Clostridium difficile Toxin A-induced Microvascular Dysfunction

Role of Histamine
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Abstract

Clostridium difficile toxin A (Tx-A) mediates secretion and
inflammation in experimental enterocolitis. Intravital video
microscopy was used to define the mechanisms that underlie
the inflammatory reactions elicited by direct exposure of the
microvasculature to Tx-A. Leukocyte adherence and emi-
gration, leukocyte-platelet aggregation, and extravasation of
FITC-albumin were monitored in rat mesenteric venules
exposed to Tx-A. Significant increases in leukocyte adher-
ence and emigration (LAE) and albumin leakage were noted
within 15-30 min of Tx-A exposure. These responses were
accompanied by mast cell degranulation and the formation
of platelet-leukocyte aggregates. The Tx-A-induced in-
creases in LAE and albumin leakage were significantly at-
tenuated by pretreatment with either monoclonal antibodies
(mAbs) directed against the leukocyte adhesion glycopro-
teins, CD11/CD18, intercellular adhesion molecule-1, and P-
selectin (but not E-selectin) or with sialyl Lewis x, a counter-
receptor for P-selectin. The mast cell stabilizer, lodoxamide,
an H,- (but not an H,-) receptor antagonist, and
diamine oxidase (histaminase) were also effective in reduc-
ing the LAE and albumin leakage elicited by Tx-A. The
platelet-leukocyte aggregation response was blunted by an
mADb against P-selectin, sialyl Lewis x, and the H,-receptor
antagonist. These observations indicate that Tx-A induces a
leukocyte-dependent leakage of albumin from postcapillary
venules. Mast cell-derived histamine appears to mediate
at least part of the leukocyte-endothelial cell adhesion and
platelet-leukocyte aggregation by engaging H;-receptors on
endothelial cells and platelets to increase the expression of
P-selectin. The adhesion glycoproteins CD11/CD18 and in-
tercellular adhesion molecule-1 also contribute to the in-
flammatory responses elicited by toxin A. (J. Clin. Invest.
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Introduction

Clostridium difficile, a gram-positive anaerobic bacillus, is the
principal etiologic agent responsible for antibiotic-associated
pseudomembranous colitis in humans (1) and experimental ani-
mals (2). C. difficile produces two protein exotoxins: toxin A
(Tx-A)' and toxin B, which have different physicochemical,
biologic, and antigenic properties (3). Several studies indicate
that Tx-A mediates the inflammatory responses and transport
alterations (fluid secretion) observed in experimental C. difficile
enterocolitis (4—7). Injection of Tx-A into rabbit ileal loops
elicits an influx of neutrophils into the mucosa that is accompa-
nied by fluid secretion, increased mucosal clearance of manni-
tol, and release of prostaglandin E,, leukotriene B, (LTB,), and
platelet activating factor (PAF) (8, 9).

Both mast cells and leukocytes have been implicated in the
pathobiology of Tx-A —induced mucosal dysfunction. Ketotifen,
an inhibitor of inflammatory cells, including mast cells, attenu-
ates the production/release of PAF and LTB,, inflammatory cell
infiltration, increased epithelial permeability, and tissue necrosis
normally observed in the intestinal mucosa exposed to Tx-A (9).
Recent experiments also indicate that mast cell degranulation is
an early (15 min) event in rat ileal loops exposed to Tx-A (10).
A role for leukocytes is suggested by observations that Tx-A
is directly chemotactic for human and rabbit neutrophils (11)
and that administration of a monoclonal antibody directed
against the leukocyte adhesion glycoprotein CD11/CD18 sig-
nificantly inhibited the secretion and inflammation observed in
ileal loops exposed to Tx-A (12). Taken together, these observa-
tions suggest that the recruitment of circulating neutrophils into
intestinal segments infected with C. difficile may result from
the activation and/or degranulation of mucosal mast cells and
that the adhesion of neutrophils to microvascular endothelium
is a rate-limiting step in Tx-A—-mediated mucosal dysfunction.

Intravital videomicroscopy has been used to examine the
influence of different inflammatory stimuli on vascular perme-
ability and its relation to leukocyte-endothelial cell adhesion in
the microcirculation (13). While several inflammatory condi-
tions are known to elicit both a rise in vascular permeability
and an enhanced adherence and emigration of leukocytes in
postcapillary venules (14), the dependence of the albumin leak-
age response on leukocyte adhesion appears to vary among
inflammatory stimuli (13, 15). While it is well established that
C. difficile Tx-A promotes the recruitment of neutrophils in
the gut, the interaction between leukocytes and endothelial cell
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adhesion molecules that are elicited by Tx-A as well as the
impact of such interactions on the barrier function of microvas-
cular endothelium remain unclear.

The overall objective of this study was to characterize the
changes in leukocyte-endothelial cell adhesion and albumin ex-
travasation observed in postcapillary venules exposed to Tx-A
and to define the mechanisms responsible for these changes.
Monoclonal antibodies directed against different leukocyte
(CD11/CD18) and endothelial cell (intercellular adhesion mole-
cule-1 [ICAM-1], P-selectin, and E-selectin) adhesion mole-
cules were used to define the molecular determinants of Tx-A—
induced leukocyte adherence and emigration and to determine
whether Tx-A—-induced microvascular dysfunction is a leuko-
cyte-dependent process. The contribution of mast cell-derived
histamine to Tx-A—induced microvascular alterations was as-
sessed using mast cell stabilizers, histamine receptor antago-
nists, and diamine oxidase (DAO).

Methods

Surgical procedure. Male Sprague-Dawley rats (200-250 g) were main-
tained on a purified laboratory diet and fasted for 24 h before each
experiment. The animals were initially anesthetized with pentobarbital
(65 mg/kg body wt), then a tracheotomy was performed to facilitate
breathing during the experiment. The right carotid artery was cannulated
and systemic arterial pressure was measured with a pressure transducer
(model P23A; Statham, Oxnard, CA). Systemic blood pressure and heart
rate were continuously recorded with a physiologic recorder (Grass
Instruments Co., Quincy, MA). The left jugular vein was also cannulated
for drug administration.

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 (16, 17). Briefly,
the mesentery was draped over a nonfluorescent coverslip that allowed
for observation of a 2-cm? segment of tissue. The exposed bowel wall
was covered with Saran Wrap (The Dow Chemical Co., Indianapolis,
IN), and then the mesentery was superfused (bathed at a constant rate)
with bicarbonate-buffered saline (BBS) (37°C, pH 7.4) that was bubbled
with a mixture of 5% CO,, 90% N,.

An inverted microscope (TMD-28, Diaphoto; Nikon, Tokyo, Japan)
with a X40 objective lens (Fluor; Nikon) was used to observe the
mesenteric microcirculation. The mesentery was transilluminated with
a 12-V 100-W direct current—stabilized light source. A video camera
(model VK-C150; Hitachi, Tokyo, Japan) mounted on the microscope
projected the image onto a color monitor (model PVM-2030; Sony,
Japan), and the images were recorded using a video cassette recorder
(model NV8950; Panasonic, Tokyo, Japan). A video time-date generator
(model WJ810; Panasonic) projected the time, date, and stopwatch func-
tions onto the monitor.

Single unbranched venules with diameters ranging between 25 and
35 pm and length > 150 um were selected for study. Venular diameter
(D,) was measured either on- or off-line using a video image-shearing
monitor (IPM, Inc., La Mesa, CA). The number of adherent leukocytes
was determined off-line during playback of videotaped images. A leuko-
cyte was considered to be adherent to venular endothelium if it remained
stationary for a period = 30 s (16). Adherent cells were expressed as
the number per 100-um 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. Leukocyte emi-
gration was expressed as the number per field of view surrounding the
venule. Platelet-leukocyte aggregates which were visible within postcap-
illary venules were quantified and expressed as the number of aggregates
crossing a fixed point within the venule over a 2-min period (13, 18,
19). Mast cells were visualized by staining of mesentery with 0.1%
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toluidine blue upon completion of the intravital microscopy measure-
ments. The percentage of degranulated mast cells surrounding the post-
capillary venule was calculated as described previously (19).

Centerline red blood cell velocity (Vrgc) was measured using an
optical Doppler velocimeter (Microcirculation Research Institute, Texas
A&M University, College Station, TX) that was calibrated against a
rotating glass disk coated with rat erythrocytes. Venular blood flow was
calculated from the product of mean RBC velocity (Ve = centerline
velocity + 1.6) (20) and microvascular cross-sectional area, assuming
cylindrical geometry. Venular wall shear rate was calculated based on
the Newtonian definition: ¥ = 8 (Vpea/Dy) (21).

To quantify albumin leakage across mesenteric venules, 50 mg/kg
of FITC-labeled bovine albumin (Sigma Immunochemicals, St. Louis,
MO) was administered (intravenously) to the animals 10 min before
each experiment. Fluorescence intensity (excitation wavelength 420—
490 nm emission wavelength 520 nm) was detected using a silicon-
intensified target camera (model C-2400-08; Hamamatsu Photonics, Shi-
zuoka, Japan). The fluorescence intensity of FITC-albumin within three
segments of the venule under study (Iv) and in three contiguous areas
of perivenular interstitium (Ii) area was measured at various times after
administration of FITC-albumin using a computer-assisted digital im-
aging processor (NIH Image 1.35 on a Macintosh computer). An index
of vascular albumin leakage was determined from the ratio of Ii-to-Iv
at 60 min after administration of Tx-A, i.e., 90 min after injection of
FITC-albumin (13, 18, 19).

Experimental protocols. After all parameters measured on-line (arte-
rial pressure, Vrac, and D,) were in a steady state, the mesentery was
superfused (2 ml/min) with BBS alone for a period of 30 min, with
video recordings and measurements of all parameters made at the onset
and at 30 min into the superfusion period. For the following 10 min,
the mesentery was superfused with either BBS containing Tx-A (2 ug/
ml, 6 mM) or BBS alone (controls). Then, the mesentery was superfused
for an additional 50 min with BBS alone. All data shown in figures 2—
8 represent values obtained at the final 50 min of Tx-A. In some mesen-
teric preparations, either hydroxyzine (H,-receptor antagonist, 10 uM;
Sigma Immunochemicals), cimetidine (H,-receptor antagonist, 10 uM;
Sigma Immunochemicals), or lodoxamide (mast cell stabilizer, 100 uM;
The Upjohn Co., Kalamazoo, MI) was added to the superfusate 5 min
before exposure to Tx-A. In other experiments, animals were pretreated
with ketotifen (mast cell stabilizer, 1.0 mg/kg., p.o., twice a day for 2
d before experiments, p.o.) or DAO (2.1 U/kg, 10 min before Tx-A
exposure). Previous studies have shown that the effect of Tx-A on tissue
damage or secretion in in vivo rabbit ileal loops is present even if Tx-
A is removed after a 5-min exposure. A dose of 2 ug/ml was used
because previous studies indicated that injection of 1-5 pg of Tx-A
resulted in a substantial enterotoxic effect (9, 10, 12). Ketotifen was
used in this study because prefeeding rats with the drug dramatically
inhibited the intestinal effects of Tx-A and this inhibition was accompa-
nied by a substantial reduction of mast cell mediator release (9). The
dose of DAO used in this study effectively abolishes the recruitment of
rolling leukocytes elicited by superfusion of the rat mesentery with
histamine 10~ M (our unpublished observation).

In another series of experiments, a monoclonal antibody (mAb)
directed against either the A-subunit (CD18) of CD11/CD18 (mAb
CL26, 100 pg/rat), ICAM-1 (mAb 1A29, 2.0 mg/kg), P-selectin (mAb
PB1.3, 2.0 mg/kg), E-selectin (mAb CL3, 1.5 mg/kg), or a nonbinding
antibody (PNB1.6, 2.0 mg/kg) was administered intravenously at 30
min before commencing the superfusion with Tx-A and before obtaining
the baseline measurements. To evaluate the involvement of sialyl Lewis
X [SLe*; NeuAc-a-2,3Galf1,4(Fucal,3)GIcNAcA1,3GalB-O(CH,)s.
COOCH3)], a counterreceptor for selectins or a control oligosaccharide
sialyl lactosamine [SLN; NeuAca2,3GalB1,4GlcNAcS1,3GalB-O-
(CH,)sCOOCH;] was administered (i.v., 10 mg/kg) 10 min before the
experiment (15). The concentration of mAbs used in this study was
based upon experiments which determined the minimal amount of mAb
needed to maximally reduce the leukocyte adherence and emigration in
rat mesenteric venules induced by either LTB, or PAF (22). mAbs CL26
(23), CL3 (24), and 1A29 (25) were produced by The Upjohn Company,



while PNB1.6 and PB1.3 (26) were provided by the Cytel Corporation
(San Diego, CA).

Purification of Tx-A. Toxin-A was purified to homogeniety from
culture supernatants of C. difficile strain 10,463 as described previously
by us (12). Enterotoxicity of Tx-A was tested in the ligated rat ileal
loop assay (9, 10) and cytotoxicity was determined by cell rounding of

IMR-90 fibroblasts (27).
Statistics. The data obtained in this study were expressed as

mean=*SE, with six rats per group. The data were analyzed using stan-
dard statistical analyses, i.e., analysis of variance with Scheffe’s post-
hoc test. Statistical significance was set at P < 0.05.

Results

In untreated (control) rats, the Vygc and wall shear rate in mesen-
teric venules were 3.5+0.2 (mm/s) and 553*19 s™', respec-
tively, under baseline conditions. 60 min after superfusion with
Tx-A, Viec (3.1+0.1 mm/s) and wall shear rate (536+30 s™!)
showed no significant change. None of the agents which were
used in this study (hydroxyzine, cimetidine, DAO, lodoxamide,
ketotifen, mAbs against CD18, ICAM-1, P-selectin, and E-se-
lectin, the nonbinding mAb, SLe*, or SLN) altered Vipc or
wall shear rate, either under control conditions or after Tx-A
exposure.

Fig. 1 illustrates the time course of changes in the number
of adherent (A) and emigrated (B) leukocytes and the albumin
leakage (C) elicited by 10 min of exposure of the mesentery to
Tx-A. In mesenteric preparations superfused with BBS alone
(controls), leukocyte adherence was 1.3+0.3 per 100 um, with
1.2+0.5 emigrated leukocytes per field and an albumin leakage
index of 7.0+2.2% after 60 min of superfusion. The number of
adherent leukocytes was significantly elevated within 15 min
after Tx-A exposure, while the increase in emigrated leukocytes
became significant at 30 min. The number of adherent and
emigrated leukocytes further increased to 8.8+0.4 (cells/100
pm) and 6.8+0.6 (cells/field), respectively, at 60 min. Albumin
leakage from venules was significantly increased at 10 min and
was further elevated to 43.0+3.5% at 60 min. The albumin
leakage observed at 60 min after Tx-A exposure was found to
be highly correlated with both leukocyte adherence (r = 0.69,
P < 0.05) and emigration (r = 0.80, P < 0.05). Albumin
leakage was greater in regions of the venule which exhibited a
high level of leukocyte adherence/emigration.

The effects of immunoneutralization of different adhesion
glycoproteins on Tx-A—induced leukocyte adherence and emi-
gration (at 60 min) are summarized in Figs. 2 and 3. mAbs
directed against either CD18 (66%), ICAM-1 (58%), or P-selec-
tin (57%) significantly reduced the Tx-A—induced increase in
adherent leukocytes, while the E-selectin and nonbinding mAbs
showed no effect. SLe* (52%), but not the control sugar (SLN),
also significantly attenuated the leukocyte adherence observed
at 60 min after Tx-A exposure. A similar pattern of effectiveness
in reducing leukocyte emigration was observed with the differ-
ent antibodies, i.e., mAbs directed against CD18, ICAM-1, and
P-selectin reduced the number of emigrated leukocytes by 74,
71, and 41%, while the E-selectin and nonbinding mAbs had no
effect. Neither SLe* nor SLN altered Tx-A—induced leukocyte
emigration.

Fig. 4 summarizes the influence of the mAbs against differ-
ent adhesion molecules on the albumin leakage response elicited
by Tx-A. mAbs directed against CD18, ICAM-1, and P-selectin
reduced Tx-A—-induced albumin leakage by 78, 64, and 55%,
respectively, while the E-selectin—specific and nonbinding
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Figure 1. Time course of changes in leukocyte adherence (A) and emi-
gration (B) and albumin leakage (C) in mesenteric venules exposed to
C. difficile Tx-A. Tx-A. *P < 0.05 relative to control value (n = 6

in each group).

mAbs had no effect. SLe* (92%) also prevented the albumin
leakage observed in mesenteric venules exposed to Tx-A, while
the control sugar (SLN) did not significantly influence this pa-

rameter.
A significant increase in the number of degranulated mast

cells surrounding mesenteric venules (31.1+5.1%) was also
noted 60 min after Tx-A exposure, while superfusion with BBS
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Figure 2. Effects of monoclonal antibodies directed against CD18,
ICAM-1, P-selectin, E-selectin, SLe*, and SLN on the increased leuko-
cyte adherence induced by Tx-A. *P < 0.05 relative to control value;
TP < 0.05 relative to Tx-A alone. n = 6 in each group.

alone (control) resulted in only 3.9+1.6% mast cell degranula-
tion (Fig. 5). Both mast cell stabilizers, lodoxamide (6.1+2.2%,
80% inhibition) and ketotifen (15.0=4.4%, 52% inhibition),
reduced the percentage of degranulated mast cells, however,
lodoxamide was more effective in attenuating the mast cell
degranulation. Hydroxyzine, cimetidine, and DAO did not af-
fect Tx-A—induced mast cell degranulation. None of the anti-
bodies or oligosaccharides used in this study attenuated the Tx-
A—induced mast cell degranulation.

In view of the mast cell degranulation elicited by Tx-A, we
next examined the influence of mast cell stabilizers, histamine
antagonists, and DAO (histaminase) on Tx-A—induced leuko-
cyte adherence (Fig. 6) and emigration (Fig. 7), and albumin
leakage (Fig. 8) in mesenteric venules. Hydroxyzine (H,-recep-
tor antagonist), DAO, and lodoxamide (mast cell stabilizer)
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Figure 3. Effects of monoclonal antibodies directed against CD18,
ICAM-1, P-selectin, E-selectin, SLe*, and SLN on the increased leuko-
cyte emigration induced by Tx-A. *P < 0.05 relative to control value;
'P < 0.05 relative to Tx-A alone. n = 6 in each group.
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Figure 4. Effects of monoclonal antibodies directed against CD18,
ICAM-1, P-selectin, E-selectin, Sle*, and SLN on the increased albumin
leakage induced by Tx-A. *P < 0.05 relative to control value; P
< 0.05 relative to Tx-A alone. n = 6 in each group.

significantly attenuated the Tx-A—induced leukocyte adherence
by 66, 63, and 58%, while cimetidine (H,-receptor antagonist)
and ketotifen (mast cell stabilizer) had no effect. A similar
pattern of effectiveness in reducing leukocyte emigration was
also observed with the different agents, i.e., hydroxyzine, DAO,
and lodoxamide reduced the number of emigrated leukocytes
by 56, 49, and 46%, while cimetidine and ketotifen had no
effect. Hydroxyzine (72%), DAO (52%), and lodoxamide (69%)
also significantly reduced the albumin leakage elicited by Tx-
A. Cimetidine and ketotifen did not alter the Tx-A-induced
albumin leakage.

Exposure of the rat mesentery to Tx-A was often associated
with the appearance of large platelet-leukocyte aggregates
which filled the venule lumen and rapidly coursed through the
vessel with flowing blood. These aggregates have been pre-
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Figure 5. Effects of H,- (hydroxyzine) and H,- (cimetidine) histamine
receptor antagonists, DAO, and mast cell stabilizers (lodoxamide and

ketotifen) on the Tx-A—induced mast cell degranulation. *P < 0.05
relative to control value; TP < 0.05 relative to Tx-A alone. n = 6 in
each group.
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Figure 6. Effects of H;- (hydroxyzine) and H,- (cimetidine) histamine
receptor antagonists, DAO, and mast cell stabilizers (lodoxamide and

ketotifen) on the Tx-A—induced adherent leukocytes. *P < 0.05 rela-
tive to control value; P < 0.05 relative to Tx-A alone. n = 6 in each

group.

viously observed in mesenteric venules exposed either to the
nitric oxide synthase inhibitor, L-NAME (13), or to ischemia/
reperfusion (18, 19). Although such aggregates were never ob-
served under control conditions, 6.7+0.9 aggregates per 5 min
were observed in venules exposed to 10 min of Tx-A superfu-
sion. mAbs directed against P-selectin reduced the formation
of platelet-leukocyte aggregates (2.5+1.7 aggregates/5 min),
while the other antibodies used in this study had no effect. SLe*
(2.0%1.6 aggregates/S min) reduced the Tx-A—induced platelet-
leukocyte aggregation. The control oligosaccharide SLN
slightly reduced the rate of aggregate formation (3.30.8 aggre-
gates/5 min), however, this effect was not statistically signifi-
cant. Hydroxyzine also reduced the formation of platelet-leuko-
cyte aggregates in venules exposed to Tx-A (1.7+1.1 aggre-
gates/5 min, 75% inhibition). DAO (3.3+1.1 aggregates/5 min)
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Figure 7. Effects of H,- (hydroxyzine) and H,- (cimetidine) histamine
receptor antagonists, DAO, and mast cell stabilizers (lodoxamide and
ketotifen) on the Tx-A-induced emigrated leukocytes. *P < 0.05
relative to control value; TP < 0.05 relative to Tx-A alone. n = 6 in

each group.

Control j"
(/722727777

*

Toxin A

r Hydroxyzine
Cimetidine
<
g DAO
&
Lodoxamide
—  Ketotifen
0 10 20 30 40 50
Albumin Leakage
(%)

Figure 8. Effects of H,- (hydroxyzine) and H,- (cimetidine) histamine
receptor antagonists, DAO, and mast cell stabilizers (lodoxamide and

ketotifen) on the Tx-A—induced albumin leakage. *P < 0.05 relative
to control value; P < 0.05 relative to Tx-A alone. n = 6 in each

group.

and lodoxamide (3.7*1.6 aggregates/5 min) tended to reduce
the number of aggregates, however, these reductions were not

statistically significant.

Discussion

This study provides the first direct evidence that C. difficile Tx-
A promotes leukocyte margination in the microvasculature. Our
findings clearly demonstrate that postcapillary venules exposed
to Tx-A exhibit an increased level of leukocyte adherence and
emigration, enhanced extravasation of albumin, and the forma-
tion of platelet-leukocyte aggregates. These intravascular
changes are accompanied by the degranulation of mast cells
situated in the immediate vicinity of the postcapillary venules.
The vascular and extravascular responses to Tx-A occur rapidly,
with significant leukocyte adhesion observed within 15 min
and leukocyte emigration within 30 min of Tx-A exposure.
Neutrophil accumulation in the mucosa of intestinal segments
exposed to Tx-A occurs within 1-3 h (9). In the latter situation,
access of Tx-A to venules in the lamina propria is significantly
impeded by an intact mucosal epithelial barrier. Thus, the rapid
inflammatory responses elicited in our studies are more likely
to mimic the situation in which Tx-A gains access to the micro-
vasculature via a disrupted mucosal barrier.

All of the microvascular alterations elicited by Tx-A (leuko-
cyte-endothelial cell adhesion, increased albumin permeability,
and platelet-leukocyte aggregation) are also observed in rat mes-
enteric venules exposed to ischemia and reperfusion (18, 19).
Despite this similarity, it appears unlikely that the responses
observed in Tx-A—treated venules can be attributed to a reduc-
tion in blood flow. Our studies indicate that Tx-A does not
significantly alter Vgpc or wall shear rate in postcapillary ve-
nules. Previous reports clearly demonstrate that venular shear
rate must be reduced by over 50% before a significant level of
leukocyte adhesion is achieved (28).

The rapid onset of Tx-A —induced leukocyte-endothelial cell
adhesion suggests that this response is not mediated by factors
that act by stimulating the synthesis of proinflammatory factors
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or adhesion molecules. Tx-A has been shown to activate macro-
phages in vitro to release IL-1, TNF-a, and IL-6 (29, 30). Endo-
thelial cell monolayers treated with these cytokines can sustain
a higher level of neutrophil adhesion (31), however, several
hours are needed to upregulate the endothelial cell adhesion
molecules that participate in this cytokine-mediated response
(32, 33). A more rapid (within minutes) leukocyte adhesion can
be elicited by exposing neutrophils and/or endothelial cells to
certain inflammatory mediators, such as LTB,, PAF, or hista-
mine (33-35). These mediators are produced and released by
a variety of cells including macrophages and mast cells (36).
Consequently, the time course of the Tx-A—-induced leukocyte
adhesion response in postcapillary venules is consistent with a
mechanism that allows for the production and/or release of an
inflammatory stimulus that rapidly induces leukocyte adher-
ence.

Our studies provide several lines of evidence that implicate
a role for mast cell-derived histamine as one of the mediators
of the leukocyte-endothelial cell adhesion elicited by Tx-A.
First, we observed that exposure of the mesentery to Tx-A
resulted in degranulation of over 30% of the mast cells sur-
rounding postcapillary venules. This observation is consistent
with the recent demonstration that Tx-A causes significant re-
lease of mast cell-derived protease II from rat ileal explants
(9). In the latter study, it was also shown that ketotifen, a muco-
sal mast cell stabilizer, attenuates the neutrophil infiltration nor-
mally observed in Tx-A—treated rat ileal loops. Two mast cell
stabilizers, ketotifen and lodoxamide, were used in the present
study to assess the contribution of mast cells to the Tx-A-
induced leukocyte-endothelial cell adhesion. Although both
mast cell stabilizers significantly reduced the mast cell degranu-
lation elicited by Tx-A, lodoxamide (80%) was clearly more
effective than ketotifen (52%) in blunting the degranulation
response. Our observation that ketotifen had no effect on leuko-
cyte adherence and emigration, while lodoxamide significantly
reduced these adhesion responses, suggests that mast cell prod-
ucts may contribute significantly to the inflammatory response
elicited by Tx-A. An alternative explanation for these findings
is that the inhibitory effects of lodoxamide on leukocyte adhe-
sion are unrelated to its mast cell stabilizing action.

The possibility that mast cell products contribute to Tx-A—
induced leukocyte adhesion is further supported by our findings
with agents that interfere with the biological actions of hista-
mine, i.e., histamine receptor antagonists and DAO (histami-
nase). We observed that treatment of the mesenteric microcircu-
lation with either DAO (to prevent extravascular accumulation
of histamine) or an H;-, but not an H,-, receptor antagonist
significantly blunted the leukocyte-endothelial cell adhesion
elicited by Tx-A. These observations suggest that Tx-A stimu-
lates mast cells to release histamine, which engages H;-recep-
tors on endothelial cells and/or leukocytes to cause adhesion.
A role for the H,-receptor in mediating leukocyte-endothelial
cell adhesion was demonstrated recently in rat mesenteric ve-
nules that were superfused with histamine (15). The increased
leukocyte adhesion elicited by histamine was prevented by hy-
droxyzine but not by cimetidine. A similar role for the H;-
receptor (and mast cell degranulation) has also been demon-
strated in a model of lactoferrin-induced leukocyte adherence
in rat mesenteric venules (37).

The results of recent studies indicate that the leukocyte ad-
hesion in postcapillary venules induced by histamine is related
to the ability of the autacoid to increase P-selectin expression
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on endothelial cells. The increased leukocyte adhesion elicited
by histamine or lactoferrin is largely prevented by prior admin-
istration of a monoclonal antibody directed against P-selectin
(15, 37). These in vivo observations are consistent with experi-
ments on endothelial cell monolayers, which demonstrate rap-
idly increased surface expression of P-selectin within minutes
of exposure to histamine (34, 35), as well as an increased P-
selectin—dependent adhesion of neutrophils that is inhibited by
a histamine H;-receptor antagonist (37). The findings of the
present study are also consistent with a histamine-induced, P-
selectin—mediated leukocyte adhesion response, inasmuch as a
P-selectin mAb was as effective in reducing Tx-A-induced
leukocyte adherence in mesenteric venules as an H;-receptor
antagonist and DAO. Additional support for a contribution of
P-selectin in Tx-A—induced leukocyte adhesion is provided by
the observation that a synthetic Sle* oligosaccharide also attenu-
ates the leukocyte adherence response normally elicited by Tx-
A. SLe* is a fucose-containing oligosaccharide that normally
exists on the surface of leukocytes, where it can act as a ligand
for P-selectin (38, 39). The SLe* oligosaccharide, but not a
control oligosaccharide lacking fucose, has been shown to in-
hibit the recruitment of rolling leukocytes in mesenteric venules
elicited by either histamine (15) or thrombin-receptor pep-
tide (40).

It is now recognized that P-selectin plays an important role
in modulating the low avidity binding of leukocytes to endothe-
lial cells that is manifested in vivo as leukocyte rolling (15,
41). Since leukocytes must first roll before they can firmly
adhere to, and subsequently emigrate across, microvascular en-
dothelium (42), it is not surprising that P-selectin mAbs are
effective in reducing both the rolling and firm adherence of
leukocytes elicited by certain inflammatory mediators (13, 15).
Nonetheless, it appears that other adhesion glycoproteins partic-
ipate in the high avidity adhesive interactions between leuko-
cytes and endothelial cells that is manifested in vivo as adher-
ence (firm adhesion). The available in vitro and in vivo data
invoke a role for the B,-integrins (CD11/CD18) and ICAM-1
in mediating leukocyte adherence and emigration (43). The re-
sults of the present study also invoke a role for CD11/CD18-
ICAM-1 interactions in mediating the leukocyte adherence and
emigration elicited in mesenteric venules exposed to Tx-A.
mAbs directed against either the common S-subunit (CD18) of
the CD11/CD18 leukocyte adhesion glycoprotein or the endo-
thelial cell adhesion molecule ICAM-1 were as effective as the
P-selectin, but not E-selectin, mAb in attenuating Tx-A-—in-
duced leukocyte adherence. These observations suggest that the
rolling leukocytes recruited by Tx-A are exposed to an inflam-
matory mediator(s) that elicits an increased expression and/
or activation of CD11/CD18 on the leukocyte surface. Since
histamine does not exert this effect on neutrophils, it is likely
that another mast cell product (e.g., LTB,, PAF) acts as the yet
undefined mediator. The rapid onset of Tx-A—induced leuko-
cyte adherence in mesenteric venules argues against an in-
creased endothelial cell expression of either ICAM-1 or E-selec-
tin in our studies, inasmuch as several hours (due to protein
synthesis) are normally required for an increased surface expres-
sion of these adhesion molecules on endothelial cells exposed
to inflammatory mediators (cytokines) (32, 33, 43). Conse-
quently, it can be assumed that the reduction in leukocyte adher-
ence and emigration observed with the ICAM-1 mAb likely
reflects the participation of constitutively expressed ICAM-1 in
the Tx-A —induced adhesion response. ICAM-1, but not E- or P-



selectin, is normally present on endothelial cells in postcapillary
venules. Although an E-selectin mAb was ineffective in reduc-
ing Tx-A-mediated leukocyte-endothelial cell adhesion, it is
possible that E-selectin contributes to the leukocyte recruitment
observed several hours after exposure of the gut to Tx-A (4, 9).
In addition to promoting the adhesion of leukocytes to endothe-
lial cells, Tx-A elicited the formation of platelet-leukocyte ag-
gregates in postcapillary venules. We have demonstrated pre-
viously that conditions associated with a reduced production of
nitric oxide (NO synthase inhibition or ischemia/reperfusion)
are also characterized by the formation of platelet-leukocyte
aggregates and that immunoneutralization of P-selectin largely
prevents this aggregation process (13, 18). The results of the
present study indicate that Tx-A—induced platelet-leukocyte ag-
gregation is also P-selectin dependent and that histamine (via
H;-receptor engagement) is the likely stimulant of P-selectin
expression on platelets. This contention is supported by in vitro
studies that have demonstrated histamine-mediated P-selectin
expression on platelets as well as endothelial cells (32, 44).

A novel observation of the present study is that C. difficile
Tx-A causes an increased leakage of albumin across postcapil-
lary venules. This finding is somewhat expected in view of our
data implicating histamine, which is well known to increase
vascular permeability through engagement of H,-receptors (15),
in the microvascular responses to Tx-A. Intravital microscopic
analyses of histamine-induced albumin leakage across postcap-
illary venules suggest that this is a leukocyte-independent re-
sponse (15, 45). In the present study, we found that agents
(mAbs, hydroxyzine, DAO, lodoxamide, SLe*) that are effective
in attenuating Tx-A-induced leukocyte-endothelial cell adhe-
sion are also effective in reducing Tx-A—induced albumin leak-
age. These observations, coupled to the significant positive cor-
relations obtained between albumin leakage and the number of
adherent or emigrated leukocytes, suggest that Tx-A—induced
albumin leakage in mesenteric venules is dependent, in large
part, on histamine-mediated leukocyte-endothelial cell adhe-
sion. Nonetheless, we cannot exclude the possibility that hista-
mine mediates some of the Tx-A—induced albumin leakage
through direct stimulation of endothelial cell contraction after
engagement of the H;-receptors (46, 47). It is also conceivable
that products of platelet activation, that are released consequent
to aggregation with leukocytes, may contribute to the Tx-A—
induced albumin leakage response.

Acknowledgments

This study was supported by grants from the National Institutes of
Health (HL-26441 and DK-34583). Dr. Pothoulakis is a recipient of a
research award from the Crohn’s and Colitis Foundation of America.

References

1. Larson, H. E., J. V. Parry, A. B. Price, D. R. Davies, J. Dolby, and D. A. J.
Tyrrell. 1978. Undescribed toxin in pseudomembranous colitis. B.M.J. (Br. Med.
J.). 1:1246-1248.

2. Barlett, J. G., A. B. Onderdonk, R. L. Cicneros, and D. L. Kasper. 1977.
Clindamycin-associated colitis due to a toxin-producing species of Clostridium
in hamsters. J. Infect. Dis. 136:701-705.

3. Sullivan, N. M., S. Pellet, and T. D. Wilkins. 1982. Purification and charac-
terization of toxin A and B of Clostridium difficile. Infect. Immun. 35:1032—-1040.

4. Triadafilopoulos, G., C. Pothoulakis, M. O’Brien, and J. T. LaMont. 1987.
Differencial effects of Clostridium difficile toxin A and B on rabbit ileum. Gastro-
enterology. 93:273-279.

5. Mitchel, T. J., J. M. Ketley, S. C. Haslam, J. Stephen, D. W. Burdon, D. C.

A. Candy, and R. Daniel. 1986. Effects of Clostridium difficile toxin A and B on
rabbit ileum and colon. Gut. 27:78-85.

6. Lyerly, D. M., K. E. Saum, D. MacDonald, and T. D. Wilkins. 1985. Effects
of toxins A and B given intragastrically to animals. Infect. Immun. 47:349-352.

7. Dove, C. H., S.-Z. Wang, S. B. Price, C. J. Phelps, D. M. Lyerly, T. D.
Wilkins, and J. L. Johnson. 1990. Molecular characterization of the Clostridium
difficile toxin A gene. Infect. Immun. 58:480-488.

8. Triadafilopoulos, G., C. Pothoulakis, R. Weiss, C. Giampaolo, and J. T.
LaMont. 1989. Comparative study of Clostridium difficile toxin A and cholera
toxin in rabbit ileum. Gastroenterology. 97:1186-1192.

9. Pothoulakis, C., F. Karmeli, C. P. Kelly, R. Eliakim, M. A. Joshi, C. J.
O’Keane, I. Castagliuolo, J. T. LaMont, and D. Rachmilewitz. 1993. Ketotifen
inhibits Clostridium difficile toxin A-induced enteritis in rat ileum. Gastroenterol-
ogy. 105:701-707.

10. Castagliulo, L., J. T. LaMont, R. Letourneau, C. P. Kelly, C. J. O’Keane,
A. Jaffer, T. C. Theoharides, and C. Pothoulakis. 1994. Neuronal involvement in
the intestinal effects of Clostridium difficile toxin A and Vibrio cholera enterotoxin
in rat ileum. Gastroenterology. 107:657-665.

11. Pothoulakis, C., R. Sullivan, D. A. Melnick, G. Triadafilopoulos, A.-S.
Gadenne, T. Meshulam, and J. T. LaMont. 1988. Clostridium difficile toxin A
stimulates intracellular calcium release and chemotactic response in human granu-
locytes. J. Clin. Invest. 81:1741-1745.

12. Kelly, C. P, S. Becker, J. K. Linevsky, M. A. Joshi, J. C. O’Keane,
B. F. Dickey, J. T. Lamont, and C. Pothoulakis. 1994. Neutrophil recruitment in
Clostridium difficile toxin A enteritis in the rabbit. J. Clin. Invest. 93:1257-1265.

13. Kurose, 1., P. Kubes, R. Wolf, D. C. Anderson, J. Paulson, M. Miyasaka,
and D. N. Granger. 1993. Inhibition of nitric oxide production: mechanisms of
vascular albumin leakage. Circ. Res. 73:164-171.

14. Kubes, P., M. Suzuki, and D. N. Granger. 1990. Modulation of PAF-
induced leukocyte adherence and increased microvascular permeability. Am. J.
Physiol. 259 (Gastrointest. Liver Physiol. 22):G859-G864.

15. Asako, H., I. Kurose, R. Wolf, S. DeFrees, Z.-L. Zheng, M. L. Phillips,
J. C. Paulson, and D. N. Granger. 1994. Role of Hl-receptors and P-selectin in
histamine-induced leukocyte rolling and adhesion in postcapillary venules. J. Clin.
Invest. 93:1508-1515.

16. Granger, D. N., J. N. Benoit, M. Suzuki, and M. B. Grisham. 1989.
Leukocyte adherence to venular endothelium during ischemia-reperfusion. Am. J.
Physiol. 257:G683-G688.

17. Asako, H., R. E. Wolf, D. N. Granger, and R. J. Korthuis. 1992. Phalloidin
prevents leukocyte emigration induced by proinflammatory stimuli in rat mesen-
tery. Am. J. Physiol. 263:H1637-H1642.

18. Kurose, L, R. Wolf, M. B. Grisham, and D. N. Granger. 1994. Modulation
of ischemia/reperfusion-induced microvascular dysfunction by nitric oxide. Circ.
Res. 74:376-382.

19. Kurose, I, D. C. Anderson, M. Miyasaka, T. Tamatani, J. C. Paulson,
R.F. Todd, J. R. Rusche, and D. N. Granger. 1994. Molecular determinants of
reperfusion-induced leukocyte adhesion and vascular protein leakage. Circ. Res.
74:336-343.

20. Davis, M. J. 1987. Determination of volumetric flow in capillary tubes
using an optical Doppler velocimeter. Microvasc. Res. 34:223-230.

21. House, S. D., and H. Lipowsky. 1987. Leukocyte-endothelium adhesion:
microdynamics in mesentery of the cat. Microvasc. Res. 34:363-379.

22. Zimmerman, B. J., J. W. Holt, J. C. Paulson, D. C. Anderson, M. Miyasaka,
T. Tamatani, R. F. Todd III, J. R. Rusche, and D. N. Granger. 1994. Molecular
determinants of lipid mediator-induced leukocyte adherence and emigration in rat
mesenteric venules. Am. J. Physiol. 266:H847—-H860.

23. Mulligan, M. S., J. Varani, J. S. Warren, G. O. Till, C. W. Smith, D. C.
Anderson, R. F. Todd III, and P. A. Ward. 1992. Role of 52 integrins of rat
neutrophils in complement- and oxygen radical-mediated acute inflammatory in-
jury. J. Immunol. 148:1847-1857.

24. Mulligan, M. S., J. Varani, M. K. Dame, C. L. Lane, C. W. Smith, D. C.
Anderson, and P. A. Ward. 1991. Role of endothelial-leukocyte adhesion molecule
(ELAM-1) in neutrophil-mediated lung injury in rats. J. Clin. Invest. 88:1396—
1406.

25. Tamatani, T., M. Kotani, and M. Miyasaka. 1991. Characterization of the
rat leukocyte integrin, CD11/CD18, by the use of LFA-1 subunit specific mono-
clonal antibodies. Eur. J. Immunol. 21:627-633.

26. Mulligan, M. S., M. J. Polley, R. J. Bayer, M. F. Nunn, J. C. Paulson,
and P. A. Ward. 1992. Neutrophil-dependent acute lung injury. Requirements for
P-selectin (GMP-140). J. Clin. Invest. 90:1600-1607.

27. Pothoulakis, C., J. T. LaMont, R. L. Eglow, N. Gao, J. B. Rubins, T. C.
Theoharides, and B. F. Dickey. 1991. Characterization of rabbit ileal receptors
for Clostridium difficile toxin A. Evidence for a receptor-coupled G protein. J.
Clin. Invest. 88:119-125.

28. Bienvenu, K., J. Russell, and D. N. Granger. 1992. Leukotriene B, medi-
ates shear rate-dependent leukocyte adhesion in mesenteric venules. Circ. Res.
71:906-911.

29. Miller, P. D., C. Pothoulakis, T. R. Baeker, J. T. LaMont, and T. L.
Rothstein. 1990. Macrophage-dependent stimulation of T cell-depleted spleen

Toxin A—induced Microvascular Injury 1925



cells by Clostridium difficile toxin A and calcium ionophore. Cell. Immunol.
126:155-163.

30. Flegel, W. A., F. Muller, W. Daubener, H.-G. Fisher, U. Hadding, and H.
Northoff. 1991. Cytokine response by human monocytes to Clostridium difficile
toxin A and B. Infect. Immun. 59:3659-3666.

31. Lawrence, M. B, L. V. MclIntire, and S. G. Eskin. 1987. Effect of flow
on polymorphonuclear leukocyte/endothelial cell adhesion. Blood. 70:1284—-1290.

32. McEver, R. P. 1991. Selectins: novel receptors that mediate leukocyte
adhesion during inflammation. Thromb. Haemostasis. 65:223-228.

33. Tonneson, M. G. 1989. Neutrophil-endothelial cell interactions: mecha-
nisms of neutrophil adherence to vascular endothelium. J. Invest. Dermatol.
93:535-58S.

34. Geng, J. G., M. P. Bevilacqua, K. L. Moore, T. M. MclIntyre, S. M.
Prescott, J. M. Kim, G. A. Bliss, G. A. Zimmerman, and R. P. McEver. 1990.
Rapid neutrophil adhesion to activated endothelium mediated by GMP-140. Na-
ture (Lond.). 343:757-760.

35. Larsen, E., A. Celi, G. E. Gilbert, B. C. Furie, J. K. Erban, R. Bonfanti,
D. D. Wagner, and B. Furie. 1989. PADGEM protein: a receptor that mediates
the interaction of activated platelets with neutrophils and monocytes. Cell.
59:305-312.

36. Whittle, B. J. R. 1993. Modulation by prostanoids of the release of in-
flammatory mediators from mast cells: involvement in mucosal protection? Gas-
troenterology. 104:314-317.

37. Kurose, 1., T. Yamada, R. Wolf, and D. N. Granger. 1994. P-selectin-
dependent leukocyte recruitment and intestinal mucosal injury induced by lactofer-
rin. J. Leukocyte Biol. 55:771-7717.

38. Springer, T. A., and L. A. Lasky. 1991. Sticky sugars for selectins. Nature
(Lond.). 349:196-197.

1926 Kurose et al.

39. Paulson, J. C. 1992. Selectin/carbohydrate-mediated adhesion of leuko-
cytes. In Adhesion: Its Role in Inflammatory Disease. J. M. Harlan and D. Y.
Liu, editors. W. H. Freeman & Co., New York. 19-42.

40. Zimmerman, B. J, J. C. Paulson, T. S. Arrhenius, F. C. A. Gaeta, and
D. N. Granger. 1994. Thrombin receptor peptide-mediated leukocyte rolling in
rat mesenteric venules: role of P-selectin and Sialyl Lewis X. Am. J. Physiol. In
press.

41. Mayadas, T. N, R. C. Johnson, H. Rayburn, R. O. Hynes, and D. D.
Wagner. 1993. Leukocyte rolling and extravasation are severely compromised in
P selectin-deficient mice. Cell. 74:541-554.

42. Raud, J., and L. Lindbom. 1993. Leukocyte rolling and firm adhesion in
the microcirculation. Gastroenterology. 104:310-314.

43. Carlos, T. M., and J. M. Harlan. 1990. Membrane proteins involved in
phagocyte adherence to endothelium. Immunol. Rev. 114:5-28.

44, McEver, R. P., J. H. Beckstead, K. L. Moore, L. Marshall-Carlson, and
D. F. Bainton. 1989. GMP-140, a platelet a-granule membrane protein, is also
synthesized by vascular endothelial cells and is localized in Weibel-Palade bodies.
J. Clin. Invest. 84:92-99.

45. Bjork, J., P. Hedqvist, and K. E. Arfors. 1982. Increase in vascular perme-
ability induced by leukotriene B, and the role of polymorphonuclear leukocytes.
Inflammation. 6:189-200.

46. Curry, F. E. 1992. Modulation of venular microvessel permeability by
calcium influx into endothelial cells. FASEB (Fed. Am. Soc. Exp. Biol.) J. 6:2456—
2466.

47. Curry, F. E., and W. L. Joyner. 1988. Modulation of capillary permeability:
methods and measurements in individually perfused mammalian and frog mi-
crovessels. In Endothelial Cells. U. S. Ryan, editor. CRC Press, Inc., Boca Raton,
FL. 3-17.



