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1 The aim of this study was to assess directly the role of TNF in immune complex-induced
leukocyte–endothelial cell interactions and microvascular dysfunction.

2 Intravital microscopy was used to examine immune complex-induced leukocyte rolling, adhesion
and emigration and microvascular permeability in cremasteric postcapillary venules in wild-type and
TNF�/� mice. The reverse passive Arthus (RPA) reaction was used to localize immune complex
formation to the cremaster muscle.

3 In wild-type mice, immune complex deposition induced a reduction in leukocyte rolling velocity
and increases in leukocyte adhesion and emigration. In TNF�/� mice, the immune complex-induced
reduction in leukocyte rolling velocity was significantly attenuated, and leukocyte adhesion and
emigration were also significantly reduced relative to responses in wild-type mice.

4 The alterations in TNF�/� mice were associated with decreased expression of endothelial P-selectin
and VCAM-1, and an absence of E-selectin-dependent rolling normally seen in wild-type mice at the
peak of the response. In addition, the level of immune complex-induced microvascular permeability
was attenuated in TNF�/� mice.

5 These findings demonstrate that in immune complex-induced inflammation, TNF promotes
leukocyte rolling and adhesive interactions, and entry of leukocytes into sites of immune complex
deposition, in part via the increased expression and/or function of endothelial P-selectin, E-selectin
and VCAM-1. In addition, this increase in leukocyte recruitment mediated by TNF correlates directly
with an increase in microvascular injury.
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Introduction

Leukocyte recruitment to sites of inflammation is mediated by

a precise sequence of interactions between circulating leuko-

cytes and endothelial cells, whereby leukocytes initially tether

and roll along the endothelial surface, then subsequently

adhere to the endothelium and emigrate out of the vasculature

(Springer, 1994). In many types of inflammation, it has been

shown that each of these sequential interactions is mediated by

specific groups of adhesion molecules, with the selectins (P-,

E- and L-) being critical in mediating rolling, and leukocyte

integrins mediating adhesion via interaction with counter

receptors on endothelial cells (Springer, 1994; Muller, 2002). A

host of inflammatory mediators have been identified which are

capable of inducing these interactions. One such mediator, the

proinflammatory cytokine TNF, has been shown to promote

leukocyte–endothelial interactions in vitro and in vivo (Abbassi

et al., 1993; Luscinskas et al., 1995; Kunkel & Ley, 1996;

Hickey et al., 1997). The in vivo application of exogenous TNF

induces a characteristic reduction in the velocity of leukocyte

rolling in postcapillary venules, and a corresponding increase

in leukocyte firm adhesion and emigration into tissue (Kunkel

& Ley, 1996; McCafferty et al., 2000; Thorlacius et al., 2000;

Thompson et al., 2001). This response is associated with

increased expression of the endothelial adhesion molecules

P-selectin, E-selectin, vascular cell adhesion molecule-1

(VCAM-1) and intercellular adhesion molecule-1 (ICAM-1)

(Mulligan et al., 1993; Henninger et al., 1997; Jung & Ley,

1997). However, it remains unclear whether the effects of TNF

applied exogenously, at doses selected to generate high levels

of leukocyte interactions, mimic the effects of TNF released

endogenously during inflammatory responses.

One type of response in which TNF may promote

leukocyte–endothelial cell interactions is immune comp-

lex-induced inflammation. Immune complexes are potent

proinflammatory mediators that are believed to be major

contributors to the effector phase of immunologic diseases

such as systemic lupus erythematosus and rheumatoid arthritis
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(Firestein, 2003; Mok & Lau, 2003). There is a growing body

of evidence that TNF plays an important role in the

development of immune complex-induced responses. Expres-

sion of TNF has been demonstrated during immune complex-

induced inflammation (Warren et al., 1989; Mulligan & Ward,

1992). Moreover, blockade of TNF, or the absence of TNF

receptors, results in a significant reduction in immune

complex-induced tissue injury in some, but not all, tissues

(Warren, 1991; Mulligan & Ward, 1992; Brito et al., 1999).

Indirect assessments such as histological assessment or

measurement of tissue myeloperoxidase, as an index of

leukocyte accumulation, have demonstrated that TNF also

contributes to immune complex-induced leukocyte recruitment

and microvascular dysfunction (Mulligan & Ward, 1992; Brito

et al., 1999). However, the precise role of TNF in regulating

the requisite rolling and adhesive interactions of leukocytes

within the microvasculature during an immune complex-

induced response has not been investigated.

In the lung, blockade of TNF has been shown to result in

reduced ICAM-1 expression and a corresponding reduction in

leukocyte entry following immune complex challenge (Mulligan

et al., 1993). However, in recent investigations of the molecular

requirements for immune complex-induced rolling and adhesion

in postcapillary venules of the cremaster muscle, we have shown

that P-selectin, E-selectin and VCAM-1 are required for these

interactions (Norman et al., 2003). The role of TNF in

promoting expression of these adhesion molecules during

immune complex-induced injury remains unclear. Therefore,

the aim of the present study was to examine this issue using

intravital microscopy to visualize the microvasculature directly

during an immune complex-induced response. The well-

characterized reverse passive Arthus (RPA) response was used

as a model of immune complex-induced leukocyte recruitment

in the cremaster muscle. To elucidate the role of TNF, responses

in wild-type mice were compared with those in mice genetically

deficient in this cytokine. These experiments revealed that TNF

plays a role in each step of the leukocyte recruitment cascade

during the immune complex-induced response.

Methods

Animals

Wild-type (C57BL/6) mice were bred in-house at Monash

University or purchased from Walter & Eliza Hall Institute,

Melbourne, Australia, and housed in conventional conditions.

Mice genetically deficient in TNF (TNF�/�) (Korner et al.,

1997) on a C57BL/6 background were generously supplied by

Drs Jonathan Sedgwick and Nick Pearce (Centenary Institute,

Sydney, Australia) and housed in specific pathogen-free

conditions. All experimental procedures involving animals

were approved by the Monash University Animal Ethics

Committee.

Antibodies

The antibodies used in this study were: polyclonal anti-

ovalbumin antibody (Sigma Chemical CO., St Louis, MO,

U.S.A.); RB40.34, a monoclonal antibody (mAb) against

murine P-selectin (BD Biosciences, San Diego, CA, U.S.A.);

RME-1, a mAb against rat and mouse E-selectin; RMP-1, a

mAb against rat and mouse P-selectin (RME-1 and RMP-1

were produced in the laboratory of A. Issekutz); 6C7.1, a mAb

against murine VCAM-1 (hybridoma provided by Drs

Dietmar Vestweber and Britta Engelhardt, Max Planck

Institut, Meunster, Germany); and A110-2 (IgG2) (BD

Biosciences), rat anti-keyhole limpet hemocyanin (KLH) (BD

Biosciences), which was used as a control mAb in adhesion

molecule expression experiments.

Reverse passive arthus reaction in the cremaster muscle

As previously described, the RPA model of immune complex-

induced leukocyte recruitment was induced by the intravenous

(i.v.) injection of 500mg of ovalbumin (OVA; Sigma Chemical

CO., St Louis, MO, U.S.A., 100 ml of 5mgml�1, in sterile

saline), followed by the intrascrotal injection of 100 mg of

polyclonal anti-ovalbumin antibody in 200 ml sterile saline

(Norman et al., 2003). Responses in the left cremaster muscle

were then assessed 4 h after induction of the RPA response.

Intravital microscopy

Mice were anesthetised with ketamine hydrochloride

(200mg kg�1; Pfizer, West Ryde, New South Wales, Australia)

and xylazine (10mgkg�1; Troy Laboratories, Smithfield,

NSW, Australia) by intraperitoneal (i.p.) injection. The left

jugular vein was cannulated to administer additional anes-

thetic and antibody treatments. Animals were maintained at

371C on a thermocontrolled heating pad. The cremaster

muscle was dissected free of connective tissues and exteriorized

onto an optically clear viewing pedestal. The muscle was

cauterized longitudinally and held flat against the optical

window by attaching silk sutures to the corners of the tissue.

The tissue was kept warm and moist throughout the

experiments by superfusion of warmed bicarbonate-buffered

saline (pH 7.4) and covered with a coverslip, held in place with

vacuum grease.

The cremasteric microcirculation was visualized using an

intravital microscope (Axioplan 2 Imaging; Carl Zeiss,

Australia) with a � 20 objective lens (LD Achroplan 20� /

0.40 NA, Carl Zeiss, Australia) and a � 10 eyepiece. A color

video camera (Sony SSC-DC50AP, Carl Zeiss, Australia) was

used to project the images onto a calibrated monitor (Sony

PVM20N5E) and the images were recorded for playback

analysis using a videocassette recorder (Panasonic NV-HS950,

Klapp Electronics, Prahran, Vic., Australia). Two to four

venules (25–40mm in diameter) were selected in each experi-

ment and to minimize variability the same section of each

venule was observed throughout the experiment. Data from

individual vessels were averaged for each mouse, then group

means were generated from these averages. n is used to denote

the number of mice examined. Venular diameter (DV) and the

number of rolling and adherent leukocytes were determined

off-line during video playback analysis. Rolling leukocytes

were defined as those cells moving at a velocity less than that

of erythrocytes within a given vessel. Leukocyte rolling

velocity was determined by measuring the time required for

a leukocyte to roll along a 100mm length of venule, and

quantitated for 20 leukocytes at each time interval. Leukocyte

rolling flux was defined as the number of rolling cells moving

past a fixed point on the venular wall per minute, averaged

over 2min. Leukocytes were considered to be adherent to the
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venular endothelium if they remained stationary for 30 s or

longer within a given 100 mm vessel segment. Leukocyte

emigration was defined as the number of extravascular

leukocytes visible per microscopic (� 20) video field centered

on a postcapillary venule, and was determined by averaging

data derived from 6–10 fields 5 h post-RPA. Centerline red

blood cell velocity (VRBC) was measured on-line using an

optical Doppler velocimeter (Microcirculation Research In-

stitute; Texas A&M University, College Station, TX, U.S.A.)

and mean red blood cell velocity (VMEAN) was determined as

VRBC/1.6. Venular wall shear rate (g) was calculated based on

the Newtonian definition: g¼ 8 (VMEAN/DV).

The degree of macromolecular leakage from cremasteric

venules was assessed using a modification of a previously

published technique (Hickey et al., 1998). Briefly, FITC-

labelled 70 kDa-dextran (Sigma-Aldrich, Castle Hill, New

South Wales, Australia, 125 mg g�1, 5% in saline) was injected

i.v. at the start of the experiment, and FITC-derived

fluorescence (excitation wavelength – 450–490 nm, emission

wavelength – 515 nm, Carl Zeiss filter set 09) within the

cremasteric microvasculature was detected using a silicon

intensified target camera (Dage-MTI VE-1000; Sci Tech Pty,

Ltd, Preston South, Vic., Australia) at predefined gain and

black level settings. Images were captured directly from the

camera (PC2-Vision capture board, Coreco Imaging, Billerica,

MA, U.S.A.) and Scion Image image analysis software (Scion

Corp., Frederick, MD, U.S.A.) used to determine the intensity

of FITC-derived fluorescence within the lumen of the venule

and in adjacent perivascular tissue. Background was defined as

the fluorescence intensity prior to FITC-dextran administra-

tion. Vascular permeability was determined according to the

ratio (mean interstitial intensity�background)/(mean venular

intensity�background), and expressed as a percentage.

Experimental protocol

It has been previously shown that peak levels of leukocyte/

endothelial interactions occur 4 h after induction of the RPA

response (Norman et al., 2003). Therefore, initial experiments

examined the RPA response after 4 h in wild-type and TNF�/�

animals. To determine the role of endothelial adhesion

molecules in TNF�/�mice, additional mice underwent the

RPA response and were subsequently treated with a function-

blocking P-selectin antibody (RB40.34, 20mg per mouse)

shortly after the 4-h time point. For comparison, wild-type

mice were treated with either RB40.34 or an E-selectin

blocking antibody (RME-1, 100 mg per mouse). RME-1 has

previously been shown to increase leukocyte rolling velocity in

cremasteric venules following LPS treatment, similar to the

effect of alternative anti-E-selectin antibodies (Hickey et al.,

1998). The effects of these treatments on leukocyte rolling

parameters were assessed.

In order to test the role of TNF specifically in adhesion

during the RPA response, TNF�/� mice were allowed to

undergo the RPA response without intervention for 4 h. A

recording of the microvasculature was made at 4 h and then

the muscle was superfused with TNF (165 ngml�1 in super-

fusion buffer). The ability of this treatment to affect adhesion

acutely was determined by examination of the vasculature 15

and 30min later. To assess the role of TNF in mediating

increased vascular permeability, vascular permeability was

compared in wild-type and TNF�/� mice 4.5 h after the

initiation of the RPA response. In addition, TNF�/� mice

were treated with TNF (50 ng, intrascrotal) at the initiation of

the RPA response to determine if replacing the TNF could

restore the permeability response in TNF�/� mice.

Quantification of TNF mRNA via real-time PCR

Real time PCR was used to measure TNF mRNA in the

cremaster muscle. RNA was extracted from tissue samples via

homogenization in TRIzol (Gibco BRL, Grand Island, NY,

U.S.A.). One mg of the total RNA was reverse transcribed

using Superscript II reverse transcriptase (Gibco BRL) and

oligo-(dT) (12–15). PCR amplification was performed on a

LightCycler (Roche Diagnostics, Castle Hill, NSW, Australia)

using SYBR Green I, as previously described (Drummond

et al., 2000). Murine TNF and b-actin PCR products were

employed as assay standards. Amplification (40 cycles) was

carried out in a total volume of 10ml containing 1ml dNTP

mix, Taq, SYBR Green I dye and the following primers at

3 pM – TNF (50-CCTCTTCTCATTCCTGCTT-30 and 50-CA
CTTGGTGGTTTGCTACGA-30) and b-actin (50-TGTC

CCTGTATGCCTCTGGT-30 and 50-GATGTCACGCACGA

TTTCC-30). Melting curve analysis and agarose gel electro-

phoresis were performed at the end of each PCR reaction.

Quantification of the ratio of TNF mRNA to b-actin mRNA

was performed by determining the threshold cycle (CT) and

using a standard curve to determine the starting RNA

concentration for each gene. Calculation of CTs, preparation

of standard curves and determination of starting concen-

trations for samples were performed by the LightCycler

computer software.

Quantification of endothelial adhesion molecule
expression

Endothelial expression of P-selectin and VCAM-1 was

quantified using a dual antibody labelling method described

previously (Norman et al., 2003). Briefly, anti-P-selectin

antibody (RMP-1) and anti-VCAM-1 antibody (6C7.1) were

conjugated to Alexa Fluor 488 (Molecular Probes, Eugene,

OR, U.S.A.). As a control antibody, anti-KLH was conjugated

with Alexa Fluor 594. Tissue distribution of antibodies

conjugated to Alexa-488 was determined by epi-illumination

at 450–490 nm, with a 515 nm emission filter. Alexa-594-

associated fluorescence was detected by epi-illumination at

530–585 nm excitation filter, with a 615 nm emission filter

(Carl Zeiss filter set 00). Images were visualized using a SIT

video camera (Dage-MTI VE-1000) on predefined gain and

black level settings, and recorded for subsequent playback

analysis using a videocassette recorder.

After the desired experimental protocol, mice were anesthe-

tised and the right carotid artery and the left jugular vein were

cannulated. To detect expression of P-selectin or VCAM-1,

mice received 100 mg of RMP-1ALEXA 488 or 90mg of

6C7.1ALEXA 488 (doses previously determined to saturate

available receptors) and 20mg of anti-KLHALEXA 594 intrave-

nously. Antibodies were allowed to circulate for 5min, and

then the mouse was exsanguinated via the carotid artery

cannula with simultaneous perfusion of bicarbonate-buffered

saline via the jugular vein. An additional 15ml of buffer was

subsequently backflushed through the carotid artery after

severing the abdominal vena cava. The left cremaster was
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prepared for microscopy and the microcirculation was

visualized to detect P-selectin or VCAM-1 expression. Given

that tissue exteriorization does not occur until after the

staining procedure is completed, this excludes any possible

contribution of exteriorization-induced adhesion molecule

upregulation.

The vasculature was first assessed for nonspecific (anti-

KLHALEXA 594) labelling. Vessels containing detectable Alexa-

594-associated fluorescence were deemed to have been

inadequately exsanguinated and were excluded from analysis.

In most experiments, this applied to a maximum of 1–2 vessels.

Analyses were performed on captured video frames using

Scion Image analysis software. Two measurements of adhesion

molecule expression were made. Firstly, the length of vessel

containing specific (RMP-1ALEXA 488 or 6C7.1ALEXA 488)

labelling was determined for 15–30 sequential � 10 (Achro-

plan 10X/0.25 NA, Carl Zeiss) fields (mm mm2 tissue area�1).

Secondly, the intensity of staining in individual vessels was

determined for 15–30 � 20 (LD Achroplan 20� /0.40 NA,

Carl Zeiss) fields. The intensity of Alexa-488-derived fluores-

cence associated with the vascular wall, and that in the

avascular surrounding tissue were measured. The intensity of

extravascular fluorescence was subtracted from that present in

the vessel wall, and the resultant intensity readings were

averaged over the length of the vascular wall assessed. Final

data were calculated as the product of the average intensity

multiplied by the length of positive vessel.

Circulating leukocyte counts and flow cytometry

At the end of each experiment, whole blood was drawn via

cardiac puncture. Total leukocyte counts were performed

using a Neubauer hemocytometer (U-Lab, Eltham, Australia).

Circulating leukocytes were identified in whole blood using

flow cytometry. The mAbs used were as follows (purchased

from BD Biosciences, San Diego, CA, U.S.A., unless otherwise

stated): APC-conjugated 30-F11 (anti-CD45); PE-conjugated

17A2 (anti-CD3); PE-conjugated GK1.5 (anti-CD4); APC-

conjugated 53–6.7 (anti-CD8a); PE-conjugated RB6-8C5

(anti-Ly-6G/Gr-1); FITC-conjugated RA3-6B2 (anti-B220);

and KT3 (anti-CD3) and M1/70 (anti-Mac-1), both purified

from hybridoma supernatant, and conjugated in-house to

Alexa-488. Briefly, 100ml aliquots of blood were incubated

with appropriate mixtures of mAbs for 25min. Samples

underwent subsequent erythrocyte lysis and paraformaldehyde

fixation using a Q-Prep Workstation (Beckman Coulter,

Miami, FL, U.S.A.) and were analyzed using a MoFlo flow

cytometer (Cytomation, Fort Collins, CO, U.S.A.). CD45þ

leukocytes were subsequently classified as follows: granulo-

cytes – Gr-1hi/M1/70þ ; monocyte lineage cells – Gr-1Int/M1/

70þ ; T cells – CD3þ /B220�; and B cells – B220þ /CD3� in

accordance with previous observations in mice.

Statistical analysis

All data are displayed as mean7s.e.m. For comparisons

involving only two groups, Student’s t-tests were used. Paired

analysis was used for comparison between before and after

antibody treatment. A value of Po0.05 was deemed sig-

nificant.

Results

TNF�/� mice have previously been shown to have increased

circulating leukocyte counts. Given the potential for this to

affect leukocyte trafficking parameters, we first assessed the

circulating leukocyte populations in TNF�/� mice. In accor-

dance with previous observations (Korner et al., 1997),

circulating leukocyte counts were significantly elevated in

TNF�/� mice relative to wild-type mice (Table 1). Analysis of

the composition of the circulating leukocytes revealed that the

percentages of granulocytes, monocyte lineage cells, T cells

and B cells, as well as the ratio of CD4þ to CD8þ T cells in the

blood, did not differ between the strains (data not shown).

We next compared the microvasculatures of wild-type and

TNF�/� mice in the absence of exogenous inflammatory

stimulation. In untreated animals, venular diameters and

microvascular shear rates did not differ significantly between

wild-type and TNF�/� mice (Table 1). Similarly, leukocyte

rolling velocity, rolling flux, adhesion and emigration did not

differ in untreated mice (Figure 1).

Immune complex-induced inflammation in TNF-deficient
mice

Previously we have observed that the RPA model of immune

complex-induced inflammation causes a reduction in leukocyte

rolling velocity, as well as significant increases in adhesion and

emigration within 4 h (Norman et al., 2003). To determine the

role of TNF in regulating these interactions, we compared

RPA-induced leukocyte–endothelial cell interactions in wild-

type and TNF�/� mice. Following RPA treatment, venular

diameter and shear rate were not significantly different from

RPA-treated wild-type mice (Table 1). Similarly, following

RPA treatment leukocyte rolling flux did not differ signifi-

cantly between the strains (wild-type – 43.777.7 vs TNF�/�

– 68.9711.9 cellsmin�1). In contrast, leukocyte rolling velocity

Table 1 Venular diameter, microvascular shear rates and number of circulating leukocytes in wild-type and TNF�/�

mice, in the absence of treatment, or 4 h after initiation of RPA response

Untreated wild-type Wild-type RPA 4h Untreated TNF�/� TNF�/� RPA 4 h

Venular diameter (mm) 30.171.4 32.270.8 34.571.9 25.770.9
Shear rate (s�1) 449734 383738 463726 462729
Circulating leukocytes (cells� 106ml�1) 2.770.5 3.170.7 9.170.9a 7.171.3b

(n) (6) (6) (6) (6)

Data are shown as mean7s.e.m. n denotes number of mice examined.
aRepresents Po0.05 relative to untreated wild-type mice.
bDenotes Po0.05 relative to RPA-treated wild-type mice.
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during the RPA response was altered in mice lacking TNF.

The normal reduction in leukocyte rolling velocity seen in

wild-type mice (Norman et al., 2003) was significantly

attenuated in TNF�/� mice to the extent that the mean

velocity in TNF�/� mice was greater than double that observed

in wild-type mice 4 and 4.5 h after RPA initiation (Figure 2a).

Similarly, the number of adherent leukocytes was significantly

decreased in TNF�/� mice compared to wild-type mice 4 and

4.5 h after RPA induction (Figure 2b). Finally, these reduc-

tions in leukocyte-endothelial interactions in TNF�/� mice

were associated with a significant reduction (475%) in

leukocyte entry into tissues, as demonstrated by the assess-

ment of emigration (Figure 2c). These observations indicate

that each of the steps in the leukocyte recruitment cascade

during immune complex-induced inflammation is reduced in

TNF�/� mice.

Expression of TNF mRNA in wild-type mice

We next used real-time PCR to investigate alterations in the

expression of TNF mRNA in the cremaster muscle induced by

the RPA protocol. RPA treatment induced a six-fold increase

in TNF mRNA expression (Figure 3).

Differential endothelial selectin usage in TNF�/� mice

We have previously observed that leukocyte rolling in wild-

type mice 4 h after RPA initiation is mediated by both P- and

E-selectin (Norman et al., 2003). Acute administration of anti-

P-selectin mAb reduces rolling flux by approximately 75% in

RPA-treated wild-type mice, with the residual rolling being E-

selectin-dependent. In contrast, in the present experiments

leukocyte rolling in RPA-treated TNF�/� mice was almost

entirely eliminated (495% inhibition) by acute P-selectin

blockade (Figure 4), an effect not seen after administration of

an isotype control antibody. These findings indicate that the

functional role of E-selectin in the wild-type RPA response is

dependent on the presence of TNF.

Given that previous studies have demonstrated a role for E-

selectin in mediating rolling at slower velocities, the elevated

leukocyte rolling velocity observed in TNF�/� mice during the

RPA response (Figure 2a) is an additional finding, which is

suggestive of the reduced involvement of E-selectin in TNF�/�

mice (Kunkel & Ley, 1996; Hickey et al., 1998; Norman et al.,

2003). To clarify the role of E-selectin in the RPA response in

wild-type mice, we examined the effect of acute E-selectin

blockade on leukocyte rolling velocity in wild-type mice.

Administration of RME-1 in RPA-treated wild-type mice did

not alter leukocyte rolling velocity (Figure 5a). Furthermore,

Figure 1 Leukocyte rolling velocity (a), rolling flux (b), adhesion
(c) and emigration (d) in cremasteric postcapillary venules of
untreated wild-type and TNF�/� mice, 30min after exteriorization.
Data are shown as mean7s.e.m. of 6–7 animals.

Figure 2 Leukocyte rolling velocity (a), adhesion (b) and emigra-
tion (c) in cremasteric postcapillary venules of wild-type and TNF�/

� mice, 4–5 h after induction of the RPA response. Data are shown
as mean7s.e.m. of six animals. *Represents Po0.05 relative to
RPA-treated wild-type mice.

Figure 3 Quantification of TNF mRNA in wild-type mice using
real-time PCR. Data are shown as mean7s.e.m. of four animals.
*Represents Po0.05 relative to untreated wild-type mice.
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the residual rolling after P-selectin blockade in wild-type mice,

shown previously to be E-selectin-dependent, occurred at a

significantly elevated velocity, an effect not seen after

treatment with isotype control antibody (Figure 5b). These

findings indicate that in this model of immune complex-

induced inflammation, P-selectin, but not E-selectin, is

primarily responsible for the reduction in leukocyte rolling

velocity. This observation may be explained in part by our

previous findings in this RPA model in which E-selectin

expression is detectable in many fewer vessels than P-selectin

(Norman et al., 2003).

Adhesion molecule expression in TNF�/� mice

The alterations in leukocyte rolling velocity and adhesion in

the TNF�/� mice during the RPA response were suggestive of

changes in adhesion molecule expression. Therefore, we

compared P-selectin expression in wild-type and TNF�/� mice

4 h after initiation of the RPA response (Figure 6). As seen

previously (Norman et al., 2003), P-selectin is expressed at low

levels in untreated wild-type animals, whereas 4 h after RPA-

induction, P-selectin expression is markedly increased. In

untreated TNF�/� mice as in wild-type mice, P-selectin

expression is detectable at low levels. However, the level of

P-selectin expression in RPA-treated TNF�/� mice is signifi-

cantly lower than that in comparably treated wild-type mice

(Figure 6a), increasing approximately 15 arbitrary units from

basal levels vs an increase of only 8 units in TNF�/� mice.

We next examined the effect of RPA treatment on VCAM-1

expression. In contrast to P-selectin, which is expressed

exclusively in postcapillary venules, VCAM-1 was also

detectable in arterioles and capillaries (Figure 7). In both

wild-type and TNF�/� mice, VCAM-1 expression was detect-

able at low levels in the uninflamed cremasteric microvascu-

lature (Figure 6b). After the RPA response, VCAM-1

expression in RPA-treated wild-type mice was dramatically

increased over baseline levels. This was seen both as an

increase in the intensity of VCAM-1 staining in individual

vessels, as well as an increase in the number of venules

expressing VCAM-1 at detectable levels. In comparison,

VCAM-1 staining in the RPA-treated TNF�/� mice was

decreased significantly relative to that in wild-type mice.

Exogenous TNF rapidly increases adhesion
in TNF�/� mice

In addition to an alteration in rolling velocity, we also

observed a reduction in leukocyte adhesion in TNF�/� mice.

Figure 4 P-selectin blockade during the RPA response almost
eliminates rolling in TNF�/� mice. P-selectin antibody was
administered 4.25 h after RPA induction and rolling measured at
4.5 h post-RPA. Data represents mean7s.e.m. of six animals. Also
shown are RPA-treated TNF�/� mice treated with an isotype control
antibody (n¼ 2). *Denotes Po0.05 vs TNF�/� mice before anti-P-
selectin treatment.

Figure 5 Effect of acute blockade of E-selectin (a) or P-selectin (b)
on leukocyte rolling velocity in cremasteric postcapillary venules in
RPA-treated wild-type (WT) mice. Separate groups of mice were
treated with antibody 4.25 h post-RPA induction. Shown are
untreated (n¼ 6), anti-selectin antibody-treated mice (n¼ 6) and in
Panel B, mice treated with an isotype control antibody (n¼ 3). Data
represents mean7s.e.m. *Denotes Po0.01 relative to RPA-treated
wild-type mice.

Figure 6 Expression of P-selectin (a) and VCAM-1 (b) in
postcapillary venules in cremaster muscles from wild-type and
TNF�/� mice, under baseline (untreated) conditions, and following
RPA treatment (4 h). Data are expressed as the mean fluorescence
intensity multiplied by the average length of positive vessels per
field, and shown as mean7s.e.m. For untreated mice, n¼ 2 for P-
selectin and VCAM-1. For RPA-treated wild-type and TNF�/�

mice, n¼ 5 for P-selectin, and n¼ 4 for VCAM-1. *Denotes Po0.05
vs wild-type RPA.
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This may have been directly related to the absence of the very

slow rolling seen in the wild-type RPA-treated mice, as it has

been observed previously that leukocyte adhesion occurs more

readily at lower rolling velocities (Kanwar et al., 1995; Jung

et al., 1998). However, it is also possible that the process of

adhesion is directly regulated by TNF in the RPA model. To

assess this possibility, TNF was applied acutely to TNF�/�

mice after allowing 4 h for the typical development of the RPA

response in the absence of TNF. Superfusion of the cremaster

muscles of TNF�/� mice with TNF from 4 to 4.5 h rapidly

restored adhesion to levels comparable to that seen in RPA-

treated wild-type mice, without affecting leukocyte rolling flux

(data not shown) or velocity (Figure 8). In fact, an increase in

adhesion was already evident within 15min of commencement

of the TNF treatment. This suggests that TNF can modulate

adhesion independently of its effect on leukocyte rolling

parameters.

TNF mediates increased microvascular permeability
in the RPA response

TNF has previously been observed to have differential roles in

promoting immune complex-induced microvascular dysfunc-

tion in lung and skin (Mulligan & Ward, 1992). To evaluate

the role of TNF in the muscle microvasculature, we assessed

microvascular permeability during the RPA response. Figure 9

shows that 4.5 h after initiation of the RPA response in wild-

type mice, leakage of FITC-dextran from cremasteric micro-

vessels was significantly elevated above that in both untreated

wild-type mice and in wild-type mice treated with OVA and

rabbit IgG. In contrast, microvascular leakage in RPA-treated

TNF�/� mice was not different to that in untreated TNF�/�

mice. Furthermore, the level of microvascular leakage in

untreated animals did not differ between the strains. As further

assessment of the role of TNF in promoting increased vascular

permeability, we also examined TNF�/� mice treated with

local TNF (50 ng, intrascrotal) at the start of the RPA

response. This treatment restored leukocyte adhesion to levels

Figure 7 Effect of RPA treatment on anti-VCAM-1ALEXA 488

staining in the murine cremasteric microvasculature. (a) VCAM-1
expression in an untreated wild-type mouse. (b) Effective exsangui-
nation of the same field is demonstrated by illumination with
appropriate wavelength fluorescence for the Alexa-594-conjugated
control antibody. (c) Increased VCAM-1 staining is detectable in a
wild-type mouse 4 h after RPA induction. Staining is present in a
venule (v) and arteriole (a). (d) VCAM-1 staining in a TNF�/�

mouse 4 h after RPA induction.

Figure 8 Effect of acute TNF superfusion (165 ngml�1) on
leukocyte rolling velocity (a) and leukocyte adhesion (b) in RPA-
treated TNF�/� mice (n¼ 5). An initial measurement of rolling and
adhesion was made immediately prior to 4 h. Then TNF was
superfused over the preparation for 30min commencing at 4 h, and
leukocyte parameters were reevaluated 4.5 h post-RPA induction.
Also shown are RPA-treated wild-type (n¼ 6) and TNF�/� mice
(n¼ 6) in the absence of exogenous TNF. *Denotes Po0.05 vs
untreated TNF�/� mice 4 h post-RPA induction.

Figure 9 Alterations in microvascular permeability induced by the
RPA response in wild-type and TNF�/� mice. Permeability in
cremasteric postcapillary venules was assessed in untreated mice,
and 4.5 h after initiation of the RPA response. Shown are untreated
wild-type mice, wild-type mice treated with OVA and control IgG,
RPA-treated wild-type mice (OVA and anti-OVA), untreated TNF�/

� mice, RPA-treated TNF�/� mice, and RPA-treated TNF�/� mice
treated with exogenous TNF (50 ng) at the initiation of the response
(n¼ 6 in each group, except untreated TNF�/� where n¼ 2, and
TNF�/� þ exogenous TNF where n¼ 3). *Denotes Po0.05 of wild-
type RPA mice relative to all other groups, except TNF�/

�þ exogenous TNF. **Denotes Po0.05 vs RPA-treated TNF�/�

mice.
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seen in RPA-treated wild-type mice (data not shown).

Furthermore, the level of vascular permeability in these

animals was indistinguishable from that in wild-type RPA-

treated mice (Figure 9). Together these experiments indicate

that TNF plays a key role in promoting immune complex-

induced alterations in microvascular permeability in the

muscle microvasculature.

Discussion

TNF has been implicated as having a key role in the

development of inflammation in immune complex-mediated

responses (Warren et al., 1989; Warren, 1991; Mulligan &

Ward, 1992; Mulligan et al., 1993; Brito et al., 1999). However,

the direct influence of this cytokine on leukocyte–endothelial

cell interactions in immune complex-mediated inflammation

has not been examined. The data presented in this study reveal

an important role for TNF in mediating the individual steps of

the leukocyte recruitment cascade in the RPA response. The

absence of TNF during the RPA response resulted in increased

leukocyte rolling velocity, and reduced adhesion and emigra-

tion compared to wild-type animals. The alterations in rolling

in the TNF�/� mice were due to the reduced expression of

P-selectin, as well as the absence of functional E-selectin.

While it is conceivable that the additional reductions in

adhesion and emigration resulted directly from alterations in

rolling, two pieces of evidence suggested that TNF also directly

affects adhesion. Firstly, expression of VCAM-1, which we

have previously observed to be of key importance in RPA-

induced adhesion, was reduced in RPA-treated TNF�/� mice.

Secondly, treatment of TNF�/� mice with exogenous TNF was

able to reconstitute adhesion rapidly to levels seen in wild-type

mice, without altering rolling parameters. These findings are

the first demonstration of the key role of TNF in promoting

both rolling and adhesion in the RPA response.

Previous experiments have shown that both P- and E-

selectin play a role in leukocyte rolling in the RPA response in

cremasteric postcapillary venules (Norman et al., 2003). The

present studies demonstrate that TNF is responsible for the

expression of E-selectin at functional levels, in addition to

promoting increased expression of P-selectin. The observation

that leukocyte rolling velocity is elevated in the absence of

TNF indicates that these TNF-mediated increases in selectin

expression are responsible for the markedly reduced rolling

velocity observed in wild-type mice. We initially hypothesized

that the increased leukocyte rolling velocity in TNF-deficient

mice could be explained solely by the absence of functional

E-selectin. Previous studies have shown that application of

TNF to the cremaster muscle causes an E-selectin-dependent

reduction in rolling velocity (Kunkel & Ley, 1996). However,

in the RPA model, blockade of E-selectin function did not

alter leukocyte rolling velocity. In contrast, blockade of

P-selectin resulted in a significant increase in leukocyte rolling

velocity. These findings indicate that in this model P-selectin,

but not E-selectin, is of key importance in mediating the slow

rolling observed. This may, in part, be due to the differences in

the relative levels of expression of the two endothelial selectins

during the RPA response. Via direct visualization of selectin

expression in the cremaster muscle, we have previously

observed that at the peak of E-selectin expression (2.5–4 h),

E-selectin is detectable in less than 50% of the venules in which

P-selectin is observed (Norman et al., 2003). It is probable that

the minimal role of E-selectin in reducing rolling velocity in the

present experiments is due to its less extensive level of

expression relative to other models of inflammation (Kunkel

& Ley, 1996; Jung et al., 1998).

In addition to its effects on rolling, the absence of TNF also

resulted in a significant reduction in leukocyte adhesion

induced by the RPA reaction. There are a number of potential

reasons for this response. It may be a result of the increase in

leukocyte rolling velocity in TNF�/� mice, as it has been shown

that leukocyte adhesion is more likely to occur at slow

leukocyte rolling velocities (Jung et al., 1998). The observed

reduction in VCAM-1 expression in TNF�/� mice raises an

alternative explanation. Previously, we have shown that

VCAM-1 plays a key role in leukocyte adhesion and

emigration in the RPA response in the cremaster muscle

(Norman et al., 2003). Therefore, a reduction in VCAM-1

expression in TNF�/� mice would be expected to result in a

comparable reduction in leukocyte adhesion.

Alternatively, the current data also raise the possibility that

in immune complex-induced responses, TNF can induce

adhesion within minutes of its release. This is supported by

our observation that the reduced leukocyte adhesion in the

RPA-treated TNF�/� mouse could be restored to that seen in

wild-type animals by 30min of acute application of TNF to the

cremasteric microvasculature, in the absence of alterations in

rolling parameters. Similar observations of a rapid increase in

leukocyte adhesion in response to short-term application of

TNF have been reported previously (Thorlacius et al., 2000;

Young et al., 2002). Thorlacius et al. showed that 30min

exposure of the cremaster muscle to TNF was sufficient to

induce a marked increase in leukocyte adhesion without

altering leukocyte rolling parameters. Moreover, Young et al.

(2002) have recently reported that the rapid increase in

adhesion induced by TNF is unaffected by inhibition of

protein synthesis via actinomycin D. These findings indicate

that the rapid adhesive response induced by TNF does not

require de novo synthesis of adhesion molecules, but pre-

sumably involves molecules already expressed by leukocytes

and endothelial cells. In support of this contention, exposure

of murine neutrophils to TNF in vitro has been shown to

induce a rapid increase in b2 integrin expression, suggesting

that the leukocyte maybe a potential target of TNF in this

system (Young et al., 2002). Alternatively, it is conceivable

that TNF can promote rapid changes in avidity of endothelial

adhesion molecules, thereby promoting leukocyte arrest on the

endothelial surface. Indeed, TNF has recently been shown to

promote phosphorylation of ICAM-1 in endothelial cells

within 1min, at the same time as causing a 10-fold increase

in adhesivity for neutrophils (Javaid et al., 2003).

In addition to reducing leukocyte recruitment, the absence

of TNF was associated with a significant reduction in the

immune complex-induced alteration in microvascular perme-

ability, suggesting that TNF-mediated leukocyte recruitment

plays a key role in injuring the vasculature and promoting

microvascular leakage. This is supported by observations of

immune complex-induced injury in the lung in which preven-

tion of leukocyte recruitment via blockade of key adhesion

molecule pathways protects against microvascular injury

(Mulligan et al., 1991). Interestingly, TNF does not have the

same role in all tissues. While anti-TNF treatment reduces

both leukocyte recruitment and microvascular injury in the
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lung, in the skin the same treatment is without effect on either

recruitment or permeability (Warren et al., 1989; Mulligan &

Ward, 1992). The basis of the tissue specificity of this response

is unclear. However, taken together with the present data,

these findings indicate that the effectiveness of TNF at

inducing leukocyte recruitment in response to immune

complex formation varies according to the vascular bed.

Furthermore, anti-TNF therapy is effective at reducing

microvascular injury only in tissues in which TNF promotes

recruitment. This consistent correlation of recruitment and

microvascular injury strongly suggests that the effect of TNF

on microvascular permeability in immune complex-induced

inflammation is due to its ability to promote leukocyte

recruitment.

We have previously demonstrated in this RPA model that

immune complexes initially form in the perivascular tissue

when OVA leaves the vasculature, and that microvascular

permeability increases rapidly in response to this initial

immune complex formation. Given the increased leakage in

wild-type vs TNF�/� mice, it is conceivable that an additional

effect of the microvascular leakage induced by TNF may be to

allow a greater level of immune complex formation. Previous

work has shown that the level of the inflammatory response is

determined by the amount of immune complex formation

(Mulligan & Ward, 1992). Therefore, increased complex

formation afforded by an increase in macromolecular leakage

into the interstitium would be expected to result in an

amplification of the inflammatory response. This may

represent an additional pathway whereby TNF promotes

immune complex-induced inflammation in the cremasteric

microvasculature.

Together these observations indicate that the actions of

cytokines such as TNF during inflammatory responses are

remarkably diverse, potentially having both immediate and

long-term effects, and targeting multiple physiological pro-

cesses including rolling, adhesion and macromolecular leak-

age. Furthermore, these data demonstrate that experiments in

which production/release of a cytokine is stimulated as part of

an inflammatory response can provide divergent data relative

to studies in which cytokines are applied directly to tissues.
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