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Abstract

In the multistep process of leukocyte extravasation, the mechanisms by which leukocytes estab-
lish the initial contact with the endothelium are unclear. In parallel, there is a controversy re-
garding the role for L-selectin in leukocyte recruitment. Here, using intravital microscopy in
the mouse, we investigated leukocyte capture from the free flow directly to the endothelium
(primary capture), and capture mediated through interactions with rolling leukocytes (second-
ary capture) in venules, in cytokine-stimulated arterial vessels, and on atherosclerotic lesions in
the aorta. Capture was more prominent in arterial vessels compared with venules. In venules,
the incidence of capture increased with increasing vessel diameter and wall shear rate. Second-
ary capture required a minimum rolling leukocyte flux and contributed by ~20-50% of total
capture in all studied vessel types. In arteries, secondary capture induced formation of clusters
and strings of rolling leukocytes. Function inhibition of L-selectin blocked secondary capture
and thereby decreased the flux of rolling leukocytes in arterial vessels and in large (>45 wm in
diameter), but not small (<45 pm), venules. These findings demonstrate the importance of
leukocyte capture from the free flow in vivo. The different impact of blockage of secondary
capture in venules of distinct diameter range, rolling flux, and wall shear rate provides explana-
tions for the controversy regarding the role of L-selectin in various situations of leukocyte re-
cruitment. What 1s more, secondary capture occurs on atherosclerotic lesions, a fact that pro-

vides the first evidence for roles of L-selectin in leukocyte accumulation in atherogenesis.
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Introduction

Extravasation of leukocytes requires sequential events of
leukocyte—endothelial interactions. It includes leukocyte
rolling along, firm adhesion to and transmigration through
the vascular endothelium, all steps that are mediated by cell
adhesion molecules (CAMs)* on leukocytes and endothe-
lial cells (1, 2). In this process, the efficiency of leukocyte
extravasation is dependent on each link in this chain of
events. Consequently, inhibition of any of the steps in this
inverted cascade will have powerful effects on the outcome
of leukocyte recruitment (3-6).

Rolling of leukocytes along venular endothelium is me-
diated primarily by the selectin family of CAMs. Endothe-
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lial P- and E-selectin have distinct but overlapping func-
tions in this process (5). P-selectin is a principal receptor for
leukocyte rolling and can be upregulated both from pre-
formed Weibel-Palade bodies in endothelial cells as well as
upon stimulation from certain mediators such as TNFo or
IL-1B (7). E-selectin, on the other hand, mediates slow
rolling and transition to firm adhesion and is expressed
from de novo synthesis only (8—10). Cytokine-induced ex-
pression of P- and E-selectin has also been demonstrated in
arteries, vessels that rarely express CAMs capable of mediat-
ing leukocyte rolling (11-13). Both endothelial selectins
bind to the P-selectin glycoprotein ligand 1 (PSGL-1)
which is constitutively expressed on many leukocyte sub-
classes (14). Other selectin ligands on leukocytes remain to
be clearly defined (14-16).

L-selectin is constitutively expressed on many leukocytes
and binds to ligands expressed on the endothelium in lym-
phoid tissues and at sites of inflammation (17, 18). In lym-
phoid tissues, these ligands have been well characterized
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both with regard to their structure as well as their func-
tional significance as endothelial homing receptors for
lymphocytes. In contrast, the identity of the endothelial
ligand(s) for L-selectin in inflammation is unclear. How-
ever, a recent study could show that the functional epi-
tope on inflamed endothelium mediating interactions with
L-selectin is identical with the HECA-452 binding cutane-
ous lymphocyte antigen (CLA) (19). In addition to the
unclear identity of endothelial ligand(s) on inflamed en-
dothelium, the functional roles for L-selectin—dependent
leukocyte—endothelial interactions in inflammation are con-
troversial. In some studies, function inhibition of L-selectin
in trauma-induced leukocyte rolling has resulted in marked
decreases in the flux of rolling leukocytes (1, 20, 21). In con-
trast, other studies have found no decrease in leukocyte roll-
ing after blockage of L-selectin function (5, 16). This appar-
ent inconsistency may be partly explained by the fact that
trauma-induced leukocyte rolling in venules becomes in-
creasingly dependent on L-selectin at later time points after
surgical preparation of the tissue exposed for intravital mi-
croscopy (22), suggesting that differences in experimental
setup could account for part of the contrariety between pub-
lished sets of data. However, the controversy as to the role of
L-selectin in leukocyte recruitment still remains.

Apart from the roles for L-selectin in mediating leuko-
cyte rolling along the endothelium, L-selectin has also been
implicated in other events potentially occurring in the pro-
cess of leukocyte recruitment. To initiate rolling, leuko-
cytes need to establish contact with the endothelium.
However, the mechanisms by which leukocytes achieve
this contact in vivo are unclear. Hypothetically, rolling can
be initiated by transition from nonspecific leukocyte—endo-
thelial contact to adhesion receptor—dependent rolling in-
teractions when leukocytes enter venules from the capillar-
ies. Alternatively, leukocyte rolling may commence upon
leukocyte capture from the free flow. In flow chambers in
vitro, capture of leukocytes from the free flow is a pre-
requisite for leukocyte rolling along the adhesive surface
and in this situation, capture provides a rate-limiting step in
leukocyte accumulation. Capture in vitro has been shown
to occur through two distinct mechanisms (see Fig. 1 A).
First, leukocytes can attach directly to the endothelium and
subsequently initiate rolling interactions, a phenomenon
called primary capture. Second, a freely flowing leukocyte
can transiently interact with a rolling leukocyte, subse-
quently attach to the endothelium, and initiate rolling in-
teractions in contact with, or immediately downstream of,
the previously rolling cell. This is known as secondary cap-
ture (23, 24). Secondary capture in vitro is mediated by
L-selectin that interacts mainly with PSGL-1, which pre-
sents L-selectin binding HECA-452 defined epitopes on
leukocytes (15, 25-29). However, the physiological roles
for capture, primary or secondary, have been questioned.
In the only study addressed to investigate these events in
vivo, capture was found to be of minimal importance in
leukocyte—endothelial interactions (30). Moreover, a re-
cent study could demonstrate that in flow chambers in
vitro, secondary capture is markedly decreased when whole
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blood rather than suspensions of leukocytes free from
erythrocytes are used (31). Consequently, primary and sec-
ondary capture have been regarded mainly as in vitro phe-
nomena with only minimal impact on leukocyte recruit-
ment in vivo. Instead, it has been postulated that leukocytes
interacting with the endothelium in inflammation initiate
rolling interactions immediately when entering venules
from the capillaries and hence, when they are already in
contact with the vessel wall.

In this study, we investigated the roles for capture of leu-
kocytes from the free flow under physiological conditions.
Our findings reveal that primary capture as well as L-selec-
tin—dependent secondary capture are important mechanisms
by which leukocytes initiate interactions with the endothe-
lium. Moreover, blockage of secondary capture has the po-
tential to decrease leukocyte rolling in many inflammatory
situations, a fact that provides increased understanding of
the roles for L-selectin in leukocyte recruitment in vivo.

Materials and Methods

Animals

Male wild-type (WT) C57BL/6 mice were obtained from B&K.
L-selectin—deficient mice (L") mice and appropriate controls
(B6/129F2) were obtained from The Jackson Laboratory. Ath-
erosclerotic ApoE deficient (ApoE") and ApoE/LDL receptor
double deficient (ApoE’LDLR") mice backcrossed into C57BL/6
mice for at least 10 generations were obtained from M&B. Ath-
erosclerosis prone mice were from 8 wk of age fed western diet
(Analyzen) based on cornstarch, sucrose, glucose, cocoa butter,
cellulose, minerals, and a vitamin mix. The diet contained 0.15%
cholesterol and 21% (wt/wt) total fat. All other animals were fed
normal chow. Water was provided ad libitum. Intravital micros-
copy experiments on atherosclerotic mice were performed on the
aorta at an age of 5-10 mo. All experiments were approved by
the regional ethical committee for animal experimentation.

Cytokine Stimulation

Cremaster Muscle.  Cytokines were given through intrascrotal
injections (a combination of 0.05 pwg human TNFa (hTNFa)
and 0.0125 pwg human IL-13 (hIL-1B) in 0.3 ml in PBS given
3—4 h before intravital microscopy).

Femoral Artery. hTNFa (0.05 pg) and hIL-1 (0.0125 pg)
were injected medially on the hindpaw.

Experimental Procedure

In experiments on the aorta, mice were anesthetized by sponta-
neous inhalation of 2% isoflurane (Forene®; Abbott) in 40% O,.
In all other experiments, mice were anesthetized by an intraperi-
toneal injection of 0.15—0.20 ml of a mixture of ketamine (Keta-
lar®; Parke-Davis; 25 mg/ml) and xylazine (Narcoxyl vet.®; Vet-
erinaria AG; 5 mg/ml). Catheters were placed in the left carotid
artery and in the left jugular vein. Blood pressure was monitored
and ranged between 60 and 100 mmHg. Temperature was kept
at 37°C with a heating pad and an infrared heat lamp. The ex-
posed tissue was superfused with a thermostated (37°C) bicarbon-
ate-buffered saline solution equilibrated with 5% CO, in nitrogen
to maintain physiological pH. Blood samples (10 pl) were taken
through the carotid catheter and later analyzed for systemic leu-
kocyte count (white blood count [WBC]) in a Biirker chamber.



Surgical Procedures

Aorta. The aorta was prepared as described previously (13).
In brief, the abdomen was opened through a midline incision and
the intestines were retracted. The aorta was carefully exposed and
separated from the vena cava for a distance of 2-3 mm immedi-
ately inferior of the renal arteries. The mouse was placed under
the microscope and an ultrasonic flowprobe connected to a flow-
meter (Transonic T-106 flowmeter, 0.7v probe) was placed
around the artery. Direct intravital microscopic observations were
performed on the abdominal aorta at least 4-5 mm downstream
of the flowprobe.

Femoral Artery. The skin was opened parallel to the femoral
vessels. The skin was retracted exposing the vessels for direct mi-
croscopic observations.

Cremaster Muscle.  The cremaster muscle was prepared as de-
scribed previously (22). In brief, an incision of the skin and fascia
ventrally on the right scrotum was made and the tissue was re-
tracted to expose the cremaster muscle. The muscle was incised
and spread on a transparent pedestal to allow transillumination.
The testis was then pinned to the side.

Intravital Microscopy. Microscopic observations were made us-
ing an intravital microscope (Leitz Biomed or Leitz Orthoplan)
with a water immersion objective (Leitz SW25 [observation of
leukocytes] or Nikon WI10 [flow measurements]). In experi-
ments on large vessels and in all flow measurements, epi-illumina-
tion fluorescence microscopy (Leitz Ploem-o-pac, [filter block
M2 or I2] illuminated by a cooled infrared filtered lamp [Osram
HBO 200W/4]) was used. In the microcirculation, observation of
leukocyte—endothelial interactions was performed using either
fluorescent or transmitted light. Labeling of circulating leukocytes
was made by an intravenous injection of Rhodamine 6G (0.3 mg/
ml, 0.67 mg/kg). Images were televised and recorded on video-
tape using Panasonic WV-1900 or WV-1550 video cameras.

Apnalysis of In Vivo Experiments

Vessel diameter (D) was measured from the microscopic image
and radius (r) was calculated as D/2. In the microcirculation, flow
(9) and wall shear rate (WSR [y,]) were calculated from r and by
measuring the velocity of intravenously injected fluorescent beads
(2.0 pm in diameter). The fastest beads were approximated to
represent axial flow velocity (v,,). v, was divided by the empiric
factor 2 to achieve mean flow velocity (v,) (32). The factor 2 was
controlled by investigating the relation between maximum veloc-
ity and mean velocity of fluorescent beads (data not shown). Flow
could then be calculated from v,, and r according to ¢ = v, 7.
WSR was subsequently calculated using the formula vy,, = 2.12 X
4q/mr according to Tangelder et al. (33). Rolling leukocyte flux
(RLF) was determined as the number of leukocytes passing a ref-
erence line perpendicular to blood flow. RLF fraction (RLFF)
was calculated as RLF divided by the total leukocyte flux (TLF)
in the observed vessel estimated from flow and WBC. Rolling
flux/mm was determined as RLF per mm observed vessel cir-
cumference calculated from mD. In large arteries, RLF was deter-
mined as the number of leukocytes rolling across a 0.15-mm long
reference line perpendicular to blood flow and rolling flux/mm
was calculated as RLF/0.15. Leukocytes were regarded as cap-
tured if they initiated endothelial contact within the field of vi-
sion and had not previously been in contact with the vessel wall.
Empirically, it was found that almost all secondary capture in vivo
occurred either in contact with, or 0-30 wm downstream of pre-
viously rolling leukocytes. Therefore, captured leukocytes were
regarded as potentially secondary if they attached in contact with
or 0-30 wm downstream of a previously rolling cell. All other
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captured leukocytes were regarded as primary. To adjust the
number of potentially secondary captured leukocytes for primary
capture occurring downstream of rolling cells, the number of po-
tentially secondary leukocytes was subtracted by the number of
cells that were captured 0-30 wm upstream of rolling leukocytes.
The outcome was determined as secondary capture. Capture/
mm? was determined as the number of captured leukocytes di-
vided by luminal vessel area calculated from wDI where [ repre-
sents the length of the observed vessel segment. In large vessels,
capture was examined in a 0.15 X 0.15 mm square area, and cap-
ture/mm? was calculated accordingly. Capture efficiency was cal-
culated as the ratio between the number of captured cells and
TLE. Capture efficiency/mm? was calculated as capture efficiency
divided by luminal vessel area calculated from wDI. In cremaster
muscle vessels >70 pwm in diameter, leukocytes could be ob-
served only on the side of the vessel facing the objective. In such
vessels, parameters of leukocyte capture and rolling were adjusted
by multiplying these parameters with a factor 2. Leukocytes were
regarded as detached if they released from rolling to the free flow
without reattaching within the field of vision.

Antibodies and Reagents

mAb MEL-14 against mouse L-selectin (50-70 g per mouse)
and mAb RB40.34 against mouse P-selectin (30 pg per mouse)
were obtained from BD PharMingen. Systemic treatment with
MEL-14 decreased WBC as described previously (34) and data
were carefully adjusted accordingly. Recombinant hIL-1 and
hTNFa were obtained from R&D Systems. Rhodamine 6G
came from Sigma-Aldrich. FITC-labeled microspheres were ob-
tained from Molecular Probes Inc.

Statistical Analysis

The data represent mean *= SEM of measurements obtained in
the indicated number of experiments. Statistical comparison be-
tween WT and L™/~ mice were performed using the Student’s ¢
test or the Mann-Whitney rank sum test, whereas comparison
before and after antibody blockage of CAMs were performed us-
ing paired ¢ test or Wilcoxon signed rank test for paired samples.
Nonparametric tests were used in the cases where samples were
not normally distributed. In all comparisons on normally distrib-
uted samples, nonparametric tests rendered values of significance
similar to what was found using f tests. In experiments investigat-
ing the relation between two parameters, linear regression was
used. Multiple linear regression was used to investigate how one
parameter was dependent on two independent parameters. Statis-
tical significance was set at P < 0.05. In the figures, *, **, and ***
denote diftference from control value by significance of P < 0.05,
P < 0.01, and P < 0.001, respectively.

Results

For specification of all parameters, see Materials and
Methods. WBC, vessel diameters, and WSR in different
experimental settings are shown in Table I. In arterioles
treated with a combination of 0.05 pwg hTNFa and 0.0125
wg hIL-1B, leukocyte rolling was observed in vessels >25
wm in diameter. In venules, leukocyte rolling was observed
in all types of vessels regardless of size or treatment. In
trauma-induced leukocyte rolling in venules, RLFF was
9.1 £ 1.3% and 13 = 2.7% in C57BL/6 and B6/129F2
mice, respectively (P = 0.846). In venules treated with cy-
tokines, RLFF in C57BL/6 was 4.9 £ 1.6% whereas in



Table I.

Systemic Leukocyte Counts, Vessel Diameters, and WSR in Different Experimental Situations

Number of
Vessel type Animal animals/vessels WBC Mono Poly Vessel diameter WSR
106 cells/ml % % wm s
Arterioles
hIL1B + hTNFa WwWT 20/83 5.1 = 0.53 54 3.0 46 *3.0 45 = 0.95 705 * 39
R:29-71 R: 165-1,924
L=/~ 7/34 37*0.62 40*52 60*52 45 =22 882 £ 81
R: 22-74 R:245-2,124
Venules
Trauma-induced wT 23/157 92*054 80=*x16 20*1.6 48 £ 1.4 493 = 18.2
rolling R: 16-106 R: 68-1,317
L/~ 7/51 72%21 78 £3.6 22*36 49 £ 31 567 * 32
R:21-111 R: 141-1,902
hIL1B + hTNFa WwWT 7/22 5315 43 62 57*62 61 =54 211 £ 21
R: 29-138 60—444
Femoral artery
hIL1B + hTNFa WT 5/25 51*+094 51*84 49*84 212 £ 3.7 -
R: 175-333
L/~ 6/19 5.0* 1.0 47 £12 53 *£12 179 = 5.4 -
R: 119-270
Aorta athero
ApoE?’,
ApoE/LDLR" 7/17 6.2 1.1 6424 36=*24 - -

All parameters are expressed as mean = SEM in the indicated number of experiments. R indicates range of the indicated parameter.

B6/129F2 mice it was 6.6 = 1.3% (P = 0.085). In addi-
tion, RLFF in arterioles was also similar in the two control
mouse strains (6.0 = 0.64% and 7.7 £ 1.5% for C57BL6
and B6/129F2, respectively; P = 0.332). Thus, for RLFF
as well as for all other parameters of leukocyte—endothelial
interactions (not shown), no significant differences between
C57BL/6 and B6/129F2 control mice were found and
therefore, data are pooled as WT mice. In trauma-induced
rolling in venules, RLFF was inversely correlated to diame-
ter and flow velocity (r = 0.347, P < 0.001; and r = 0.179,
P < 0.05, respectively), as described previously (22). In ar-
terioles, vessel diameter did not influence RLFF signifi-
cantly (r = 0.072, P = 0.518) whereas RLFF was highly
dependent on flow velocity (r = 0.484, P << 0.001). In all
experiments in venules, RLFF was lower compared with
what has been observed in most previous studies. This may
be due to the fact that the average diameter of the vessels
observed in this study is ~10-25 wm larger compared with
those studied in most previous reports (5, 16, 22). Thus,
the low RLFFs observed in this study are consistent with a
trend of decreasing RLFF in venules of increasing diame-
ters observed in previous studies.

Capture of Leukocytes Occurs in Various Types of Vessels In
Vivo and Correlates with the Rate of Leukocyte Detachment from
the Endothelium. 1In all types of microvessels studied, leu-
kocyte capture to, and detachment from, the endothelium
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was observed. Capture was more prominent in arterioles as
compared with venules (Fig. 1 B). Regardless of inductive
stimulus or vessel type, a close relation between capture
and detachment was found (r = 0.843, P < 0.001; Fig. 1
C) indicating that in the situations where capture is distinct,
there is a prominent turnover of leukocytes attaching to
and detaching from the endothelium. In situations of low
detachment (i.e., stable rolling), the contribution of capture
to leukocyte—endothelial interactions is less substantial.
Capture of Leukocytes in Venules Is Strongly Dependent on
Vessel Diameter and WSR. In arterioles, capture was
prominent in all arterioles where leukocyte rolling was ob-
served regardless of vessel diameter or WSR indicating that
capture is a prerequisite for leukocyte rolling in arterial ves-
sels (Fig. 1 D, left). In contrast, capture in venules was rare
at small diameters and at low WSR whereas in larger
venules and at higher WSR, capture was significant and
could reach levels equal to what was seen in arterioles
(multiple regression: r = 0.488, P < 0.001; Fig. 1 D, right).
This indicates that leukocyte rolling in small venules is not
initiated by capture of leukocytes from the free flow but
rather through direct transition from mechanical leuko-
cyte—endothelial contact in narrow capillaries where leuko-
cytes are caught against the vessel wall, to CAM-dependent
rolling interactions when leukocytes enter into venular ves-
sels. At higher WSR or at larger vessel diameters than de-
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Figure 1. The concept of cap-

ture and the influences of vessel
o type, pretreatment, vessel diame-
ter, and WSR on capture in
vivo. (A) Capture in vitro occurs
through either of two distinct
mechanisms. Leukocytes may at-
tach directly to the endothelium
and subsequently initiate rolling
interactions, an event called pri-
mary capture. Alternatively, a
freely flowing leukocyte can
transiently interact with a previ-
ously rolling leukocyte, and sub-
sequently initiate a rolling inter-
action with the endothelium
immediately downstream of the
previously rolling cell. This
event is known as secondary cap-
ture. (B) RLF, capture, and de-

tachment in arterioles and venules of the mouse cremaster muscle microcirculation after cytokine stimulation of the tissue, and in response to preparation
trauma only. Capture represents the number of leukocytes that initiated rolling within the central part of the field of vision without previously having
been in contact with the vessel wall. (C) Capture of leukocytes in various situations in the microcirculation plotted against leukocyte detachment from the
endothelium (r = 0.843, P < 0.001). Data for venules and arterioles are indicated by dots or circles, respectively. (D) Capture of leukocytes from the free
flow was plotted against vessel diameter and WSR. In arterioles, capture of leukocytes to the endothelium occurs in all vessels where leukocyte rolling is
observed. In venules, capture is low at low WSR and in vessels of small diameters whereas in larger venules and at higher WSR, capture is prominent.

picted in Fig. 1 D, capture was found in all types of vessels
where leukocyte rolling was observed.

Primary and Secondary Capture Contribute to Capture of Leu-
kocytes In Vivo. As capture proved to be a significant
feature of leukocyte—endothelial interactions in various sit-
uations, we investigated the respective contribution of pri-
mary and secondary capture to total capture of leukocytes
in the microcirculation in vivo. Interestingly, secondary
capture was regularly observed in all situations where pri-
mary capture was evident. Sequential images of primary
and secondary capture in an arteriole treated with hIL-13
and hTNFa are shown in Fig. 2 A. Secondary capture oc-
curred through interactions between rolling and freely
flowing leukocytes whereas secondary capture mediated by
firmly adherent cells was hardly observed. Primary and sec-
ondary capture increased with increasing flux of rolling
leukocytes (not shown). In addition, secondary capture
seemed to require a minimum rolling flux to become
prominent. This is likely because rolling leukocytes will
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present the required adhesive surface towards freely flow-
ing cells for secondary capture to occur, and increased roll-
ing flux will thus increase secondary capture.

Secondary Capture Is L-Selectin Dependent and Increases Cy-
tokine-induced Leukocyte Rolling in Arterioles and Trauma-
induced Rolling in Venules In Vivo. Because secondary cap-
ture in vitro has been shown to be mediated by L-selectin
interacting with PSGL-1 (15, 25-29) we sought to analyze
whether this holds true also in the in vivo situation. In the
mouse cremaster muscle, trauma-induced rolling in venules
at early time points after tissue exteriorization (<60 min) as
well as cytokine-induced rolling in arterioles have been
shown to be critically dependent on endothelial P-selectin
(12, 22). In this study, these data were confirmed (Fig. 3
A). As previous data combined do not support a role for in-
teractions between L-selectin and P-selectin (14, 23, 35,
36), a possible contribution of L-selectin to secondary cap-
ture, as well as a contribution of secondary capture to leu-
kocyte rolling, could then be unmasked through inhibition
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of L-selectin function, without interfering with direct in-
teractions between leukocytes and endothelial cells.
Having determined that direct interactions between leu-
kocytes and endothelial cells in cytokine-treated arterioles
as well as in venules at early time points after tissue exteri-
orization are P-selectin dependent (and L-selectin indepen-
dent), we analyzed interactions in such vessels in situations
of inhibited L-selectin function. Data are shown in Table II
and in Fig. 3, B-D. In arterioles, RLFF was lower in L™/~
mice compared with WT (P < 0.001; Fig. 3 B, left). In ad-
dition, secondary capture was virtually absent in L™/~ mice
(P < 0.001) resulting in lower total capture (P < 0.001)
and lower total capture efficiency/mm? (P < 0.01) than
what was seen in WT mice. Similar findings were made
in WT mice treated with a function-blocking antibody
against L-selectin (MEL-14; Fig. 3 B, right). Absence of
secondary capture was also found in trauma-induced rolling
in venules of L™/~ mice and in WT mice treated with
MEL-14 (Fig. 3 C). However, decreased RLFF was evi-
dent only in venules larger than ~45 pm (P < 0.001)
whereas no significant reduction in RLFF was detected in
smaller venules (L™/7; P = 0.246, and MEL-14; P =
0.219; Table II). The persistence of RLFF in small venules
is in accordance with the limited capture seen in these ves-
sels (Fig. 1 D), making absence of secondary capture less
significant in this situation. The distinct impact of antibody
blockage of L-selectin in various-sized venules is clearly il-
lustrated in Fig. 3 D. Importantly, in all experiments in-
volving L-selectin inhibition, the efficiency of primary cap-
ture was not altered compared with the intact situation.
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Hence, despite the fact that the number of leukocytes that
initiated contact with the endothelium directly was similar
in the compared situations, and that endothelial cells thus
seemed equally adhesive for leukocytes, rolling flux was
decreased when secondary capture was blocked. Taken to-
gether, the data strongly indicate that secondary capture in-
creases the ability for leukocytes to initiate interactions
with the endothelium in cytokine-induced rolling in arteri-
oles as well as in trauma-induced rolling in venules in vivo,
and that recruitment of leukocytes to the rolling cell popu-
lation is promoted by this phenomenon. In addition, these
data also suggest that L-selectin does not participate in pri-
mary capture under these conditions.

Primary and Secondary Capture Are Prominent Features of
Leukocyte—Endothelial Interactions in Large Arteries and in Ath-
erosclerosis In Vivo. To address the impact of secondary
capture on leukocyte recruitment in large vessels, we stud-
ied capture and rolling of leukocytes in the femoral artery
of cytokine-stimulated WT and L™/~ mice, and in the aorta
of atherosclerotic ApoE’ and ApoE’LDLR mice. In these
situations, interactions between leukocytes and endothe-
lium are critically dependent on P-selectin (13, 37). None-
theless, rolling flux in the femoral artery in WT mice was
higher compared with L™/~ mice (19 = 2.4 cells/30 s vs.
11 = 2.5 cells/30 s, P < 0.01; Fig. 4 A). This correlated to
complete absence of secondary capture in knockout ani-
mals (P < 0.001) whereas primary capture was similar in
both strains (3.3 £ 0.48 and 3.6 = 0.54 cells/30 s in WT
and L™/~ mice, respectively; P = 0.648). Moreover, cap-
ture was prominent in leukocyte—endothelial interactions
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Figure 3. Secondary capture is L-selectin dependent and contributes to cytokine-induced leukocyte rolling in arterioles and trauma-induced rolling in
venules in vivo. (A) RLFFs in the microcirculation after antibody blockage of P- or L-selectin. RLFF was determined as rolling flux divided by the total

number of leukocytes traveling in the vessel estimated from flow and WBC.

(B and C) Impact of inhibition of L-selectin on RLFF and capture efficien-

cies in cytokine-treated arterioles and in trauma-induced rolling in venules at early time-points. Results were obtained in arterioles and venules of WT
and L™/~ mice (left panels), and in WT mice before and after antibody blockage of L-selectin (right panels). Figures are based on data presented in Table
I1. Capture efficiency/mm? represents the ratio between leukocytes that were captured within the field of vision and the total number of leukocytes trav-
eling in the vessel adjusted for differences in luminal vessel area. (D) The percentage of RLFF after function inhibition of L-selectin in venules compared
with RLFF before antibody treatment plotted against vessel diameter. Antibody blockage of L-selectin function (which abolished secondary capture) de-
creased RLFF in large venules (>45 wm in diameter) whereas in venules of diameters less than 45 wm, RLFF remained unchanged.

on atherosclerotic lesions in the mouse aorta (Fig. 4 B). On
average, primary capture and secondary capture over a pe-
riod of 30 s were 7.5 = 1.6 and 2.7 = 0.75 cells, respec-
tively. However, similar to what was observed in microves-
sels, secondary capture was prominent only when rolling
flux exceeded a minimum threshold value (~60-70 cells/
mm X 30 s; Fig. 4 C), indicating that secondary capture in
atherosclerosis may be significant at sites of high endothelial
CAM expression and hence, at high inflammatory activity.
Secondary Capture Gives Rise to Rolling Clusters and Rolling
Strings of Leukocytes in Arterioles and Arteries. In flow
chambers in vitro, secondary capture induces formation of
strings of leukocytes rolling along the adhesive surface.
Therefore, we investigated the patterns of leukocyte rolling
that were generated in WT and L™/~ mice. No rolling
strings were observed in microvessels. However, we found
that leukocytes rolling in arterioles, but not in venules, of
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WT mice typically formed clusters of three or more leuko-
cytes with variable time delay in between (Fig. 5 Al).
Rolling clusters were by direct observation of their forma-
tion found to be induced by secondary capture. Conse-
quently, rolling clusters were not evident in L™/~ mice. In
large arteries, rolling clusters were prominent both in the
cytokine-treated femoral artery as well as in the aorta of
atherosclerotic mice (Fig. 5, A2—A6). Moreover, in large
arteries, strings of rolling leukocytes were sometimes ob-
served. Formation of a rolling string downstream to an ath-
erosclerotic plaque is illustrated in Fig. 5 B.

Discussion

In the multistep process of leukocyte recruitment, the
mechanisms involved in the initial contact between leuko-
cytes and endothelium are unclear. Previous studies in vitro



Table II.

Leukocyte Capture and Rolling in Various Situations in the Microcirculation

Vessel type/ Animal  Rolling Total Primary Secondary
treatment (N/n) flux RLFF capture TCE/mm? capture PCE/mm? capture SCE/mm?
% % % %
Arterioles
wWT 2318 63*059 63*063 11520 4.0*0.36 80 = 16 2.3 £0.31 35+ 6.6
(20/83)
hIL1B + L~/ 77*x15 35*13 3.4 *+0.54 55+ 14 3.3 *0.50 54 £ 14 0.13 £0.048 1.1 =045
hTNFa (7/34)
P <0.001 P<0.001 P =0.001 P = 0.005 P=0.118 P =0.090 P < 0.001 P < 0.001
WT anti-L: Before 24 *2.6 7.3 =*1.0 53*+059 136 =228 3.2 *0.34 90 *= 21 2.2 +0.35 47 =10
(5/34)
After 83 *0.90 52 *0.72 1.9 030 108*£33 19=*x030 107=*=33 0.017 £0.017 0.70 £0.70
(5/34)
P<0.001 P<0.034 P < 0.001 P =0.505 P < 0.001 P =0.258 P < 0.001 P < 0.001
Venules
wWT 38*+25 10x1.1 1.7 £ 0.25 27 £51 098 £0.14 16 =3.1 0.71 £ 0.11 11£23
Trauma (23/157)
Al & L/~ 20*x20 59=x12 0.85 = 0.28 20 8.8 083 %027 19=*=87 0.020*0.014 037 £0.34
(7/51)
P<0.001 P<0.001 P=0.100 P=0.074 P=0487 P=0.303 P < 0.001 P < 0.001
WT anti-L: Before 43 3.8 8.6 £0.86 1.9 £0.32 1936 1.1 £0.20 12 £24 0.81 = 0.14 75*+13
(7/52)
After 12*1.5 5.0=*x0.72 0.45=*=0.10 16 £42 0.45 £0.099 16 £4.2 0.0052 £ 0.0052 0.011 £ 0.011
(7/52)
P<0.001 P<0.001 P<0.001 P=0.097 P<0.001 P=0915 P < 0.001 P < 0.001
WT 3032 14*£20 1.1 £0.33 41£99 061 016 24 =*x6.1 0.50 £ 0.17 17 £ 45
Trauma (23/71)
& < 45 pm L/~ 17 £3.0 10=*x22 0.43 £ 0.18 36 18 0.41 *£0.16 35=*18 0.020 = 0.020 0.73 *£0.73
(7/24)
P=0.033 P=0246 P=0379 P=0294 P=0580 P=0.564 P =0.021 P =0.023
WT anti-L: Before 25 *39 9.1 *14  0.60 = 0.20 17*£63 037014 11 *44 0.23 £ 0.071 6*21
(7/25)
After 72*14 69*12 0.19*0.075 18*7.4 0.19*0.075 18=*7.4 0 0
(7/25)
P<0.000 P=0.219 P=0.021 P=0.946 P=0.147 P =0.622 P = 0.004 P = 0.004
wWT 4536 64*0.64 22036 15*+33 13*023 86=*17 0.88 = 0.15 6.3 *1.7
Trauma (23/86)
> 45 pm L/~ 23 +24 2.0 =*0.27 1.2 = 0.51 45*16 12*x049 44=*x15 0.019*0.019 0.052 *0.052
(7/27)
P=0.009 P<0.001 P =0.194 P = 0.057 P=0.758 P =0.275 P < 0.001 P < 0.001
WT anti-L: Before 62 *4.1 7.7 £0.89 3.3 £0.49 22*39 19*0.32 12 £ 25 1.4 £0.21 93 1.7
(7/27)
After 16 £23 33 *0.68 0.68*0.17 13 £ 3.6 0.067 £ 0.16 13 *+3.6 0.010 =0.010 0.022 * 0.022
(7/27)
P <0.001 P<0.001 P < 0.001 P = 0.042 P=0.002 P=0.516 P <0.001 P < 0.001
hIL1B + WT 1233 56*x1.0 074*x034 52*x20 048025 35%x15 0.26 = 0.14 1.7 £ 0.98
hTNFa (7/22)

All parameters are expressed as mean = SEM in the indicated number of animals and vessels (N/n). Values of significance (P) are indicated below
compared groups in the respective columns. Total capture efficiency (TCE)/mm?, primary capture efficiency (PCE)/mm? and secondary capture
efficiency (SCE)/mm? represent total-, primary, and secondary capture efficiency adjusted for differences in the observed vessel area, respectively.
Anti-L indicates treatment with the L-selectin blocking antibody MEL-14. J indicates vessel diameter.
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Figure 4. Secondary capture increases leukocyte recruitment in large
arteries and in atherosclerosis in vivo. (A) Characteristics of capture and
rolling in the cytokine-treated mouse femoral artery. Data for rolling flux
and capture are indicated. Leukocyte—endothelial interactions were abol-
ished by treatment with a function-blocking antibody against P-selectin
(not shown). (B) Leukocyte capture and rolling on atherosclerotic lesions
in the aorta of ApoE" and ApoE/LDLR mice. Data for capture and roll-
ing flux are shown. (C) Secondary capture on atherosclerotic lesions in
the mouse aorta plotted against RLF. RLF/mm represents the flux of
rolling leukocytes adjusted for differences in the width of the vessel sec-
tion observed. Secondary capture/mm? represents the number of leuko-
cytes that initiated contact with atherosclerotic endothelium through sec-
ondary capture adjusted for differences in luminal vessel area.
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and in vivo are contradictory inasmuch as capture of leuko-
cytes from the free flow, primary and secondary, has been
shown to be of importance in in vitro models whereas
other data question a role for capture in physiological sys-
tems. Moreover, the roles for L-selectin in leukocyte re-
cruitment remain controversial.

In this study, we hypothesized that primary and second-
ary capture might be of importance in leukocyte recruit-
ment in vivo. Interestingly, capture was found to exist in all
vessel types studied. The significance of capture is greater in
all arterial vessels compared with venules, inasmuch as the
ratio between capture and rolling flux was up to 10-fold
higher in arterial vessels. This corresponds to a high turn-
over of leukocytes attaching to and detaching from the en-
dothelium in arterioles, and demonstrates that leukocyte
rolling in these vessels is not as stable as rolling in venules,
including those venules that have received no proinflam-
matory treatment before observation. As WSR in venules
and arterioles are not dramatically different, the differences
in stability of leukocyte rolling in microvessels are likely
due to difterences in CAM expression between these vessel
types (11).

Capture in arterioles was observed in all vessels where
leukocyte rolling was detected, regardless of vessel diame-
ter or WSR. This strongly indicates that leukocyte rolling
in arterial vessels is dependent on initial capture as no cap-
illaries, where leukocytes can initiate interactions with the
endothelium without being captured from the free flow,
are located upstream. In contrast, leukocyte rolling in
venules is not always dependent on capture from the free
flow. Instead, capture is rare in small venules (<45 wm in
diameter) and at low WSR indicating that leukocyte roll-
ing in these vessels is initiated mainly when leukocytes en-
ter venules from the capillaries and hence, when they are
already in contact with the vessel wall. However, capture
is clearly significant in venules of larger diameters. These
data provide likely explanations why capture has previ-
ously not been recognized in vivo, as a prior study, where
no role for capture in vivo was detected, investigated this
phenomenon in the formation of stable clusters of leuko-
cytes in cytokine-treated venules with mean diameters of
36 wm (30). In this study, we found that interactions be-
tween leukocytes and endothelial cells in such a situation
are stable and that capture is limited. However, in other
situations of leukocyte—endothelial interactions, capture is
clearly of importance.

Capture in the microcirculation occurs through both
primary and secondary capture. Primary capture is regularly
more prominent than secondary capture and the contribu-
tion of secondary capture to total capture is dependent on
rolling flux inasmuch as secondary capture becomes more
significant above a minimum flux of rolling leukocytes. In
L™/~ mice as well as in WT mice treated with a function-
blocking antibody against L-selectin, secondary capture is
virtually absent. This strongly indicates that the leukocyte—
leukocyte interactions observed in this study are L-selectin
dependent and that these interactions are identical to sec-
ondary capture previously observed in vitro. Furthermore,



the presence of secondary capture increases RLF. Block-
age of secondary capture through function inhibition of
L-selectin decreases leukocyte rolling even in situations
where direct interactions between leukocytes and endothe-
lial cells are independent of this CAM. This is apparent in
all arterial vessels and in venules of diameters larger than
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~45 nm, although this mechanism likely influences leuko-
cyte rolling also in somewhat smaller venules (35-40 pm),
especially at high WSR (Fig. 1 D). These findings could,
together with previous observations regarding the sequen-
tial contribution of P- and L-selectin in the time frame of
trauma-induced leukocyte rolling (22), explain the some-
what contradictory data concerning the role for L-selectin
in leukocyte—endothelial interactions. Evidently, depend-
ing on the size of venules subjected to study of leuko-
cyte—endothelial interactions, opposite conclusions may be
reached as to the impact of blockage of L-selectin. Indeed,
on evaluation of previous studies in models where direct
interactions between leukocytes and endothelial cells were
likely L-selectin independent, blockage of L-selectin func-
tion was found to have no impact on leukocyte rolling in
reports where venules of small diameters were subjected to
study (5, 16, 38). In contrast, in the case of clear-cut effects
of function inhibition of L-selectin reported in the litera-
ture, larger venules have been observed (22, 39). Increased
importance of L-selectin with increasing venular diameters
has been suggested previously, however, without taking
into account the possibility of secondary capture (40). Fur-
thermore, because leukocyte rolling is a prerequisite for
secondary capture, low flux of rolling leukocytes may in
some studies also have limited the impact of L-selectin
blockage (41). This may also hold true for leukocyte rolling
in arterioles (12). Hence, our findings demonstrating a role
for secondary capture in the microcirculation do not con-
tradict previous data but rather explain the apparent incon-
sistency in the literature regarding the role for L-selectin in
leukocyte recruitment, and extends L-selectin—dependent
adhesion to involve the two separate mechanisms of leu-
kocyte—endothelial and leukocyte—leukocyte interactions.
Consequently, in many situations of leukocyte recruitment,
L-selectin—dependent secondary capture will be of impor-
tance and should be taken into consideration.

Interestingly, the impact of secondary capture may also
hold true for venules exposed to inflaimmatory stimuli. In
this study, we demonstrate that primary and secondary cap-
ture occur in venules after treatment with inflammatory
mediators. However, the contribution of secondary capture

Figure 5. Secondary capture in arterial vessels induces formation of
rolling clusters and rolling strings of leukocytes. (A) Demonstration of
rolling clusters in arterial vessels. In A1, the number of leukocytes passing
a reference line during 20 consecutive 3-s periods in a WT (top) and an
L™/~ (bottom) arteriole are shown. The respective parameters of capture
and rolling in the depicted experiments were: Rolling flux, 95 (WT) and
75 (L7/7); primary capture, 16 (WT) and 22 (L~/7); and secondary cap-
ture, 20 (WT) and 0 (L7/7). In A2-A6, the buildup of a rolling cluster in
a cytokine-stimulated femoral artery is demonstrated. D indicates vessel
diameter. P and S indicate primary and secondary capture, respectively.
Large arrow indicates direction of flow. Bar, 100 wm. Images were taken
at times 0, 0.64, 1.24, 1.52, and 2.52 5. (B) Sequential video frames show-
ing the formation of a rolling string on an atherosclerotic lesion in the
right iliac artery of an ApoE’/LDLR" mouse in vivo. The orientation of
the microscopic images is shown in B1. In B2-B6, the lesion is visible in
the bottom left as a bright area. Large arrow indicates direction of flow.
Bar, 100 pm. Images were taken at times 0, 0.54, 2.36, 3.20, and 3.96 s.



to leukocyte rolling was not specifically addressed due to
the difficulty in investigating the impact of blockage of sec-
ondary capture through function inhibition of L-selectin
when L-selectin—dependent leukocyte—endothelial interac-
tions occur in parallel to leukocyte—leukocyte interactions.
Nonetheless, previous studies have shown that function in-
hibition of L-selectin in the inflamed microcirculation can
decrease venular flux of rolling leukocytes by as much as
40-80% (17, 39, 42, 43), despite the fact that in mice defi-
cient in both P- and E-selectin, L-selectin—dependent leu-
kocyte rolling in cytokine-stimulated venules may be as
low as 1% of the rolling flux seen in WT mice (17). How-
ever, about half of the neutrophils in E- and P-selectin
double knockout mice have very low surface expression of
L-selectin, a fact that may contribute to the low L-selectin—
dependent rolling seen in these mice (44). Nonetheless, be-
tween reports, there may be a discrepancy between the im-
pact of inhibiting L-selectin function and the potential for
L-selectin in mediating direct interactions between leuko-
cytes and endothelial cells. This discrepancy may at least in
part be due to secondary capture.

The presence of secondary capture in mediator-induced
inflammation also introduces conceivable explanations for
the discrepancy in several experimental setups between the
impact of function inhibition of L-selectin on leukocyte
rolling on one hand and leukocyte extravasation on the
other, i.e., despite that L-selectin blockage may decrease
leukocyte rolling as well as it may decrease extravascular
migration of leukocytes (38), leukocyte recruitment to the
extravascular space may remain largely unaffected (39, 45,
46). Plausibly, because RLFF is higher in small venules
compared with large venules (this study, reference 22), ex-
travasation is likely to take place mainly in the former,
where secondary capture is of minor importance. In con-
trast, when studying leukocyte rolling after similar stimuli,
large venules may have been investigated, and in these ves-
sels function inhibition of L-selectin, and thus blockage of
secondary capture, may decrease rolling flux. Furthermore,
differences in local blood flow and WSR caused by treat-
ment with different inflammatory stimuli may also influ-
ence the role of secondary capture and hence, the role of
L-selectin. Taken together, this study indicates that vari-
ables distinct from the induction of endothelial L-selectin
ligands may influence the outcome of L-selectin—mediated
leukocyte rolling and recruitment.

In large arteries, we clearly show the impact of primary
and secondary capture in leukocyte—endothelial interac-
tions. In the femoral artery, secondary capture contributes
to recruitment of leukocytes to the rolling cell pool. Corre-
spondingly, secondary capture of leukocytes occurs on ath-
erosclerotic lesions. Similar to what is found in other ves-
sels, secondary capture in atherosclerosis is more significant
at high flux of rolling leukocytes. Thus, the contribution of
secondary capture to leukocyte recruitment in athero-
sclerosis is more prominent in areas where interactions
between leukocytes and endothelium are abundant and
hence, at sites of high inflammatory activity.

In flow chambers in vitro, secondary capture induces
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formation of so called rolling strings of leukocytes (15, 24,
27). However, in this in vivo study, rolling strings were not
observed in vessels in the microcirculation. The discrep-
ancy between in vivo and in vitro appearance of capture
may be due to differences in the geometry of flow cham-
bers and that of microvessels. On the other hand, in large
arteries, which have a geometrical structure that more
closely resembles the geometry of in vitro flow chambers,
rapidly moving strings of leukocytes were sometimes ob-
served. Moreover, in all arterial vessels, secondary capture
induces formation of clusters of leukocytes rolling along the
endothelium. Rolling clusters were directly observed to be
dependent on secondary capture and were clearly attenu-
ated in L™/~ mice, further indicating the importance of
secondary capture in their formation.

In summary, we have defined roles for primary and sec-
ondary capture in a number of situations of leukocyte re-
cruitment in vivo. Capture of both types are more promi-
nent in vessels of the arterial tree compared with venules,
and in arterial vessels secondary capture induces formation
of rolling clusters and rolling strings of leukocytes. In
venules, capture of leukocytes from the free flow is low in
small venules and at low WSR, whereas in larger venules
and at higher WSR, capture is significant. This indicates
that leukocytes rolling in small venules initiate rolling inter-
actions immediately when entering venules from the capil-
laries. Blockage of secondary capture through inhibition of
L-selectin decreases the flux of rolling leukocytes in arterial
vessels and in large, but not small, venules. The distinct im-
pact of blockage of L-selectin in venules of different diame-
ter range provides a likely explanation for discrepancies in
the literature as to the contribution of L-selectin in leuko-
cyte recruitment. What is more, secondary capture occurs
on atherosclerotic lesions and supports recruitment of leu-
kocytes to the arterial wall. We thereby define a previously
not recognized, L-selectin—dependent, cell adhesion path-
way in leukocyte recruitment in atherosclerosis.
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