study was to assess
whether P-selectin contributes to histamine-mediated leuko-
cyte adhesion in vivo. Two experimental approaches were used
to address this issue: (a) immunoneutralization of P-selectin
with a specific mAb, and (b) functional inactivation of P-selec-
tin by administration of a soluble form of a carbohydrate com-
ponent (SLex) of its putative ligand on endothelial cells. Our
results indicate that intravascular administration of either a
monoclonal antibody directed against P-selectin or the SLex
oligosaccharide effectively prevents the recruitment of rolling
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Figure 6. Effects of histamine receptor antagonists and P-selectin an-
tagonists on vascular albumin clearance. The histamine H 1 receptor
antagonists, hydroxyzine (Hyd), diphenhydramine (Dip), the hista-
mine H2 receptor antagonist cimetidine (Cim), the blocking P-selec-
tin mAbPB1.3, and the SLex carbohydrate blocker of P-selectin were
evaluated for their ability to inhibit the increased vascular clearance
of FITC-labeled albumin induced by l0-' Mhistamine. *P < 0.05
relative to control value.
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leukocytes and reduction in leukocyte rolling velocity elicited
in postcapillary venules by histamine. These observations pro-
vide evidence that expression of P-selectin on microvascular
endothelium is a prerequisite for histamine-mediated leuko-
cyte rolling and that histamine presumably stimulates leuko-
cyte rolling via HI receptor-induced P-selectin mobilization
from Weibel-Palade bodies (46) to the endothelial cell surface.
The observation that the SLeX oligosaccharide was as effective
as the P-selectin antibody in abolishing histamine-induced leu-
kocyte rolling supports the view that SLeX is an inhibitor of
P-selectin. Nonetheless, P-, E-, and L-selectin all bind with vary-
ing degrees of affinity to the oligosaccharide (47). Conse-
quently, we cannot rule out the possibility that the profound
attenuation of histamine-induced leukocyte rolling associated
with SLeX oligosaccharide administration reflects an inhibition
of all selectins that are likely to be expressed/activated during
the period of histamine exposure, i.e., P- and L-selectin.

A well characterized biological action of histamine is the
formation of large interendothelial cell gaps in postcapillary
venules with a resultant increase in vascular protein leakage
( 1-3). In some vascular beds, the histamine influence on venu-
lar permeability is mediated through stimulation of H2 recep-
tors (3), however, in the majority of tissues studied, histamine-
induced increases in vascular permeability is largely HI me-
diated ( 1). The results of our studies also indicate a dominant
influence of H1 receptors in the increased vascular permeabil-
ity induced by histamine in rat mesentery. Inasmuch as HI
receptor antagonists were effective in blocking both the in-
creased vascular protein leakage and leukocyte-endothelial cell
adhesion elicited by histamine, a question arises concerning
the possible link between H1-mediated leukocyte adhesion and
increased protein leakage in postcapillary venules, i.e., is the
histamine-induced increase in vascular protein leakage depen-
dent on leukocyte adhesion? Our observation that the rise in
vascular protein leakage was unaffected by agents which com-
pletely inhibit histamine-induced leukocyte-endothelial cell
adhesion (P-selectin antibody, SLeX oligosaccharide) bears di-
rectly on this issue. This finding would argue against a primary
role for leukocyte adhesion (rolling) in mediating the hista-
mine-induced microvascular dysfunction and it is consistent
with the view that histamine elicits the contraction of endothe-
lial actin-myosin filaments in postcapillary venules, which
leads to the formation of intercellular gaps (5). A dissociation
between the vascular permeability changes and leukocyte ad-
hesion induced by histamine is also supported by previous stud-
ies which demonstrate that neutropenia is associated with a
significant reduction in the microvascular leakage normally
elicited by LTB4, whereas the response to histamine is not af-
fected (48). Our previous studies on the relationship between
leukocyte-endothelial cell adhesion and vascular protein leak-
age induced by platelet-activating factor or LTB4 suggests that
adhesion-dependent neutrophil functions such as emigration
and oxidant production play a more important role than leu-
kocyte adherence or rolling per se in producing the alterations
in vascular integrity observed in inflamed microvessels (49).

In conclusion, the results of this study indicate that hista-
mine promotes leukocyte rolling in postcapillary venules
through engagement of HI receptors, presumably located on
endothelial cells. The proadhesive effects of histamine appear
to be largely mediated by an interaction between P-selectin on
endothelial cells and a ligand containing SLeX on leukocytes.
The vascular protein leakage induced by histamine is also me-

diated by H1 receptors, but is unrelated to the leukocyte-en-
dothelial cell adhesion. These observations provide a basis for
the widely held view that histamine plays an important role in
the early events associated with an inflammatory response.
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