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1 Although intravital microscopy is the method of choice for observation of inflammatory leukocyte
rolling and adhesion in small venules in vivo, a problem with this technique is that surgical exposure of
suitable tissues per se triggers the rolling mechanism. In this study, we describe an approach to
investigate induction of rolling in undisturbed microvessels. For this purpose, intravital microscopic
observation of leukocyte rolling and adhesion in the rat mesentery was combined with histological
determination of the intravascular concentrations of polymorphonuclear and mononuclear leukocytes
(PMNL and MNL).

2 By relating the histologically determined number of intravascular leukocytes to either microvessel
volume or to the erythrocyte concentration, the baseline MNL and PMNL content was found to be 3—6
fold higher in venules than in systemic blood. This increase in microvessel leukocyte concentration did
not seem to be related to leukocyte-endothelium interactions, because the leukocyte concentration was
similarly elevated in arterioles where rolling and adhesion did not take place.

3 Preparation of the rat mesentery for intravital microscopy time-dependently increased the venular
PMNL concentration to over 100 fold the systemic PMNL concentration 45 min after exteriorization of
the small intestine. The MNLs were much less responsive to the preparative manipulation. By treatment
with the polysaccharide fucoidin (inhibits rolling but not firm adhesion per se), or by use of intravital
microscopy immediately before tissue fixation, approximately 90% of the accumulated venular PMNLs
were found to represent rolling cells.

4 Intraperitoneal injection of 107°M histamine increased the venular PMNL (but not the MNL)
concentration to almost 50 fold the systemic PMNL value. The histamine response did not vary with
venular diameter, and the relative contribution of rolling vs firmly adherent cells to the PMNL,
accumulation was again ~90%. Intraperitoneal injection of leukotriene C,, but not prostaglandin E,,
caused a significant increase in venular PMNL concentration.

5 Systemic treatment with the anti-P-selectin monoclonal antibody PB1.3 had no effect on the
histamine-induced venular PMNL accumulation (i.e. rolling) in female Wistar or male Sprague-Dawley
rats. On the other hand, identical treatment with PB1.3 very effectively inhibited the histamine-induced
PMNL response in the mesentery of rabbits.

6 In conclusion, we have shown that a histologically determined increase in leukocyte concentration in
rat mesenteric venules may be used as an index of mediator-induced leukocyte rolling if the relative
contribution of rolling and firm leukocyte adhesion is first determined, for example by the means
described in this study. This relatively simple approach may be very useful for studying various aspects
of leukocyte rolling when the ‘spontaneous’ rolling triggered by preparation of tissues for intravital
microscopy is undesirable.
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Recruitment of leukocytes during inflammation is known to be
a multistep process where initial rolling of leukocytes along the
endothelium is a precondition for subsequent firm adhesion
and extravasation (Lawrence & Springer, 1991; Lindbom et al.,
1992). The rolling mechanism, known to be mediated by the
selectin family (e.g., Carlos & Harlan, 1994), serves to promote
endothelial contact and reduce the speed of leukocytes entering
the venular portion of the microcirculation in inflamed tissue,
and there are several studies showing that inhibition of the
rolling mechanism reduces inflammatory leukocyte recruit-
ment (Carlos & Harlan, 1994). The three members of the
selectin family, L-selectin on leukocytes and E- and P-selectin
on the endothelium, have all been shown to mediate leukocyte
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rolling in vitro (Lawrence & Springer, 1991; Abbassi et al.,
1993) as well as in vivo (Ley et al., 1991; von Andrian et al.,
1991; Doré¢ et al., 1993; Mayadas et al., 1993; Olofsson et al.,
1994). However, although partially overlapping, their roles in
promoting rolling are temporally dissociated. Thus, recent in
vivo studies suggest that initial leukocyte rolling is mainly P-
selectin-dependent (Doré et al., 1993; Mayadas et al., 1993;
Ley et al., 1995), while E- and/or L-selectin appear to be
responsible for rolling only after proinflammatory stimulation
for an hour or more (Ley et al., 1993; 1995; Olofsson et al.,
1994; Kunkel & Ley, 1996).

To study leukocyte rolling in vivo, the standard approach
is to use intravital microscopy which allows detailed
quantitative analysis of a wide range of microvascular
parameters related to leukocyte-endothelium interactions.
However, a problem with this method is that the most
commonly used variants of intravital microscopy involve
surgical preparation and/or exteriorization of the specimen
(e.g. hamster cheek pouch, mesentery). This relatively mild
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stimulation of the tissue causes rapid and pronounced up-
regulation of rolling (usually termed ‘spontaneous’ rolling)
(Fiebig et al., 1991; Ley, 1994), apparently via partial
degranulation of perivascular mast cells (Kubes & Kanwar,
1994; Ley, 1994) and endothelial expression of P-selectin
(Doré et al., 1993; Mayadas et al., 1993). Consequently, it
may be very difficult to determine whether or not a specific
proinflammatory stimulus can trigger the rolling mechanism
in tissues prepared for intravital microscopy, i.e. if
‘spontaneous’ rolling due to release of endogenous mediators
is close to maximal in a given venule, it is obviously not
possible to evoke a further increase with an exogenous
mediator. To circumvent this problem, two intravital
microscopic approaches with the rat mesentery have recently
been described. Thus, by examining rat mesenteric venules
immediately after exteriorization of the intestines, Ley (1994)
showed that very few leukocytes roll during the first 2—
3 min of observation, while a rapid increase in rolling
leukocyte flux occurred during the next 15 min. Ley also
showed that after a 20 min i.p. pretreatment with histamine,
the leukocyte rolling during the first few minutes after
exteriorization was equal to the maximal preparation-
induced rolling. The other approach, described by Kubes
& Kanwar (1994), is based on pharmacological reduction of
the ‘spontaneous’ rolling. They showed that the rolling
evoked by preparation was markedly reduced by inhibiting
mast cell activation with systemic disodium cromoglycate
(DSCG), and that topical histamine challenge caused a
significant increase in rolling from the relatively low base-
line rolling after DSCG treatment. Yet, for different reasons,
neither of these procedures is optimal. Namely, it is
technically difficult to examine rolling in the mesentery
within a few minutes after tissue exteriorization. Moreover,
with this approach, the Ileukocyte rolling evoked by
mediators given i.p. before exteriorization will inevitably be
a mixed response with contribution of preparation-induced
rolling. For the same reason, intravital microscopic models
do not permit reliable analysis of temporal aspects of rolling
evoked by selected exogenous mediators. In addition, it is
difficult to differentiate granulocyte responses from those of
mononuclear cells by intravital microscopy. With regard to
the DSCG pretreatment, results with this approach must
also be interpreted with caution, because DSCG has been
found not only to inhibit mast cell activation, but also
different effector functions of eosinophils, neutrophils,
macrophages, platelets, as well as sensory nerves (Edwards,
1994).

Taken together, there is clearly a need for simple and
objective methods for studies of leukocyte rolling evoked by
exogenous stimuli in intact microvascular beds. Therefore, our
aim in this study was to design and characterize a non-
intravital microscopic approach for studies of mediator-
induced leukocyte rolling in the undisturbed microcirculation
of the rat mesentery. For this purpose, we employed an
approach previously described by Fiebig et al. (1991), who
studied effects of intestinal exteriorization on leukocyte
accumulation in mesenteric venules of the rabbit. We
performed histological analysis of changes in leukocyte
concentrations in rat mesenteric microvessels after intraper-
itoneal challenge with different proinflammatory stimuli.
Moreover, a series of experiments, including intravital
microscopic observations, were carried out in order to
determine basic characteristics of the method, including the
relative contribution of free-flowing, rolling and firmly
adherent poly- and mononuclear cells to the evoked increases
in microvascular leukocyte concentration.

Methods

Animals and anaesthesia

Adult female Wistar rats (180—210g) and male Sprague-
Dawley rats (205—215g) were anaesthetized with equal parts of
fluanison/fentanyl (Hypnorm, 10/0.2 mg ml~") and midazo-
lam (Dormicum, 5 mg ml™') diluted 1:1 with sterile water
(2 ml kg~', i.m.) Female New Zealand White rabbits (0.95—
1.05 kg) were sedated with diazepam (Stesolid Novum,
5mgml~', 3.5 mg kg™, i.m.) and anaesthetized with fluani-
son/fentanyl (Hypnorm, 3/0.06 mg kg~!, i.m.). The animal
experiments were approved by the Regional Ethical Commit-
tee for Animal Experimentation.

Intravital microscopy

The microcirculatory behaviour of leukocytes was directly
observed and quantified in the rat mesentery by the use of
well established techniques for intravital microscopy. Thus,
in the anaesthetized rats, the trachea was cannulated to
facilitate spontaneous breathing and a polyethylene catheter
was placed in the left jugular vein for administration of
drugs and supplementary doses of anaesthetics. Body
temperature was maintained at 37°C by a heating pad
controlled by a rectal thermistor. Laparotomy was
performed by a midline incision and a segment of the
terminal ileum was exteriorized from the peritoneal cavity
and placed on a warmed transparent pedestal to allow
transillumination and microscopic observation of the
mesenteric microcirculation. The exposed tissue was super-
fused with a thermostated (37°C) bicarbonate-buffered saline
solution (composition in mM: NaCl 132, KCl 4.7, CaCl, 2.0,
MgSO, 1.2 and NaHCO; 18) equilibrated with 5% CO, in
nitrogen to maintain physiological pH. In order to reduce
tissue dehydration, the exteriorized gut adjacent to the
mesenteric window under examination was covered in with
gauze soaked in superfusion buffer.

Observation of the mesenteric microcirculation was made
with a Leitz Orthoplan microscope equipped with water
immersion lenses (x4, NA 0.12 or x55, NA 0.8). The
microscopic image was televised (Panasonic WV-1550 or
WV-1900 cameras) and recorded on video tape (Panasonic
NV-F100 S-VHS recorder) for subsequent off-line analysis.
Analysis of leukocyte-endothelium interactions (rolling and
adhesion) and behaviour of i.v. injected fluorescein iso-
thiocyanate (FITC)-labelled erythrocytes was made in
arterioles and venules with stable blood flow. The rolling
leukocyte flux was determined by counting the number of
rolling leukocytes min~' passing a reference point in the
microvessel. The number of leukocytes adhering firmly for
>30 s was counted in vascular segments of defined length.
Leukocyte rolling velocity was determined as the average
value (mm s~'") of 10 leukocytes rolling along the venular
endothelium with a stable velocity over a 100 um distance.
The leukocyte rolling index was calculated as the rolling
leukocyte flux divided by the rolling velocity. In some
experiments, the rats were injected i.v. with a bolus of
FITC-labelled erythrocytes (3 x 10° cells per animal). To
visualize the free-flowing FITC-labelled red cells in the
microcirculation, fluorescent light epi-illumination (Leitz
Ploemopak, filter block 12) was used.

After the intravital microscopic measurements, the circula-
tion in the observed mesenteric vessels was instantaneously
arrested with a few drops of fixative for later histological
analysis (see below). With this approach, the degree of directly
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observed leukocyte rolling and adhesion could be compared
with histologically determined vascular leukocyte concentra-
tions in the same venules. In order to help identify the vascular
segments observed in vivo in the fixed and stained samples,
drawings and low magnification video recordings were made of
the microvascular networks. Some rats received an i.p.
injection of histamine before the surgery for intravital
microscopy. In these animals, exteriorization of the mesentery
was performed rapidly and directly under the microscope,
permitting observation of leukocyte rolling and adhesion
immediately after tissue exposure.

Arterial blood samples were collected (tail artery) for
systemic PMNL and MNL counts in a Biirker chamber after
staining with Tirk’s solution.

Intraperitoneal challenge with mediators

Anaesthetized and thermocontrolled rats were challenged i.p.
with histamine, prostaglandin E, (PGE,) or leukotriene C,
(LTC,) dissolved in 5 ml sterile PBS warmed to 37°C.
Control rats received either no treatment or 5 ml PBS alone
(room temperature or warmed to 37°C). Fifteen minutes
after challenge, the animals were killed by an intracardiac
injection of 0.2 ml pentobarbitone (60 mgml~'). The
subsequent rapid cardiac arrest was confirmed by palpation
before laparotomy for tissue sampling. The corresponding
experiments in rabbits were performed according to the
same protocol but with 15 ml i.p. and 1 ml intracardiac
injections. In order to evaluate the potential role of P-
selectin in the venular leukocyte responses to histamine, the
animals were pretreated with the monoclonal anti-P-selectin
antibody PBI1.3 5 min before intraperitoneal challenge.
Systemic treatment with the sulphated polysaccharide
fucoidin was performed 5 min before the overdose of
pentobarbitone i.e. 10 min after the start of i.p. histamine.
In rabbits, PBS alone or purified mouse IgG, (iso- and sub-
type matched) were used as negative controls to PBIL.3.
Blood samples were taken as described above (ear artery in
rabbits).

Sampling of mesenteric tissue and histological
procedures

After the animals had been killed 15 min after i.p. challenge
with PBS/mediators, or at different time-points after
preparation for intravital microscopy, samples of intact
mesenteric microvascular networks were harvested according
to Fiebig et al. (1991), with some modifications. Thus, 1-3
pieces of mesenteric tissue from each animal were collected by
gently spreading them between two plastic rings made from
the top of Eppendorf tubes with a hole cut in the lid. The
tissue samples were then fixed with 2% paraformaldehyde
and 5% glutardialdehyde in PBS, initially warmed to 37°C to
avoid vasoconstriction. After continued fixation for 24—-48 h
at 4°C, the samples were rinsed in 3% ethanol in PBS and
stained for 1 h at room temperature with Giemsa stain (0.6%
azur Il-eosin, 0.16% azur II, and 50% glycerol in methanol)
diluted 1:20 in deionized water. After being rinsed briefly in
water, the specimens were next differentiated for 10—15 min
in 0.01% acetic acid and, after removal of the outer plastic
ring, attached to glass slides coated with a 1% gelatin
solution. After being dried for 1 h, the bottom ring was
removed. Following further differentiation in 0.01% acetic
acid for 2—3 min on the slides, the samples were left to dry
overnight at room temperature. Finally, Canada balsam was
used for mounting a cover glass.

Calculation of intravascular leukocyte concentration in
histological samples

The intravascular PMN and MN leukocytes were easily
identified in stained mesenteric arterioles and venules with a
Leitz Laborlux D microscope and a x100 (NA 1.25) oil
immersion lens. In each preparation, leukocytes were counted
in 2—6 vessels generally between 1-4 mm in length. For
calculation of leukocyte concentrations we assumed cylindrical
vascular shape and used the inner vessel diameter to estimate
microvascular volume. Mean values of intravascular leukocyte
concentrations in the different groups of animals were based
on the mean value of the different vessels in each animal. The
inner diameters of the vessels examined ranged between 18.3—
58.4 ym (median 30.2 um) for venules and 10.9-21.6 um
(median 15.1 um) for arterioles.

In the intravital microscopic experiments where FITC-
labelled rat erythrocytes were administered systemically, the
ratio of leukocytes to labelled red cells (number of leukocytes/
100 erythrocytes) was calculated as follows: immediately after
arresting the mesenteric circulation with a few drops of
fixative, the number of FITC-labelled erythrocytes was
counted in a defined venular segment. Thereafter, the MNLs
and PMNLs were counted in the same vascular segment after
fixation and staining as described above. A corresponding
ratio of leukocytes to labelled red cells was calculated for
systemic arterial blood. Here, the erythrocytes and MNLs/
PMNLs were counted separately in Biirker chambers by use of
fluorescent light epi-illumination (with some background
normal light transillumination) for the FITC-labelled red cells
(in PBS) and normal light alone for the leukocytes stained with
Tiirk’s solution.

A Leitz Vario Ortomat 2 automatic microscope camera and
Fujichrome 400 ASA professional daylight film were used for
micrographs.

Preparation of FITC-labelled erythrocytes

Heparin-treated rat blood (2 ml) was diluted 1:3 in saline,
centrifuged at 400xg for 10 min at room temperature,
thereafter the buffy coat and supernatant were discarded. The
red cell pellet was resuspended in 5 ml saline and the following
solutions were added: 0.3 ml dextrose (0.3 M in saline), 0.5 ml
NaH,PO, (0.18 M in deionized water), 3 ml Na,HPO, (0.1 M
in deionized water), 2 ml FITC (5.1 M in the 0.1 M Na,HPO,
solution). The pH of the cell suspension was adjusted to 7.8
with NaOH and incubated overnight at 4°C. Before use, the
labelled red cells were washed several times until a clear
supernatant was obtained. The final cell suspension was
adjusted to 10° erythrocytes ml~! PBS. Control experiments
showed that the systemic concentration of injected FITC-
labelled erythrocytes remained stable as measured at 6, 12 and
18 min after injection (data not shown, n=3). Moreover, as
examined by intravital microscopy, the labelled red cells did
not adhere or roll in the mesenteric microcirculation.

Materials

Histamine dihydrochloride, fucoidin and bovine skin gelatin
type B were purchased from Sigma Chemical Co (St. Louis,
MO, U.S.A)). PGE, and LTC, were from Cascade Biochem
Ltd (Berkshire, U.K.). The monoclonal anti-P-selectin anti-
body PB1.3 (lots P92-344 and P92-344B) was a kind gift from
Laurie Philips, Cytel Corp. (La Jolla, CA, U.S.A.). Purified
mouse IgG; was from The Binding Site, Birmingham (U.K.).
Fluorescein isothiocyanate was from Molecular Probes Inc.
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(Eugene, OR, U.S.A.). Dormicum was from Hoffman-La
Roche (Basel, Switzerland). Hypnorm was from Janssen
Pharmaceutica (Beerse, Belgium). Stesolid Novum was from
A/S Dumex (Copenhagen, Denmark). Mebumal was from
Nordvacc Likemedel AB, (Stockholm, Sweden). Giemsa stain
was from Karolinska Apoteket (Stockholm, Sweden). Canada
balsam was from BDH Laboratory Supplies (Poole, U.K.).

Statistical evaluation

For statistical analysis, two-tailed nonparametric tests were
used throughout. Thus, analysis of paired observations was
performed by use of the Wilcoxon signed ranks test, and
independent samples were analysed by the Mann-Whitney
rank sum test or Kruskal-Wallis one way analysis of variance
on ranks. Where appropriate, correlations between different
parameters were sought by calculating the Spearman rank-
order correlation coefficient (r;). P values <0.05 were consid-
ered significant. All values are expressed as mean +s.e.mean.
Unless stated otherwise, n represents number of animals per

group.

Results

Microvascular leukocyte concentrations in undisturbed
rat mesentery

All mesenteric samples chosen for histological examination
contained networks of microvessels with obvious differences
between venules and arterioles, e.g., as compared to the
venules, the arterioles had a thicker muscular wall with
characteristic nuclei (Figure 1).

In undisturbed tissue, where the animal was killed and the
circulation stopped before laparotomy, the concentrations of
MNLs and PMNLs were higher in microvessels than in
systemic arterial blood, i.e. the PMNL concentrations in
systemic arterial blood, arterioles, and venules were 3.6 +0.5,
154423, and 20.34+3.3 cells nl~!, respectively, and the
corresponding values for MNLs were 0.73+0.12, 2.40+0.89,
and 1.7440.37, respectively (P<0.05 for all arteriolar and
venular values vs systemic blood values, n=12). One possible
explanation for this apparent discrepancy between the systemic
and microvascular leukocyte concentrations could have been
fixation-induced distortion of the microvessels, leading to
errors in the calculation of microvessel volume. However, in
rats given an iv. bolus injection of FITC-labelled rat
erythrocytes, the ratio of leukocytes to labelled red cells also
revealed higher concentrations in venules (60.7+13.1 MNLs
and 8.94+2.7 PMNLs per 100 red cells) as compared to
systemic blood (8.9+1.3 MNLs and 1.8+0.3 PMNLs per 100
red cells, n=6, P<0.05 vs venular values). In these
experiments, the number of FITC-labelled red cells nl™'
systemic blood (32.8+4.4 cells nl~') and the number of red
cells per calculated nl of venular blood (23.243.5 cells nl™")
did not differ significantly (P=0.094, n=06). An additional
possibility for errors when intravascular leukocytes were
counted was if endothelial or smooth muscle cell nuclei in the
vessel wall were mistaken for those of leukocytes. However,
the nuclei in the vessel wall were larger, had a more oval shape
and stained lighter than the leukocytic nuclei (Figure 1). In
addition, the intravascular position was easily confirmed by
the presence of erythrocytes in the same focal plane.

The systemic leukocyte concentration (PMNL+ MNL) in
the Wistar rats ranged from a minimum of 1.33 to a high of
6.33 cells nl~! arterial blood, with a median value of 3.25

cells nl~" and no significant differences between the different
treatment groups described below. Because the systemic
leukocyte concentration will be reflected in the microcircula-
tion (see also Yamaki et al., 1998), the induced changes in
venular leukocyte concentration to be described were normal-
ized to the systemic leukocyte count in each individual animal.
For the group of untreated animals described above, such
normalization revealed the venular/systemic leukocyte con-
centration-ratios shown in Figure 2 (‘Baseline’. Note that
vascular concentration exceeds systemic concentration when
ratio >1).

Microvascular leukocyte concentrations in exteriorized
rat mesentery

After preparation for intravital microscopy, the venular
PMNL concentration rose strikingly during the first 45 min
after preparation (Figure 2), reaching a venular/systemic
PMNL concentration ratio of ~100 at 30 and 45 min. In
contrast, the MNLs were much less responsive in this respect
(Figure 2). The venular PMNL accumulation did not appear to
differ significantly between venules of different size because
there was no correlation between venular diameter (range 18—
60 um) and the venular/systemic PMNL concentration-ratio in
mesenteries exteriorized for 30 min (r,= —0.406, P=0.227,
n=10 venules).

As documented further below, the microvascular accumula-
tion of leukocytes in the surgically or pharmacologically
manipulated mesentery was a consequence of adhesive
leukocyte-endothelium interactions (i.e. rolling and/or firm
adhesion). To quantify the relative contribution of rolling vs
firmly adherent leukocytes to the preparation-induced rise in
venular PMNL concentration, intravital microscopy was used
to count the number of firmly adherent leukocytes in a given
venular segment 30 min after preparation. Immediately there-
after, the circulation was instantaneously arrested with a few
drops of topical fixative, and the subsequent histological
analysis revealed that the firmly adherent leukocytes repre-
sented 11.0+2.3% (n=9) of the total number of intravascular
leukocytes in the same venular segment. Thus, the histologi-
cally observed leukocyte accumulation was to a major extent
dependent on increased leukocyte rolling, a contention that
was further strengthened by the significant positive correlation
between the rolling leukocyte flux and the venular PMNL
concentration (r,=0.709, P=0.022, n=10). In the latter
experiments, the histologically measured number of
PMNLs nl~! in a given venular segment was related to the
mean rolling leukocyte flux measured by intravital microscopy
at three locations in the same venular segment 15— 30 min after
preparation (immediately before fixation). In addition to the
rolling leukocyte flux, the leukocyte rolling velocity is likely to
contribute to the degree of venular leukocyte accumulation.
However, the degree of correlation was almost the same when
the rolling leukocyte index (rolling leukocyte flux divided by
the mean rolling velocity) was related to the venular PMNL
concentration (r,=0.721, P=0.019, n=10), indicating that
rolling velocity was more constant than the rolling flux.

In contrast to the venules, the surgical preparation did not
evoke significant leukocyte accumulation in arterioles. Thus,
the arteriolar/systemic MNL and PMNL concentration-ratios
were 5.07+1.94 and 2.3440.50, respectively, 30 min after
preparation (n=7), as compared to 4.92+0.92 and 3.97 +1.75,
respectively, in undisturbed mesenteric tissue (n = 12). This is in
line with the intravital microscopic observation that not even
one rolling (or adherent) leukocyte was observed in arterioles
20—-30 min into the experiments, as compared to a rolling
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Figure 1 (a) An arteriole (A) and a venule (V) in a Giemsa-stained mesenteric whole-mount of an untreated rat. Note great number
of smooth muscle nuclei in the arteriolar wall and a few encircled intravascular MNLs. (b) Illustrates increase in predominantly
PMNLs in a venule 15 min after i.p. challenge with histamine (10~ M). Note that the PMNLs may appear as MNLs unless strictly
in the plane of focus. Bar=70 um.
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Figure 2 Ratio of mesenteric intravenular to systemic concentration
of MNLs and PMNLs in undisturbed tissue (baseline, n=12), and
I15Smin (rn=5), 30 min (n=10) or 45 min (n=4) after intestinal
exteriorization for intravital microscopy in the rat. Mean values+
s.e.mean are shown. *P<0.05 vs corresponding baseline values.

leukocyte flux of 31.6+7.5 cells min~!

(n=10).

With regard to systemic leukocytes, the MNL and PMNL
counts in blood from tail artery 15, 30 and 45 min after
preparation did not differ significantly from the corresponding
values in the control rats exposed to anaesthesia alone (data
not shown).

in nearby venules

Mediator-induced leukocyte accumulation in mesenteric
microvessels

We noted that i.p. injection of 5 ml PBS at room temperature
(~20°C) tended to increase the venular PMNL accumulation
(Figure 3). Although this effect did not reach statistical
significance due to a large variation, 4 animals out of 10
responded with a pronounced increase in venular PMNs (317,
1055, 1227, and 1312%, respectively, of the mean baseline
value in the untreated group). In contrast, when the PBS
solution was warmed to 37°C, the PMNL concentration
remained at the baseline level in all 9 animals tested (Figure 3).
Therefore, all subsequent experiments were performed with
solutions warmed to 37°C.

Fifteen minutes after i.p. injection of 10~ M histamine the
PMNL concentration in mesenteric venules was increased 16
fold compared to untreated animals, whereas the MNL
concentration was unchanged (Figure 3). In contrast,
histamine had no effect on the PMNL concentration on the
arteriolar side of the microcirculation, i.e. the arteriolar/
systemic PMNL concentration-ratio was 2.04+0.89 in
undisturbed tissue and 2.74+0.54 after i.p. challenge with
histamine 10> M for 15 min.

The lipid mediator LTC, (10~7 M), which has a proin-
flammatory potency in the microcirculation exceeding that of
histamine by 2—4 orders of magnitude (Dahlén et al., 1981),
also caused a significant increase in venular PMNL recruit-
ment (Figure 3). On the other hand, i.p. injection of the
vasodilator PGE, did not increase the venular PMNL

[e2]
o
|

o
o
{

C—J MNL
N PMNL

N
o
|

N
o
{

Venular / systemic leukocyte conc. ratio
= w
o o
1 1

la ﬂi s ﬂ ﬂ' ire

Baseline 20°C 37°C Hist LTC, PGE,
PBS

o

Figure 3 Ratio of mesenteric intravenular to systemic concentration
of MNLs and PMNLs in undisturbed tissue (baseline, n=12), 15 min
after i.p. challenge with 20°C PBS (n=10), 37°C PBS (n=9),
histamine (107%™, n=6-15), LTC4; (10~" M, n=9), or PGE,
(10*7 M, n=6) in the rat. Mean values+s.e.mean are shown.
*P<0.05 vs corresponding baseline values.

concentration (Figure 3). In animals given PBS i.p., the
systemic leukocyte count was 0.66+0.06 x 10° mI~' blood
(n=9), and this parameter did not differ significantly in
animals challenged i.p. with histamine, LTC, or PGE, (data
not shown).

The relative contribution of rolling vs firmly adherent
leukocytes to the histamine-induced increase in venular PMNL
concentration was tested by use of two separate approaches.
Firstly, a combination of intravital microscopic observation
and histology (as described above) showed that the firmly
adherent leukocytes in response to i.p. histamine (107° M,
15 min) represented 12.1 +4.5% (n=>5) of the total number of
intravascular leukocytes. Secondly, we examined the effect of
fucoidin on the venular leukocyte accumulation evoked by i.p.
histamine. The sulphated polysaccharide fucoidin has been
shown to inhibit rapidly and effectively early leukocyte rolling
in the rat mesentery without interfering with firm leukocyte
adhesions per se (Lindbom et al., 1992). When fucoidin
(10 mg kg~"') was administered i.v. for 5 min, starting 10 min
after i.p. histamine, the venular PMNL response to histamine
1073 M was dramatically reduced (Figure 4). The systemic
fucoidin treatment did not significantly change the circulating
PMNL count, i.e. the number of PMNLSs nl~! systemic blood
5 min after i.v. fucoidin was 0.72+0.11 (n=4) as compared
0.65+0.07 (n=9) in vehicle-treated rats.

Effect of anti-P-selectin antibody treatment on
histamine-induced PMNL accumulation in mesenteric
venules

In contrast to fucoidin treatment, the commonly used anti-P-
selectin monoclonal antibody (mAb) PB1.3 (2 mg kg~ ', i.v.)
did not influence the histamine-induced venular PMNL
accumulation in the female Wistar rats (Figure 4). Because
PB1.3 was completely inactive in the first group of 4 animals
tested, we repeated the experiments with a new lot of PB1.3 in
additional 3 rats. However, with the same negative results (the
two groups of animals were combined in Figure 4). In previous
studies, PB1.3 has been shown to inhibit leukocyte responses in
rat strains other than female Wistar (e.g. male Sprague-
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Figure 4 Effects of fucoidin (10 mg kg~ ', i.v.) in female Wistar rats
(Wist, n=4) and anti-P-selectin mAb PB1.3 2 mgkg~', iv.) in
female Wistar rats (n=7), male Sprague-Dawley rats (SD, n=3), and
rabbits (Rab, n=3) on histamine-induced increase in ratio of
intravenular to systemic PMNL concentration. Dashed line indicates
control response to i.p. histamine (1073 M) in Wistar rats (n=15),
SD rats (n=35), and rabbits (n=5). Mean values+s.e.mean are
shown. *P<0.05 vs control.

Dawley; SD) (Mulligan et al., 1992; Asako et al., 1994; Kubes
& Kanwar, 1994). Therefore, we tested the antibody in a few
male SD rats. In this rat strain, the venular/systemic PMNL
concentration-ratio after i.p. histamine (107> M) alone was
30.31+7.09 (n=5), as compared to a ratio of 2.32+1.90
(n=13) in unstimulated rats, and the response to histamine was
not reduced by PB1.3 treatment (2 mg kg™', i.v.) (Figure 4).
Leukocyte concentration-ratios in PB1.3-treated rats were
initially compared with saline-treated controls. Because no
positive effect of PB1.3 was seen, negative control experiments
with isotype matched control antibodies were not performed.
We also tested PB1.3 in three rabbits, in which the venular/
systemic PMNL concentration-ratio was 0.60+0.09 in
undisturbed mesentery (n=2) and 16.18+2.72 after i.p.
histamine 107> M (n=35). In contrast to the two rat strains,
PB1.3 (2 mg kg™', i.v.) now very effectively inhibited the
venular PMNL response to histamine (Figure 4). In one rabbit
treated with negative control mouse IgG, (2 mg kg~ ', i.v.), the
venular/systemic PMNL concentration-ratio after histamine
challenge was 22.36 (i.e. unchanged). The systemic treatment
with PB1.3 did not significantly change the circulating PMNL
count in the rats (data not shown) or rabbits (1.17+0.15 and
1.994+0.36 PMNLs nl~' systemic blood after i.p. histamine
alone and histamine+PB1.3, respectively). Similar to the
female Wistar rats, the venular MNL concentration in male
SD rats and rabbits did not change in response to i.p.
histamine challenge (data not shown).

Discussion

We have described the detailed characteristics of a histological
approach for studies of leukocyte rolling in the microcircula-
tion of the undisturbed rat mesentery. A series of experiments,
including intravital microscopic observations, was performed
to document that an increased venular leukocyte concentration

may be used as an objective and reproducible index of
leukocyte rolling triggered by inflammatory stimuli. The basis
for the histological experiments is that the velocity of rolling
leukocytes is up to 50 times slower than that of cells flowing
freely with the axial blood stream (Ley & Gaehtgens, 1991;
Mayrovitz, 1992). Consequently, the rapid influx of free-
flowing leukocytes and the slow discharge of rolling cells will
lead to an accumulation of leukocytes in microvessels where
the rolling mechanism has been triggered.

The procedure of exposing the rat mesenteric micro-
circulation for intravital microscopy time-dependently in-
creased the venular PMNL concentration, from a low
baseline to approximately 40 and 100 fold the systemic
PMNL concentration at 15 and 45 min, respectively. On the
other hand, the MNLs were much less responsive to the
preparative manipulation. Thus, the venular MNL concen-
tration was unchanged 15 min after intestinal exteriorization
and reached a maximum of only 16 fold the systemic MNL
value 45 min after preparation. The apparent delay in MNL
accumulation is in line with findings based on more
complicated intravital microscopic approaches for differen-
tiating MNL and PMNL rolling (Lindbom et al., 1994;
Tangelder et al., 1995) and clearly illustrates that MNL and
PMNL interactions with microvascular endothelium occur
by distinct mechanisms.

With regard to the venular increase in PMNL concentra-
tion, our observations revealed that this reponse was caused
by leukocyte rolling rather than firm adhesion. Thus, there
was a highly significant correlation between the increased
PMNL concentration (determined by histology) and the
rolling leukocyte flux (measured by intravital microscopy
immediately before fixation) in individual venules. Moreover,
using the same type of combined intravital microscopy and
histology, we were able to document that only ~10% of the
histologically determined increase in venular PMNL con-
centration (at 30 min) could be attributed to firm leukocyte
adhesion. In addition, the intestinal exteriorization neither
caused leukocyte rolling nor increased the PMNL concen-
tration in arterioles running parallel to the venules under
investigation.

As determined by histological estimation of microvessel
volume, as well as by relating the number of leukocytes to
the number of circulating FITC-labelled erythrocytes, the
baseline concentration of MNLs and PMNLs was 3—-6 fold
higher in microvessels than in systemic blood. While this
may suggest a certain degree of baseline rolling and/or
adhesion of leukocytes in undisturbed tissue, the similarly
elevated leukocyte concentration in arterioles, together with
complete absence of rolling and adhesion in the latter
vessels, indicated that the relatively higher microvascular
leukocyte count was related to haemodynamic factors rather
than to adhesive leukocyte-endothelium interactions. This is
in line with previous intravital microscopic estimations of
leukocyte concentration (calculated from leukocyte flux and
blood flow) in rat mesenteric microvessels by Gaehtgens and
co-workers (Gaehtgens et al., 1985; Ley et al., 1988). They
showed that the local leukocyte concentration in the
mesenteric vessels was up to six times the systemic leukocyte
count and suggested that this may be related to dispropor-
tional distribution of leukocyte flux and blood volume at
arteriolar bifurcations. Our observations that rolling is
virtually non-existent in undisturbed rat mesenteric venules
and is triggered during tissue preparation confirm and
extend similar observations in other models/species (Fiebig
et al., 1991; Ley, 1994). This is in contrast to the significant
spontaneous rolling observed in intact untraumatized skin
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(Mayrovitz, 1992), indicating the presence of organ
specificity with regard to mechanisms of leukocyte rolling.

Our data on preparation-induced leukocyte accumulation
in rat mesenteric venules are basically in agreement with
observations by Fiebig et al. (1991), who studied venular
leukocyte accumulation in the exteriorized mesentery of
rabbits. Yet, there appears to exist significant differences
between rats and rabbits in this regard. Firstly, while the
venular leukocyte concentration 30 min after mesenteric
exteriorization was 20 times the systemic leukocyte count in
rabbits, our corresponding value in rats was as much as 5 fold
higher still. Secondly, rat MNLs appear to be less responsive
than rabbit MNLs, because in rabbits the increase in venular
MNL concentration 5 and 30 min after preparation was
approximately 50% of the PMNL value, while we observed no
increase in MNL concentration at 15 min and only a minor
rise at 30 min after exteriorization of the rat mesentery.
Thirdly, Fiebig and co-workers found that systemic treatment
with an anti-CD18 mAb, which blocks firm leukocyte adhesion
but not rolling in rabbit tissues (Arfors er al., 1987; von
Andrian et al., 1991), reduced the preparation-induced total
venular leukocyte concentration by 60%. This suggests that
mesenteric exteriorization in the rabbit results in a relatively
large number of firmly adherent leukocytes, as compared to
only ~10% firmly adherent cells in the rat mesentery, where
the fraction of these non-rolling leukocytes was directly
documented by intravital microscopy immediately before
fixation for histology.

A main objective of this study was to utilize the above
histological technique for studies of leukocyte rolling evoked
by exogenous mediators in otherwise undisturbed rat
mesenteric venules. In these experiments, we first noted that
i.p. injection of sterile room-temperature, but not body-
temperature, PBS greatly increased the venular PMNL
concentration in several animals. This illustrates that the
experimental system is sensitive to even minor changes in the
physical environment and suggests that peritoneal challenge
should be performed with 37°C solutions to avoid triggering of
‘unspecific’ proinflammatory effector functions. Injection of
body-tempered histamine for 15 min increased the venular
PMNL (but not the MNL) concentration up to approximately
the same extent as that caused by mesenteric exteriorization for
15 min. The almost 50 fold increase in PMNL concentration in
response to histamine did not appear to vary with venular
diameter and was 90% the result of triggered PMNL rolling
(i.e. 10% due to firm adhesion). In further support of the
histamine response being dependent on rolling, systemic
treatment with the sulphated polysaccharide fucoidin, an
effective anti-rolling agent which does not block firm leukocyte
adhesion per se (Lindbom et al., 1992), almost abolished the
histamine-induced increase in venular PMNLs. These findings
are also in line previous intravital microscopic observations
that topical application of histamine for up to 30 min does not
evoke significant firm leukocyte adhesion in the rat mesentery
(Kubes & Kanwar, 1994; Thorlacius et al., 1995).

Because histamine is a vasodilator in the rat mesentery (e.g.
Thorlacius et al., 1995), it may be argued that haemodynamic
changes per se rather than adhesive leukocyte-endothelium
interactions were responsible for the PMNL response to
histamine. However, histamine failed to affect the PMNL
concentration on the arteriolar side of the microcirculation
and did not change the systemic leukocyte counts. Moreover,
i.p. injection of PGE,, at a dose known to cause maximal
arteriolar dilatation in the microcirculation (Raud, 1990), did
not increase the venular PMNL concentration. The observa-
tions that PGE, had no effect on leukocyte accumulation and

that LTC,, a potent inflammatory mediator with a histamine-
like mode of action at the endothelium (Majno & Palade, 1961;
Hedqvist et al., 1987), caused a significant histamine-like
increase in venular PMNL recruitment also demonstrate clear-
cut mediator specificity with regard to the initial leukocyte
response in microvessels.

It is obviously difficult to obtain reliable data on mediator-
induced leukocyte rolling in intravital microscopic systems,
where the preparation-induced ‘spontaneous’ rolling has been
allowed to develop and this has been clearly documented in
several laboratories, where local histamine challenge of the rat
mesentery failed to increase rolling above baseline values
(Kubes & Kanwar, 1994; Ley, 1994; Thorlacius et al., 1994). In
this context, the histological index of evoked changes in
leukocyte rolling described above is a useful, reproducible,
relatively simple, and possibly even a more objective
alternative for characterizing mode of action of proinflamma-
tory stimuli (including time-course studies) and effects of
different drugs on rolling. In addition, the method allows easy
analysis of the apparently distinct rolling mechanisms of
MNLs and PMNLs.

We also wanted to determine the nature of the adhesion
molecule(s) responsible for histamine-induced PMNL accu-
mulation. In this respect, the strongest candidate is P-
selectin, because histamine is known to upregulate P-selectin
rapidly on cultured endothelial cells and thus to support
leukocyte rolling under flow conditions in vitro (Jones et al.,
1993; Carlos & Harlan, 1994). Moreover, based on intravital
microscopic findings, Asako et al. (1994) and Kubes &
Kanwar (1994) have shown that the anti-human-P-selectin
monoclonal antibody PB1.3 (claimed to cross-react with rat
P-selectin; Mulligan et al., 1992) blocks histamine-induced
rolling in the rat mesentery. However, we were unable to
inhibit the mesenteric leukocyte response to histamine with
mAb PB1.3 in Wistar and Sprague-Dawley rats, although
the same mAb effectively reduced the corresponding
histamine response in the mesentery of rabbits. We cannot
explain these discrepancies in effect by PB1.3 in the basically
very similar rat mesentery systems for histamine-induced
rolling. However, knowing that ‘spontaneous’ rolling in, for
example, mouse and dog is almost entirely a P-selectin-
dependent event (Doré¢ et al., 1993; Mayadas et al., 1993;
Ley et al., 1995), it must be noted in this context that
systemic treatment with PB1.3, as used in the present study,
has been found to have no inhibitory effect on preparation-
induced ‘spontaneous’ rolling in the rat mesentery (Thorla-
cius et al., 1994; Granger & Kubes, 1994). Thus, based on
(i) our present positive findings with mAb PB1.3 in the
rabbit, (ii) the current understanding of histamine and P-
selectin function in systems other than the rat mesentery,
and (iii) the possibility that mAb PB1.3 may express limited
blocking activity against rat P-selectin, it remains likely that
the presently observed PMNL response to histamine in the
rat is indeed P-selectin-dependent. Yet, confirmation of the
role of P-selectin in this regard requires additional
experiments with specific anti-rat-P-selectin mAbs (presently
not available).

In conclusion, we have shown that an increase in leukocyte
concentration in mesenteric venules in the rat (or other
animals) may be used as an index of mediator-induced
leukocyte rolling, if the relative contribution of rolling and
firm leukocyte adhesion is first determined, for example by the
means described in this study. This relatively simple approach
may be very useful for studying various aspects of leukocyte
rolling when the ‘spontaneous’ rolling triggered by preparation
for intravital microscopy is undesirable. As shown in the
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following paper, we have used this method to characterize
further histamine-induced leukocyte rolling (Yamaki et al.,
1998).
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