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Abstract

 

Leukocyte recruitment requires leukocyte rolling, activa-
tion, firm adhesion, and transmigration. Injection of the
proinflammatory cytokine TNF-

 

a

 

 induces expression of
E-selectin, interleukin-8, and other adhesion molecules
and chemoattractants on the endothelial surface. TNF-

 

a

 

–
treated CD18 null mouse cremaster muscle venules show
increased leukocyte rolling velocity and reduced leukocyte
recruitment efficiency. Leukocyte recruitment in CD18 null
but not wild-type mice is significantly blocked by an mAb to
E-selectin. To understand this overlap between adhesion
events previously considered separate, we introduce a quan-
titative analysis of the efficiency of induction of rolling, con-
version of rolling to adhesion, and of adhesion to trans-
migration. We find that CD18 and E-selectin cooperate to
control the time a leukocyte needs to roll through an in-
flamed area and to convert rolling to firm adhesion. Leuko-
cyte rolling time, defined as the time it takes for a rolling
leukocyte to pass through a defined length of a vessel seg-
ment, emerges as a unifying parameter determining the effi-
ciency of inducing firm adhesion, which is a rate-limiting
step controlling leukocyte recruitment in inflammation. We
conclude that leukocytes integrate chemoattractant signals
while rolling along the endothelial surface until they reach a

 

critical level of activation and become firmly adherent.
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Introduction

 

Leukocyte adhesion during inflammation is thought to pro-
ceed in a cascade-like fashion, in which selectins are responsi-
ble for leukocyte capture and rolling, and integrins for mediat-
ing firm adhesion and transmigration (1, 2). The current
paradigm holds that rolling and adhesion are separate, sequen-
tial steps in the adhesion cascade, because blocking the selec-

tin class of adhesion molecules (3–5) or interfering with 

 

b

 

2

 

 in-
tegrin (CD18) function (6, 7) can each reduce leukocyte
accumulation at sites of inflammation.

In a model of inflammation induced by intrascrotal in-
jection of TNF-

 

a

 

 in mice, E- and P-selectin expression are
induced on the surface of the venular endothelium in the
cremaster muscle (8). This expression coincides with the in-
duction of leukocyte rolling in these microvessels (3, 9–11). Al-
though mice deficient in P-selectin demonstrate a deficit in
trauma-induced leukocyte rolling primarily during the first
hour after exteriorization (9, 12), the number of rolling leuko-
cytes after treatment with TNF-

 

a

 

 is close to normal in P-selec-
tin–deficient mice (9) and elevated in E-selectin–deficient
mice (10). E-selectin preferentially mediates slow leukocyte
rolling (

 

,

 

 5 

 

m

 

m/s), while P-selectin mediates more rapid leu-
kocyte rolling (20–50 

 

m

 

m/s) (10, 11). Based on the absence of
rolling and the severe inflammatory defect seen in E- and
P-selectin double-deficient mice (4, 5), rolling is thought to be
required for firm adhesion. However, it is not known why roll-
ing is required for firm adhesion to occur. Current hypotheses
include that rolling may be necessary to physically slow down
leukocytes because the integrins may have forward reaction
rates (on-rates) insufficient to promote leukocyte binding from
flow (13). Second, a close geometric proximity may be neces-
sary between the rolling leukocyte and the endothelial surface
to allow leukocyte activation by inflammatory chemoattrac-
tants such as platelet-activating factor (PAF)

 

1

 

 and IL-8 pre-
sented on the endothelium to promote subsequent arrest (14).
Third, leukocyte rolling may be required to allow a sufficiently
long presence of the leukocytes in the area of inflammation so
that they can be activated by chemokines during their transit.

Here, we test the hypothesis that the rolling time of leuko-
cytes through inflamed microvessels and hence their exposure
time to chemoattractants may determine the efficiency of leu-
kocyte arrest. To investigate this hypothesis, we use mice with
a null mutation in the CD18 gene (7). To examine possible co-
operative functions of CD18 and E-selectin in leukocyte roll-
ing and firm adhesion, we use function-blocking mAbs to
E-selectin in wild-type or CD18 null mice and study the rolling
velocities as well as the accumulation of adherent leukocytes in
venules and transmigrated leukocytes in the interstitial tissue.
Earlier studies have not focused on CD18 and E-selectin and
have not defined the efficiency of various steps in the adhesion
cascade. Here, we introduce parameters suitable to identify
the cause of the inflammatory defects resulting from blockade
of CD18 and/or E-selectin. These parameters reflect the net
efficiency of conversion from free flowing to rolling, rolling to
firm adhesion, and firm adhesion to transmigration (Fig. 1).
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An overall inflammation efficiency parameter is defined as the
ratio between the concentration of leukocytes in the interstitial
tissue surrounding each venule and the concentration of circu-
lating leukocytes.

 

Methods

 

Animals.

 

Male CD18 null mice (mixed 129/Sv 

 

3

 

 C57BL/6 back-
ground) were obtained from established colonies derived from a
gene-targeted founder (7). All mutant mice used in this study were
offspring from homozygous F2 intercrosses. Control mice were of
matching age and strain.

 

Antibodies and cytokines.

 

The rat anti–mouse monoclonal anti-
body to E-selectin, 9A9 (IgG1), has previously been shown to specifi-
cally block E-selectin function in vitro (15) and E-selectin–dependent
rolling in vivo (10). mAb 9A9 was a generous gift of Dr. B. Wolitzky
(Hoffman-La Roche, Inc., Nutley, NJ). Recombinant murine TNF-

 

a

 

(Genzyme, Cambridge, MA) was injected intrascrotally at a dose of
500 ng per mouse in a volume of 0.3 ml of sterile saline 2 h before the
beginning of the intravital microscopic experiments. In some animals,
mAb 9A9 (100 

 

m

 

g per mouse) was administered as an intraperitoneal
(i.p.) injection at the time of TNF-

 

a

 

 injection.

 

Intravital microscopy.

 

Mice were anesthetized with an i.p. injec-
tion of ketamine hydrochloride (100 mg/kg, Ketalar; Parke-Davis,
Morris Plains, NJ) after pretreatment with sodium pentobarbital (30
mg/kg i.p., Nembutal; Abbott Laboratories, North Chicago, IL) and
atropine (0.1 mg/kg i.p.; Elkins-Sinn, Inc., Cherry Hill, NJ). The tra-
chea was intubated, and one jugular vein was cannulated for adminis-
tration of anesthetic throughout the intravital microscopic experi-
ment. One carotid artery was cannulated for blood pressure
monitoring, blood samples, and systemic mAb injections. Mice were
kept at a constant temperature of 37

 

8

 

C with a thermo-controlled
heating lamp (Physitemp Instruments, Clifton, NJ) and received 

 

z

 

 0.2
mL/h diluted pentobarbital in saline i.v. to maintain anesthesia and a
neutral fluid balance. The cremaster muscle was prepared for intra-
vital microscopy as described (10). The epididymis and testis were
gently pinned to the side, exposing the well-perfused cremaster mi-
crocirculation. The cremaster muscle was superfused with thermo-
controlled (35

 

8

 

C) bicarbonate-buffered saline. Blood samples (10 

 

m

 

L
each) were taken throughout the experiment from the carotid cathe-
ter at 

 

z

 

 45-min intervals to analyze systemic leukocyte concentra-
tions. Differential leukocyte counts were obtained by evaluating
Kimura-stained blood samples in a hemocytometer.

Microscopic observations were made on an intravital microscope
(Axioskop; Zeiss, Thornwood, NY) with a saline immersion objective
(SW 40/0.75 numerical aperture). Each venule was observed for 

 

z

 

 60 s.
Venules with diameters between 20 and 80 

 

m

 

m were observed and re-
corded via a CCD camera system (model VE-1000CD; Dage-MTI,
Inc., Michigan City, IN) on a Panasonic S-VHS recorder. Centerline
red blood cell velocity was measured using a dual photodiode and a
digital on-line cross-correlation program (16). Centerline velocities
were converted to mean blood flow velocities by multiplying with an
empirical factor of 0.625 (17). Wall shear rates (

 

g

 

w

 

) were estimated as
2.12 (8V

 

b

 

/d), where V

 

b

 

 is the mean blood flow velocity, d is the diam-
eter of the vessel, and 2.12 is a median empirical correction factor ob-
tained from actual velocity profiles measured in microvessels in vivo
(18). Microvessel diameters, lengths, and rolling leukocyte velocities
were measured using a digital image processing system (16). Each
rolling leukocyte passing a line perpendicular to the vessel axis was
counted, and leukocyte rolling flux was expressed as leukocytes per
minute. Leukocyte rolling velocities were measured over a constant
2-s time window (19). Rolling velocities of 10 leukocytes were mea-
sured in each venule. Rolling times for leukocytes rolling through a
100-

 

m

 

m venular segment were calculated by dividing 100 

 

m

 

m by the
leukocyte rolling velocities. Adherent cells were defined to be the
leukocytes that were not moving for at least 30 s. The total number of
adherent cells were measured for each venule and expressed per unit
area of inside surface area of the venule. The surface area was calcu-
lated from diameter and length assuming cylindrical geometry of the
venule.

 

Normalized parameters.

 

Since leukocyte recruitment is under-
stood to be a multistep process requiring margination, rolling, firm
adhesion, and transendothelial migration, we defined a series of nor-
malized parameters aimed at quantitatively describing the efficacy of
each of these steps. As in previous publications from our laboratory
(10, 20), rolling leukocyte flux fraction was obtained by dividing leu-
kocyte rolling flux by total leukocyte flux through the same microves-
sel. Leukocyte rolling flux fraction relates the number of rolling leu-
kocytes to the number available in the systemic circulation and
therefore reflects rolling efficiency. Similarly, we normalized the
number of adherent leukocytes with the rolling leukocyte flux (ad-
herent cells/mm

 

2

 

 per 100 rolling cells/min). This parameter relates the
number of adherent cells to the rolling leukocyte pool available in the
same vessel. To obtain a parameter for transmigration efficiency, we
divided the number of extravasated leukocytes by the number of in-
travascular leukocytes (transmigrated/intravascular cells). Finally, we
calculated the overall efficiency of the inflammatory process by ex-
pressing the number of transmigrated leukocytes per mm

 

2

 

 per 1,000
circulating leukocytes. This parameter reflects the net recruitment ef-
ficiency including all steps of the leukocyte recruitment process.

Figure 1. Normalized parameters measuring efficiencies of leukocyte 
rolling, adhesion, and transmigration. Rolling and capture efficiency 
were measured as rolling flux fraction. Adherent cells were defined as 
leukocytes that were not moving for at least 30 s, and their number 
was expressed per unit inner vessel surface area (cells/mm2). Adhe-
sion efficiency was measured as adherent leukocytes/mm2 per 100 
rolling leukocytes/min. Giemsa-stained cremaster muscle whole 
mounts were used to quantitate transmigrated leukocytes, which 
were counted in a semicircular area (with a diameter of 141 mm) sur-
rounding each side of a venule and expressed as cells/mm2. Transmi-
gration efficiency is the ratio of the number of transmigrated divided 
by adherent intravascular leukocytes. Overall leukocyte recruitment 
efficiency was defined as the total number of transmigrated leuko-
cytes/mm2 per 1,000 circulating leukocytes/mL.
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Histology.

 

To differentiate intravascular and interstitial leuko-
cytes, whole mounts of cremaster muscle were prepared by dropping
4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) onto the
tissue while still mounted on the cremaster stage for intravital micros-
copy. The cremaster muscle was removed, mounted flat on a poly-

 

L

 

-lysine treated glass slide and air dried for 5–10 min, followed by fix-
ation in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for
24 h at 4

 

8

 

C. After fixation, the tissue was washed three times in 0.1 M
phosphate buffer with 5% ethanol, stained with Giemsa stain (Sigma
Chemical Co., St. Louis, MO) at room temperature for 5–10 min, and
differentiated in 0.01% acetic acid for contrast. The differentiated
slides were sequentially washed in water, 75%, 95%, and 100% etha-
nol, and fresh xylene, followed by mounting in Permount. The Gi-
emsa-stained cremaster muscles were observed using a Zeiss micro-
scope with a 100

 

3

 

, 1.4 numerical aperture oil immersion objective.
Intravascular and interstitial leukocytes were counted and differenti-
ated into neutrophils, eosinophils, and mononuclear cells. The inter-
stitial tissue observed was the semicircular area (with a diameter of
141 

 

m

 

m) surrounding each side of a venule.

 

Statistics.

 

Average leukocyte rolling flux fractions, leukocyte
adhesion, leukocyte rolling velocities, systemic leukocyte counts,
and differentials between groups were compared using one-way-
ANOVA Kruskal-Wallis multiple comparison test. Statistical signifi-
cance was set at either 

 

P

 

 

 

,

 

 0.05 or 

 

P

 

 

 

,

 

 0.01.

 

Results

 

Hemodynamics and systemic leukocyte counts.

 

Leukocyte roll-
ing, adhesion, and transmigration in response to TNF-

 

a

 

 in-
jected 2 h before intravital microscopy were investigated in 93
venules of 13 wild-type and 137 venules of 10 CD18 null mice
(diameter, 40

 

6

 

1 

 

m

 

m, mean

 

6

 

SEM, centerline blood flow ve-
locity, 1.2

 

6

 

0.03 mm/s, calculated wall shear rate, 533

 

6

 

12 s

 

2

 

1

 

),
these values were not significantly different among the experi-
mental groups (Table I). The systemic leukocyte concentration
in CD18 null mice (32,500

 

6

 

5,500 

 

m

 

L

 

2

 

1

 

) was approximately 12-
fold higher than in wild-type mice (2,700

 

6

 

400 

 

m

 

L

 

2

 

1

 

). Pretreat-
ment with a saturating dose of the E-selectin mAb, 9A9, did
not significantly change the systemic leukocyte counts in either
wild-type or CD18 null mice.

 

Leukocyte rolling, adhesion and transmigration and their ef-
ficiencies.

 

Consistent with the highly elevated circulating leu-
kocyte counts, rolling flux in cremaster muscle venules after
stimulation with TNF-

 

a

 

 was greatly increased in CD18 null
mice (290

 

6

 

25 cells/min) compared with the wild-type mice
(53

 

6

 

29 cells/min) (Fig. 2 

 

A

 

). Although CD18 null mice had a
higher leukocyte rolling flux than wild-type mice, the rolling
flux fraction was not significantly different (Fig. 2 

 

B

 

). Thus, the
efficiency of leukocyte capture and rolling in venules of CD18
null mice after TNF-

 

a

 

 treatment did not change from wild-
type mice. Pretreatment with mAb 9A9 at the time of TNF-

 

a

 

injection increased leukocyte rolling flux and flux fraction in
both wild-type (

 

z

 

 1.8-fold increase to 99

 

6

 

23 cells/min, 

 

P

 

 

 

,

 

0.05) and CD18 null (

 

z

 

 1.4-fold increase to 406

 

6

 

18 cells/min,

 

P

 

 

 

,

 

 0.05) mice (Fig. 2, 

 

A

 

 and 

 

B

 

). This is consistent with previ-
ous observations (10). In both wild-type and CD18 null mice
pretreated with mAb 9A9, leukocyte rolling was almost com-
pletely blocked by injection of the P-selectin mAb, RB40.34
(data not shown), confirming that leukocyte rolling in this
model depends on E- and P-selectins.

The number of firmly adherent leukocytes per unit surface
area 3 h after TNF-

 

a

 

 was not significantly different between
nontreated or mAb 9A9 pretreated wild-type mice (Fig. 2 

 

C

 

).
This indicates that in the presence of all other adhesion mole-
cules, E-selectin is not necessary for a normal level of leuko-
cyte adhesion in response to TNF-

 

a

 

. Surprisingly, more leuko-
cytes become adherent in TNF-

 

a

 

–treated CD18 null mice (

 

P

 

 

 

,

 

0.05, Fig. 2 

 

C

 

) compared with wild-type mice with or without
mAb 9A9 pretreatment. Pretreatment of CD18 null mice with
mAb 9A9 significantly reduced firm adhesion (by 47%, 

 

P

 

 

 

,

 

0.05, Fig. 2 

 

C

 

), indicating that in the absence of CD18 leuko-
cyte adhesion requires E-selectin.

Investigation of leukocyte adhesion efficiency as reflected
by the normalized parameters shows that 3,381

 

6

 

523 cells/mm

 

2

 

were adherent in TNF-

 

a

 

–treated wild-type mice for every 100
rolling leukocytes passing the same vessel segment per minute.
When E-selectin was blocked, this number was reduced by
38% (

 

P

 

 

 

,

 

 0.05, Fig. 2 

 

D

 

). We observed a similar reduction (by
33% compared with wild-type mice) in adhesion efficiency in
CD18 null mice (Fig. 2 

 

D

 

). Leukocyte adhesion was least effi-
cient when CD18 null mice were pretreated with mAb 9A9
(379

 

6

 

31 cells/mm

 

2

 

 adherent for every 100 rolling cells per
minute), a reduction by 92% compared with nontreated wild-
type mice (

 

P

 

 

 

,

 

 0.05, Fig. 2 

 

D

 

). In wild-type mice with and
without mAb 9A9 pretreatment, as well as nontreated CD18
null mice, 

 

.

 

 90% of leukocytes within the venules were neu-
trophils (Table II). However, when CD18 null mice were pre-
treated with mAb 9A9, there was a significant decrease in the
fraction of neutrophils to 74

 

6

 

3% (Table II). This suggests that
granulocyte recruitment is impaired more severely than mono-
nuclear cell recruitment in the absence of both CD18 and
E-selectin function.

CD18 integrins have previously been implicated in leuko-
cyte transmigration through endothelium in vitro (21, 22) and
in vivo (23). A defect in leukocyte transmigration could cause
an increased level of intravascular, adherent cells in CD18 null
mice if these leukocytes cannot leave the venule. Therefore,
we determined the number of leukocytes that had extrav-
asated into the cremaster muscle tissue surrounding the
venules. Surprisingly, CD18 null mice showed an increased

 

Table I. Systemic Leukocyte Counts and Hemodynamic Data

 

Wild-type CD18 null

No mAb E-sel. mAb No mAb E-sel. mAb

 

Systemic leukocyte counts (

 

m

 

L

 

2

 

1

 

) 2715

 

6

 

388 2963

 

6

 

571 32530

 

6

 

5489 25658

 

6

 

4025
Number of mice (N) 5 8 5 5
Number of venules (n) 30 63 46 91
Average diameter (

 

m

 

m) 37.0

 

6

 

1.9 42.161.4 42.262.2 37.761.3
Average shear rates (s21) 614635 461622 467626 597619
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level of leukocyte accumulation in interstitial tissues compared
with wild-type mice (P , 0.05, Fig. 2 E). When E-selectin func-
tion was blocked by mAb 9A9 in CD18 null mice, the leuko-
cyte accumulation in interstitial tissues was reduced by 73% (P ,
0.05, Fig. 2 E). This can be attributed to the lower level of leu-
kocyte adhesion observed in CD18 null mice pretreated with
mAb 9A9, because the number of transmigrated cells ex-
pressed as a fraction of the number of intravascular leukocytes
(transmigration efficiency) was not reduced by absence of
CD18 and/or E-selectin function (Fig. 2 F). Our data suggest

that some of the earlier studies did not account for reduced ad-
hesion as an indirect cause for reduced transmigration. The
composition of transmigrated leukocytes was similar to the dis-
tribution seen inside microvessels (Table II).

Although leukocytes in CD18 null mice were being re-
cruited at a level comparable with that observed in wild-type
mice, the overall efficiency of leukocyte recruitment was
markedly reduced in CD18 null mice (Fig. 2 G). Blocking
E-selectin function with mAb 9A9 significantly decreased the
recruitment efficiency in CD18 null mice (P , 0.05, Fig. 2 G)

Figure 2. Leukocyte rolling, adhesion, and trans-
migration in TNF-a–treated cremaster muscle 
venules of wild-type (WT) and CD18 null mice 
(CD18 2/2). (A) Leukocyte rolling flux (number 
of rolling cells/min), (B) rolling flux fraction, (C) 
leukocyte adhesion per unit surface area (adher-
ent cells/mm2), (D) adhesion efficiency (adherent 
cells/mm2 per 100 rolling cells/min), (E) leukocyte 
accumulation per unit area (transmigrated cells/
mm2), (F) transmigration efficiency (transmi-
grated cells/intravascular cells), and (G) overall 
leukocyte recruitment efficiency (transmigrated 
cells/mm2 per 1,000 leukocytes/mL) in wild-type 
(WT) and CD18 null (CD18 2/2) mice with and 
without E-selectin mAb 9A9. Data represented as 
mean6SEM derived from 17 to 94 venules. *, Sig-
nificantly different from WT; †, significantly differ-
ent from CD18 2/2; ‡, significantly different from 
all other groups; #, significantly different from 
CD18 pretreated with E-selectin mAb; §, signifi-
cantly different from WT and WT pretreated with 
E-selectin mAb (P , 0.05) by using a Student-
Newman-Keuls multiple comparison test (one-
way-ANOVA).

Table II. Summary of Intravascular and Transmigrated Leukocyte Differentials after TNF-a Treatment in Wild-type and CD18 
Null Mice with or without E-Selectin mAb 9A9 Pretreatment

Wild-type CD18 null

No mAb E-sel. mAb No mAb E-sel. mAb

Intravascular leukocytes (rolling and adherent)
% Neutrophils 9061 9162 9261 7463*
% Mononuclear cells 861 661 761 2662*

Transmigrated leukocytes
% Neutrophils 8963 8163 9261 6565*
% Mononuclear cells 1063 961 761 3065*

All values expressed as mean6SEM. *Significantly different from all other groups (P , 0.05).
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but not in wild-type mice. These results show that CD18 and
E-selectin cooperate to promote efficient leukocyte recruit-
ment in response to cytokine treatment.

Leukocyte rolling velocity and rolling time. To understand
the causes underlying this previously unappreciated coopera-
tion between E-selectin and CD18 in converting rolling to firm
adhesion, we investigated leukocyte rolling velocities. Leuko-
cyte rolling velocities in vivo vary widely, depending on the tis-
sue, the inflammatory stimulus, and the selectins expressed
(10, 11, 24). In wild-type mice after 2–3-h TNF-a treatment,
leukocytes rolled at a mean velocity of 6.860.4 mm/s, which
was increased to 16.160.5 mm/s by E-selectin mAb, consistent
with previous data (10). The rolling velocity distribution in
wild-type mice showed a peak between 0 to 5 mm/s, which was
shifted to 5–15 mm/s in the mAb 9A9–pretreated group (Fig. 3
A). In spite of the shift of the mean, the variation in the rolling
velocity distribution remained almost constant as indicated by
the coefficients of variation (SD/mean, 8.9 for nontreated and
8.4 for pretreated with mAb 9A9 in wild-type mice, respec-
tively). CD18 null mice showed an even higher mean leuko-
cyte rolling velocity (22.760.8 mm/s) than wild-type mice pre-
treated with mAb 9A9 (P , 0.01). The peak of the rolling
velocity distribution in CD18 null mice was not different from
that found in nontreated wild-type mice (Fig. 3 A). However,
the frequency of slow-rolling leukocytes (0–5 mm/s) was re-
duced in CD18 null mice (17% of rolling leukocytes) com-
pared with nontreated wild-type mice (61% of rolling leuko-

cytes). There was a larger fraction of leukocytes rolling at . 30
mm/s in CD18 null mice (30% of rolling leukocytes) than ei-
ther nontreated (2% of rolling leukocytes) or mAb 9A9 pre-
treated wild-type mice (10% of rolling leukocytes). Therefore,
the increase in mean rolling velocity observed in CD18 null
mice was primarily due to a higher variance in the rolling ve-
locity distribution (coefficient of variation 15.7 compared with
8.9 in wild-type mice).

Pretreatment of CD18 null mice with mAb 9A9 resulted in
a further dramatic increase in rolling velocity to 39.260.8 mm/s.
Mean rolling velocity in CD18 null mice pretreated with mAb
9A9 was almost six times higher than in nontreated wild-type
mice. In addition, the rolling velocity distribution peak was
shifted from 0–5 mm/s to 10–15 mm/s (Fig. 3 A). CD18 null
mice pretreated with mAb 9A9 showed the largest population
of leukocytes rolling at velocities . 30 mm/s (55% of rolling
leukocytes). Thus, the combined absence of CD18 and block-
ade of E-selectin function resulted in a greater shift to the right
combined with an increase in variation in the leukocyte rolling
velocity distribution. This shows that both CD18 and E-selec-
tin mediate slow leukocyte rolling in TNF-a–treated venules.
Since leukocyte adhesion (24, 25) and rolling velocity (26, 27)
are known to be influenced by the wall shear rate, we investi-
gated whether the prevailing shear rate may have influenced
the observed adhesion efficiencies. No systematic correlation
was found between shear rate and level of adhesion (data not
shown), indicating that the shear rate did not significantly af-

Figure 3. Leukocyte rolling velocity (A) and roll-
ing time distributions (B) in TNF-a–treated cre-
master muscle venules of WT and CD18 2/2 

mice. (A) Rolling velocity distributions of WT and 
CD18 2/2 mice with and without E-selectin mAb 
pretreatment. Arrowheads indicate mean. ‡, Leu-
kocyte rolling velocities (mean6SEM) signifi-
cantly different from all other groups (P , 0.01). 
(B) Cumulative frequency curve of rolling times 
for WT (thin solid line), WT with E-selectin mAb 
pretreatment (thin dotted line), CD18 2/2 (thick 
solid line), and CD18 2/2 with E-selectin mAb 
pretreatment (thick dashed line). Median rolling 
time for each group indicated by vertical lines. All 
rolling time distributions significantly different 
from all other groups (P , 0.01).
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fect the leukocyte adhesion efficiency over the range of shear
rates investigated in the present study.

Rolling velocities are inversely related to leukocyte rolling
times during which the leukocytes are exposed to chemoat-
tractants secreted by or presented on endothelial cells (28). To
examine changes in leukocyte rolling time in the absence of
CD18 and/or blockade of E-selectin function, we converted
rolling velocities into rolling times for leukocytes rolling
through a 100-mm venular segment. In wild-type mice, a large
fraction (61%) of leukocytes had rolling times . 20 s (Fig. 3
B). When E-selectin was blocked by mAb 9A9, the fraction of
leukocytes with rolling times . 20 s decreased to 10%. In
CD18 null mice there was a large population of leukocytes
(47%) with short transit times (, 5 s) (Fig. 3 B). When
E-selectin function was blocked in the absence of CD18, the
fraction of leukocytes with rolling times . 20 s was further re-
duced to 1% (Fig. 3 B). Furthermore, there was a complete ab-
sence of leukocytes with rolling times . 40 s in CD18 null mice
pretreated with mAb 9A9, and the majority of leukocytes
(71%) had rolling times , 5 s (Fig. 3 B). These findings indi-
cate that CD18 and E-selectin cooperate to allow for longer
leukocyte rolling times.

Relationship of leukocyte adhesion and rolling times. To in-
vestigate the effect of leukocyte rolling times on firm adhesion,
we plotted the average rolling time through each 100-mm
venule against the leukocyte adhesion efficiency in the same
venule. For clarity, only grouped data are shown (Fig. 4). In
wild-type mice treated with TNF-a, in which the majority of
leukocytes exhibited long rolling times, the leukocyte adhesion
efficiency was independent of rolling times for rolling times
. 25 s. In contrast, the adhesion efficiency became rolling
time–dependent at shorter transit times in venules of these
mice. Similarly, in wild-type mice pretreated with mAb 9A9
and in nontreated CD18 null mice, leukocyte adhesion effi-
ciency was found to be strongly dependent on rolling times
(Fig. 4). In CD18 null mice pretreated with mAb 9A9, no
venules with average rolling times . 10 s were present, and ad-
hesion efficiency was very low (Fig. 4). These data indicate
that leukocyte adhesion efficiency in TNF-a–treated venules is

reduced when rolling times drop below z 25 s for a 100-mm
segment.

Discussion

The present data show that CD18 and E-selectin cooperate in
regulating leukocyte adhesion efficiency through their effects on
leukocyte rolling times. Firm leukocyte adhesion is most efficient
in the presence of both CD18 and E-selectin and is independent
of rolling times at . 25 s for a 100-mm segment of venule. In the
absence of CD18 and/or E-selectin function, the adhesion effi-
ciency is strongly dependent on rolling time. Our data show that
the CD18-independent transition from leukocyte rolling to firm
adhesion is possible but much less efficient than the CD18-
dependent adhesion pathway. The CD18-independent adhesion
mechanism is able to recruit neutrophils at a level comparable
with wild-type mice when sufficient numbers of rolling leuko-
cytes are available. When both CD18 and E-selectin are absent,
the leukocyte adhesion efficiency decreases dramatically, result-
ing in a reduction in the absolute level of leukocyte recruitment.
This suggests that a threshold level of adhesion efficiency may
be necessary to maintain the level of leukocyte recruitment
observed in wild-type mice. When both E-selectin and CD18 are
absent, rolling times become so short that leukocyte recruitment
is reduced even at highly elevated levels of rolling leukocytes.
However, a small population of leukocytes become firmly adher-
ent through a CD18 and E-selectin–independent adhesion path-
way. Although we did not specifically investigate this recruit-
ment mechanism, which preferentially recruits mononuclear
cells, we suspect that a4 integrin interacting with VCAM-1 may
account for some of this activity (3, 29).

CD18 null mice have a highly elevated systemic neutrophil
count that may result from impaired neutrophil emigration, cy-
tokine release due to infections, lack of neutrophil apoptosis,
or a combination of these factors (7). The number of rolling
leukocytes in CD18 null mice was significantly greater than in
wild-type mice, but this elevation was roughly in proportion to
the increased systemic leukocyte count in CD18 null mice. We
found that leukocyte firm adhesion was much less efficient in
CD18 null mice than in wild-type mice in response to the in-
flammatory cytokine TNF-a. Our data suggest that higher sys-
temic leukocyte counts in CD18 null mice can be interpreted
as a physiological compensatory response allowing to maintain
a normal level of neutrophil recruitment despite substantial re-
ductions in the efficiency of converting leukocyte rolling to
firm adhesion.

The absence of CD18 and/or blockade of E-selectin func-
tion result in distinct changes in rolling velocity distributions.
Blocking E-selectin shifts the rolling velocity distribution to-
ward greater velocities while the variation in the distribution
does not change from that observed in wild-type mice. Thus,
E-selectin seems to slow down most leukocytes to velocities
below 5 mm/s, which is consistent with previous findings (10).
Although it was previously appreciated that E-selectin is re-
quired for slow leukocyte rolling (10), we show here that
E-selectin alone is not sufficient to mediate slow rolling. When
CD18 is absent, there is both an increase in average rolling ve-
locity as well as an increase in variance of the rolling velocity
distribution. Interestingly, CD18 and E-selectin appear to
serve distinct functions in mediating slow leukocyte rolling, be-
cause their absence produces an additive effect on mean leu-
kocyte rolling velocity and variance.

Figure 4. Adhesion efficiency (adherent cells/mm2 per 100 rolling 
cells/min) as a function of average rolling time in WT mice (r), WT 
mice with E-selectin mAb pretreatment (s), CD18 2/2 mice (n), 
and CD18 2/2 mice with E-selectin mAb pretreatment (x). Each 
point represents the average of between 10 and 30 venules.
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Rolling leukocytes can be activated by agonists such as
PAF or IL-8 that are released from cytokine-stimulated endo-
thelium (14, 30–32). Slower leukocyte rolling mediated by
E-selectin promotes longer leukocyte rolling times, which may
enhance the opportunity for interactions of leukocytes with in-
flammatory stimuli. This is evident in a recent study, which
showed that the microapplication of chemoattractants in
E-selectin–deficient mice leads to less leukocyte accumulation
than in wild-type mice (33). Since CD18 integrins mediate ad-
hesion only when conformationally activated (2), our data sug-
gest that slowly rolling leukocytes may become partially acti-
vated by endothelial chemoattractants induced by TNF-a.
Furthermore, our results suggest that activated CD18 integrins
on rolling leukocytes may bind to endothelial ligands to reduce
rolling velocity. Consistent with this notion, we observed in-
creased rolling velocities in mice lacking the IL-8 receptor
(34). In these mice, the neutrophils are unable to respond to
one of the major endogenous chemoattractants. The notion of
CD18 participation in leukocyte rolling is also supported by in-
creased rolling velocities after CD18 blockade in an isolated-
perfused cat mesentery preparation (24), and by a partial ef-
fect of CD18 antibodies on leukocyte rolling in rat mesenteric
venules at reduced shear rate (35).

While L-selectin predominantly mediates capture and leuko-
cyte rolling at fast velocities (. 100 mm/s), P-selectin promotes
leukocyte rolling at slower velocities (20–50 mm/s), and E-selec-
tin supports leukocyte rolling at , 5 mm/s. The importance of
slow rolling bridging the gap between L-selectin–mediated cap-
ture and CD18-mediated firm adhesion and arrest is evident in
E- and P-selectin double mutant mice, where neutrophil rolling
and recruitment are dramatically compromised (4). The neces-
sity for a velocity gradient, from L-selectin through P- and
E-selectin to CD18 integrins promoting leukocyte arrest, has
been suggested in a recent review article (36). Here, we show
that slow rolling mediated by E-selectin and CD18 integrins is a
required step in this velocity gradient sequence.

Rolling neutrophils may integrate multiple signals received
at slightly different times that eventually cross a threshold that
triggers the mostly integrin-mediated arrest of the rolling neu-
trophils. This concept suggests that slow rolling is necessary to
provide opportunities for rolling neutrophils to interact with
chemoattractants during their transit through an inflamed
area. Consistent with this concept, our data show that CD18
and E-selectin appear to exert their effect on the regulation of
leukocyte adhesion efficiency through their effects on leuko-
cyte rolling times. Firm leukocyte adhesion is most efficient in
the presence of both CD18 and E-selectin. In the absence of
CD18 and/or E-selectin function, the adhesion efficiency is
strongly dependent on rolling time. The sharp decrease in leu-
kocyte rolling times observed in the absence of both CD18 and
E-selectin results in a corresponding reduction in the efficiency
of leukocyte recruitment. When both E-selectin and CD18 are
absent, rolling times become so short that leukocyte recruit-
ment is reduced even at highly elevated levels of rolling leuko-
cytes. Taken together, our data indicate that longer rolling
times mediated by both CD18- and E-selectin–dependent ad-
hesion are necessary for the efficient transition from rolling to
firm adhesion. These findings are consistent with rolling leuko-
cytes integrating the chemoattractant stimuli presented on the
endothelial surface, i.e., PAF and IL-8. We propose a modified
leukocyte adhesion cascade model (Fig. 5) to account for these
findings.

In TNF-a–induced inflammation, the rate-limiting step in
the leukocyte adhesion cascade is the transition from rolling to
firm adhesion, because leukocyte recruitment into the intersti-
tial tissue roughly follows the pattern observed for accumula-
tion of intravascular leukocytes. Contrary to the currently held
paradigm, we show that both CD18 and E-selectin are in-
volved in converting rolling to firm adhesion. Slow leukocyte
rolling causes long leukocyte rolling times, which appear to be
necessary for efficient leukocyte recruitment in response to a
physiological inflammatory stimulus. In the absence of CD18,
the contribution of E-selectin in the transition from leukocyte
rolling to firm adhesion becomes critical. Our study establishes
leukocyte rolling time as the unifying parameter determining
leukocyte adhesion in TNF-a–induced inflammation and pro-
vides a theoretical foundation suitable for future development
of a quantitative mathematical model of inflammation.
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