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IN RESPONSE TO TISSUE INJURY,

a dynamic process involving
release of soluble mediators and recruitment of inflammatory
cells initiates and maintains a host response to fight infection
and heal injured tissue (35). Early responses essential to this
are increased vascular permeability and directed transmigration
of neutrophils to the site of injury. Vascular hyperpermeability
results in extravasation of fibrinogen and deposition of a fibrin
matrix that favors granulation tissue formation and leads to
wound healing (4). Neutrophil extravasation into the wound
bed provides a critical bacteriocidal function and also serves to
reorganize granulation tissue during the process of wound
healing (35). Maintaining a precise balance between the rate
and extent of neutrophil influx and endothelial cell barrier
function is critical to normal wound healing and avoidance of
chronic tissue inflammation and scar formation (22, 41, 42).
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Numerous studies have demonstrated a neutrophildependent alteration in vascular permeability in both in vitro
and in vivo experimental models (2, 14, 20, 43, 47, 49).
However, many of these studies have relied on the direct
activation of neutrophils by addition of chemokines that can
signal activation of ␤2-integrin binding to endothelial ligands
(i.e., ICAM-1) and extracellular matrix molecules (i.e., fibrinogen). This in turn triggers the neutrophil to release permeability-increasing agents in a process intended to mimic the
onset of chronic inflammation. In contrast to the established
role that neutrophil bacteriocidal and oxidative functions play
in the pathogenesis of chronic wounds (29), their function in
normal wound healing in the absence of gross infection has
been questionable. Indeed, genetic ablation of myeloid cell
production using PU.1-null mice was found to not alter tissue
repair in aseptic wounds (23). Yet the mechanisms by which
permeability and polymorphonuclear neutrophil (PMN) transmigration are functionally linked or differentially regulated in
time and magnitude over the dynamics of the inflammatory
response under normal wound healing remains elusive and is
crucial for understanding the derangements that occur during
chronic inflammatory diseases.
To address this issue, we applied a noninvasive whole
animal imaging method that simultaneously tracks neutrophil
extravasation and protein leakage into a cutaneous wound to
correlate the dynamics in neutrophil recruitment and vascular
permeability during the initial 24-h inflammatory phase of
aseptic wounding. We also examined Rho-kinase-dependent
signaling since it is central to regulation of endothelial cytoskeletal contractility (11, 44) and vascular permeability under conditions of inflammation and injury (32). The results
show that during the acute response to wounding, neutrophil
recruitment is uncoupled from endothelial barrier function for
macromolecular transport, which becomes increasingly dependent on Rho-kinase signaling following tissue injury.
MATERIALS AND METHODS

Animals. Mice expressing enhanced green fluorescent protein
(EGFP) were generated by cross-breeding 129Sv lys-EGFP mice
(generously provided by Dr. Thomas Graf, Albert Einstein College of
Medicine, Bronx, NY) with C57BL/6J (Jackson, Bar Harbor, ME) for
at least nine generations in the animal facility at University of
California at Davis and were housed in the same facility. Mice
between 8 and 12 wk of age were used in all the experiments. All
animal experiments were approved by the Institutional Animal Care
and Use Committee of the University of California at Davis (animal
protocol nos. 11777 and 13386).
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Transport of macromolecules and transmigration of leukocytes across
vascular endothelium are regulated by a tight molecular junction, but
the mechanisms by which these two inflammatory events are differentially controlled in time and magnitude during aseptic cutaneous
wounding remain elusive. A real-time fluorescence imaging technique
was developed to simultaneously track influx of Alexa 680-labeled
albumin and genetically tagged enhanced green fluorescent proteinneutrophils [polymorphonuclear neutrophils (PMN)] within the
wound bed. Vascular permeability increased approximately threefold
more rapidly than the rate of PMN influx, reaching a maximum at
12 h, on the order of ⬃0.15% per minute versus ⬃0.05% per minute
for PMN influx, which peaked at 18 h. Systemic depletion of PMN
with antibody blocked their extravasation to the wound but did not
alter the increase in vascular permeability. In contrast, pretreatment
with antiplatelet GPIb decreased permeability by 25% and PMN
influx by 50%. Hyperpermeability stimulated by the endotheliumspecific agonists VEGF or thrombin at 24 h postwounding was
completely inhibited by blocking Rho-kinase-dependent signaling,
whereas less inhibition was observed at 1 h and neutrophil influx was
not perturbed. These data suggest that in aseptic wounds, the endothelium maintains a tight junctional barrier to protein leakage that is
independent of neutrophil transmigration, partially dependent on circulating platelets, and associated with Rho-kinase-dependent signaling.
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a previous method developed by Huxley et al. (18) and was calculated
by assuming a linear relationship between the measured fluorescence
intensity (I) and the concentration of fluorescently conjugated albumin
within the wound area. P ⫽ 1/⌬I(t) (dI/dt) (r/2), where ⌬I(t) is the step
increase in fluorescence of tracer molecules due to vascular filling,
dI/dt is the rate of albumin extravasation into the surrounding tissue,
and r is the average radius of the vessels. During vascular inflammation, the microvascular site of plasma solute leakage is largely from
postcapillary venules with diameters ranging between 10 and 40 m
(37). Thus, in this study, median value of vessel radius r ⫽ 12.5 m
was assumed in calculating vascular permeability. Since plasma
concentration of tracer molecule varies with time after injection due to
plasma clearance by kidney, liver, and other organs, the vascular
filling compartment was defined as a time-dependent function, ⌬I(t) ⫽
⌬Io ⫻ f(t), where ⌬Io is defined as the initial step increase in
fluorescence at t ⫽ 1 min following injection of tracer molecules and
f(t) was determined by fitting the data of plasma concentration of
tracer molecule to a single exponential decay function f(t) ⫽ a ⫻
exp(⫺1/k ⫻ t) ⫹ b. To estimate this, we measured the clearance of
Alexa 680-BSA from blood samples collected at 5, 30, 60, and 90 min
following tail-vein injection. The constants a and b were found to
have values 0.34 and 0.65, respectively, and the time constant k ⫽ 6 ⫻
103 s. The accuracy of the exponential decay estimate was tested by
measuring permeability of both Alexa 680-BSA at 60 min and that of
second tracer, Alexa 594-BSA, injected 45 min later. This estimation
technique predicts total apparent permeability and does not discriminate between the convective versus diffusive contributions to shifts in
the permeability coefficient.
Experimental protocols. The permeability of albumin within the
vasculature of cutaneous wounds was measured during the early (1 h)
and late phase (24 h) of the inflammatory response by injecting
fluorescent Alexa 680-conjugated BSA into the mouse tail vein at
each phase and quantifying the time-dependent change in fluorescence
intensity. For early phase measurement, BSA-Alexa 680 (0.5 mg/ml,
100 l) was injected within 30 min of skin wounding, and basal
vascular permeability was determined under topical superfusion of
saline to the wounded area for 30 min. The reactive response of
vascular permeability was determined by topically superfusing 100 l
of either VEGF (1,000 ng/ml, Sigma-Aldrich, St. Louis, MO) or
thrombin (5 U/ml, Sigma-Aldrich) to the wound following 30 min of
baseline measurement. To investigate the effect of Rho-kinase inhibition on VEGF-induced response, Y-27632 (50 M, Sigma-Aldrich)
was pretreated for 40 min to the wound and then VEGF was topically
applied in the presence of Y-27632.
For measurement of late phase response, mice were maintained in
the animal housing facility for 24 h postwounding, and the identical
experimental procedure as the early phase measurement was performed under treatment of saline, thrombin, VEGF, or Y-27632. To
investigate the effect of proteinase-activated receptor-1 (PAR-1) activation on vascular permeability, PAR-1 agonist peptide (PAR-1 AP,
SFLLRN-NH2, 5 M, Sigma-Aldrich) was topically superfused into
the wound following 30 min of baseline measurement. The depletion
of circulating PMNs and platelets was achieved by pretreatment
(intraperitoneal injection) with either anti-Gr-1 antibody (0.1 mg, BD
Biosciences, San Diego, CA) for PMN depletion or anti-CD41 antibody for platelet depletion (0.1 mg, BD Biosciences) at 1 h before
skin wounding. Then, the effect of depletion of circulating PMNs or
platelets on the responsiveness to thrombin, VEGF, PAR-1 AP, or
saline for control was examined by topically supefusing these agents
to the wound. The efficacy of Gr-1 and CD41 antibody in depleting
⬎90% of PMNs and platelets was confirmed by differential blood
counts (data not shown).
In selected experiments, kinetic data of vascular permeability were
also obtained at time points of 6 h, 12 h, and 18 h postwounding.
Statistical analysis. Data analysis was performed using GraphPad
Prism version 4.0 software (GraphPad Software, San Diego, CA).
Statistical tests among multiple groups were analyzed using one-way
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Skin wound model. Mice were anesthetized with an intraperitoneal
injection of ketamine (80 mg/kg)-xylazine (10 mg/kg), and the back
skin hair was then removed with a mechanical shaver. After sterilization with 10% wt/vol povidine-iodine and 70% alcohol, 6 mm in
diameter circular full-thickness wound was made using a skin biopsy
punch (Robbins Instruments, Chatham, NJ).
In vivo fluorescence imaging of EGFP neutrophils and fluorescence-tagged BSA. The in vivo imaging of EGFP neutrophils and
fluorescence-tagged BSA appearing on the site of back skin wound
was performed using the whole body small animal fluorescence
imaging system (Xenogen IVIS 100 system, Xenogen) as described
recently (21). Mice were put into the imaging chamber of the system
after being anesthetized by ketamine-xylazine. The EGFP-expressing
neutrophils within the wound area were visualized using a GFP filter
(excitation at 445– 490 nm and emission at 515–575 nm) at an
exposure time of 1 s. Simultaneous imaging of BSA-Alexa 680 within
the wound area was achieved with a CY5.5 filter (excitation at
615– 665 nm and emission at 695–770 nm, at an exposure time of 1 s)
immediately following the imaging of EGFP-PMNs. In selected
experiments, BSA-Alexa 594 within the wound area were imaged
using DsRed filter (excitation at 500 –550 nm and emission at 575–
650 nm, at an exposure time of 1 s). To determine basal vascular
permeability in intact skin, BSA-Alexa 680 fluorescence in shaved
nonwounded back skin was also imaged using the CY5.5 filter set.
Analysis of the images was performed using Live Image Pro. 2.5
software (Caliper Life Sciences), and fluorescence intensities expressed as average radiance (photons per cm2 per steradian) were
measured by drawing a circular region of interest over the entire
wound area.
Titration of BSA-Alexa 680. BSA-Alexa 680 was purchased from
Invitrogen (Carlsbad, CA; catalog no. A34787, excitation maximum
at 679 nm and emission maximum at 702 nm). On the day of the
experiment, free Alexa dye within the BSA-Alexa 680 conjugate
solution was removed by centrifugation of the 0.5 mg/ml BSA-Alexa
680 solution through a Centrifree (Millipore, Billerica, MA) centrifuge filter. The fluorescence of the ultrafiltrate was checked in the
fluorometer and compared with standards prepared from free Alexa
dye alone. Repeated centrifugation (e.g., at least 3 times) reduced free
dye composition to ⬍0.2%. The concentrated labeled albumin was
then diluted with sterile saline. Endotoxin contamination effect within
the prepared BSA-Alexa 680 solution was determined in control
experiments in which vascular permeability was measured over periods of 100 min after tail-vein injection of BSA-Alexa 680 under
superfusion of sterile saline onto the wounded skin. No significant
increase in vascular permeability in wounded skin was observed up to
100 min. For the titration experiment, full-thickness wound (6 mm in
diameter) was made on top of back skin in EGFP mice using a skin
biopsy punch, and different concentrations of BSA-Alexa 680 (0.1,
0.5, and 1.0 mg/ml, dissolved in 100 l sterile saline) were either
applied on to the wounded skin for in vitro titration or injected into the
tail vein of separate mice for in vivo titration. Then, BSA fluorescence
was determined as a function of BSA concentration.
Spatial mapping of EGFP-PMN and BSA-Alexa 680 fluorescence.
To determine spatial localization of EGFP-PMN and BSA-Alexa 680
fluorescence within the circular wound area (6 mm in diameter),
images were divided into 96 regions of interest using rectangular
segmentation. Fluorescence intensity maps were then obtained for
each rectangular segment. Additionally, the 96 rectangular segments
were further subdivided into three areas of interest depending on the
distance from the center of circular wound (that is, areas of r ⫽ 0 –1,
r ⫽ 1–2, and r ⫽ 2–3 mm). The average was taken to obtain mean
fluorescence intensity, and this value was normalized relative to area
r ⫽ 0 –1 mm.
Vascular permeability. Protein extravasation into skin wounds was
detected by intravenous tail-vein administration of fluorescence-conjugated albumin as a tracer for vascular leakage across the endothelium. Vascular permeability (P) was quantified using a modification of
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ANOVA followed by Tukey’s posttest for secondary analysis for
significance. Statistical significance between two groups was determined by two-tailed unpaired t-tests. P values of ⬍0.05 were considered statistically significant.
RESULTS

Fig. 1. Real-time detection of vascular permeability using fluorescent albumin. A: noninvasive fluorescence imaging of BSA-Alexa 680 before and after
intravenous (iv) injection at early (1 h) and late (24 h) phase after skin wound. p/s/cm2/sr, photons per square centimeter per steradian. B: topical application
of BSA-Alexa 680 directly into the wound. Fluorescence intensity within wound area was measured as a function of BSA titrated into wound. C: in vivo titration
of BSA-Alexa 680. BSA-Alexa 680 was injected via tail vein (iv), and fluorescence intensity of BSA within vascular compartment (Io, BSA fluorescence
measured 1 min after injection) was measured as a function of injected BSA concentration. D: representative time course of BSA fluorescence within wound.
The effect of plasma clearance of circulating BSA-Alexa 680 on permeability measurement was assessed by comparing the response obtained by second dye,
in which Alexa 594 BSA was injected 45 min after Alexa 680 BSA injection. E: comparison of baseline vascular permeability in nonwounded intact skin and
wounded skin. Vascular permeability is also shown as a function of BSA concentration (0.5 and 1.0 mg/ml) in wounded skin at both 1 h and 24 h postwounding.
NS, not significant. *P ⬍ 0.05 with respect to 1 h group; n ⫽ 3 to 4 mice in each group.
AJP-Cell Physiol • VOL
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Noninvasive imaging of vascular permeability. To measure
the extravasation of proteins from the vasculature during cutaneous wounding, Alexa 680-conjugated BSA was injected
into the mouse tail vein during the early (1 h) and late (24 h)
phases of the inflammatory response (Fig. 1A). Fluorescent
albumin accumulated toward the center of the wound and not
along the wound margin, indicating a minor contribution from
bleeding of severed vessels, which was efficiently staunched
by coagulation soon after wounding. A linear correlation was
confirmed between fluorescence intensity and the concentration of BSA-Alexa 680 exogenously applied directly into the
wound (r2 ⫽ 0.9579 and P ⬍ 0.0001; Fig. 1B). Likewise, a
linear correlation was observed in response to increasing concentrations of BSA-Alexa 680 detected in the wound bed
within minutes of venous injection (r2 ⫽ 0.8423 and P ⬍

0.0001; Fig. 1C). Vascular permeability was measured by
quantifying the time-dependent change in fluorescence signal
of tracer BSA in both vascular [⌬Io(t)] and tissue compartments [I(t)] and applying a kinetic model that estimates transport across the vessel wall, as described in detail in MATERIALS
AND METHODS. Vascular filling (⌬Io) was estimated from the
step increase in fluorescence intensity within 1 min of tail-vein
injection of BSA-Alexa 680 (Fig. 1D). A second injection of
BSA-Alexa 594 was applied 40 min later and confirmed that
the signal from vascular filling remained constant. Vascular
permeability was computed from dI/dt and the kinetic model
and found to be ⬃2.4 ⫻ 10⫺7 cm/s for albumin at 1 h
postwounding (Fig. 1E). This value was not significantly different from the basal value detected in nonwounded intact skin
(1.63 ⫾ 0.26 ⫻ 10⫺7 cm/s, P ⬎ 0.05 vs. 1 h). Within 24 h of
wounding, a time-dependent increase in vascular permeability
was detected in that the BSA-Alexa 680 permeability coefficient increased approximately threefold (2.40 ⫾ 0.43 ⫻ 10⫺7
cm/s at 1 h vs. 6.25 ⫾ 0.93 ⫻ 10⫺7 cm/s at 24 h; Fig. 1E). The
measured solute permeability coefficients at both 1 and 24 h
postwounding were also found to be independent of the venous
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Fig. 2. Vascular permeability in response to VEGF. Time course is shown of
vascular permeability in response to VEGF at nonwounded intact skin and at
early (1 h) and late (24 h) phase following skin wounding. VEGF was topically
treated onto wound area at 30 min following BSA-Alexa 680 injection. Dotted
lines indicate mean values of basal permeability (saline control) in each group.
*P ⬍ 0.05 with respect to saline control group; n ⫽ 4 to 6 mice in each group.
AJP-Cell Physiol • VOL

positive and accumulate in numbers up to sixfold greater than
the circulating count (21). In contrast, BSA-Alexa 680 fluorescence was highest at the wound center and decreased in
intensity toward the wound periphery (Fig. 3, B and C).
Discrimination between changes in permeability and neutrophil infiltration was also supported by experiments in which
neutrophils were depleted by intraperitoneal injection of Gr-1
antibody. This treatment effectively decreased the systemic
neutrophil count by ⬃95%, which correlated with inhibition of
EGFP-PMN influx by ⬃90% (Fig. 3, D and E). Under these
conditions, vascular permeability at 24 h was not significantly
different from the wounded control mice that exhibited normal
neutrophil influx. Collectively, spatial mapping analysis and
neutrophil depletion clearly reveal an uncoupling between the
rapid increase in vascular permeability and the migration of
EGFP-PMN into the wound bed.
Since cutaneous wounding triggers aggregation and activation of platelets that superpose with endothelial activation, we
next examined whether platelets are involved in mediating
neutrophil influx and vascular permeability at 24 h of wounding. Antibody depletion of circulating platelets was achieved
by intraperitoneal injection of monoclonal antibody specific for
CD41 (39), which significantly depleted circulating platelets
by ⬃90% as confirmed by systemic blood counts (data not
shown). Under these conditions, the vascular permeability
dropped by 40% of the untreated control at 24 h (Fig. 3E). In
addition, platelet depletion reduced EGFP-PMN infiltration by
⬃50% (Fig. 3, D and E). These data reveal a significant
influence of activated platelets on endothelial barrier function
and are consistent with the well-reported inflammatory effect
of platelets on the endothelium (9).
Respective roles of platelet and endothelial activation in
vascular permeability. To further assess the respective roles of
platelet and endothelial activation on vascular permeability, we
applied cell-specific agonists to wounds at the early and late
phases of inflammation. Thrombin is a potent serine protease
and regulates platelet aggregation and endothelial barrier function by activating PAR (7). Potent activation through thrombin
appears to require prior inflammatory challenge as previously
observed in single microvessel perfusion studies (8). This was
confirmed in this mouse wound model in that topical application of thrombin to the wound at 24 h induced a rapid increase
in permeability, whereas no significant increase was detected at
1 h of wounding (Fig. 4). As with VEGF, hyperpermeability
was reversible within 20 min and was not altered by neutrophil
depletion with Gr-1, suggesting that thrombin acted specifically on platelets and endothelium. We next examined the role
of a specific thrombin receptor, PAR-1, that is upregulated on
injured endothelium but not expressed on murine platelets (7).
We tested whether PAR-1 upregulation was linked to differential sensitivity of thrombin responsiveness by superfusing
the wound with a high-affinity peptide agonist to PAR-1
receptor (PAR-1-AP, SFLLRN-NH2). Addition of PAR-1-AP
increased permeability to a similar extent as thrombin at 24 h,
but like thrombin had little effect at 1 h (Fig. 4B). To determine
the role of platelets, mice were again treated with anti-CD41
and activated with thrombin. Depletion of platelets inhibited
the thrombin-activated permeability increase by ⬃40%, dropping it almost to the baseline at 24 h (Fig. 4B).
Topical administration of thrombin or PAR-1 AP did not
stimulate an increase in the level of PMN influx above that
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concentration of BSA injected. The permeability coefficient
estimated using BSA-Alexa 680 (5.58 ⫾ 0.35 ⫻ 10⫺7 cm/s)
after 60 min of injection at 24 h postwounding was within
⬃10% of the value of BSA-Alexa 594 (6.17 ⫾ 0.22 ⫻ 10⫺7
cm/s) at the same time point. Taken together, these data
indicate that detection of albumin transport was independent of
the fluorophore wavelength or concentration perfused and
provided a faithful measure of vascular permeability into the
wound bed.
We next examined the role of VEGF receptor-2 in endothelium-specific regulation of permeability. VEGF165 was topically superfused into the wound bed during the early and late
phases of wounding or subcutaneously injected into intact skin.
The baseline rate of albumin leakage was not significantly
different between nonwounded and wounded skin at 1 h, but it
increased by approximately threefold at 24 h (Fig. 2). Within
10 min of VEGF application, a rapid increase in vascular
permeability was detected, which decreased back to baseline
values within 20 min in both intact and wounded skin. This
rapid and transient increase in response to VEGF is consistent
with a previous report in which permeability was measured in
single vessels (3) and indicates that the endothelium can
rapidly recover barrier function following acute injury. However, baseline barrier function following 24 h of wounding
adjusted to significantly higher baseline permeability.
Vascular permeability is independent of neutrophil recruitment, but partially dependent on platelets. We next examined
the role of neutrophils in the regulation of vascular permeability over 24 h of the inflammatory phase of wounding. Green
fluorescent neutrophils were detected in the wounds of mice
containing the lysozyme-EGFP transgene, which enabled simultaneous analysis of the spatial and temporal distribution
with BSA-Alexa 680 fluorescence. Although both permeability
and neutrophil influx increased over 24 h, permeability rose
more rapidly, reaching a maximum ⬃6 h before neutrophil
influx achieved its peak level at 18 h (Fig. 3A). To determine
whether these two events are coupled or differentially regulated over the time course of wounding, image analysis was
applied to map the intensity of extravasated BSA and PMN.
EGFP-PMN fluorescence increased to a maximum in intensity
along the wound edge (Fig. 3, B and C). This is consistent with
our previous report that confirmed these PMN to be Gr-1
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due to wounding alone (Fig. 4C). It was confirmed that this
was not due to an inability of the agonists to access the
vascular compartment and activate neutrophil arrest and
transmigration by topically superfusing the strong chemoattractant macrophage inflammatory protein-1␣ ( MIP-1␣)
and following the time course of EGFP-PMN influx. EGFPPMN fluorescence in the wound rose by ⬃40% after 40 min
of MIP-1␣ superfusion, a statistically significant increase
over the ⬃10% rise observed for the saline control group
(data not shown). These data reveal a neutrophil- independent and platelet-dependent increase in vascular permeability associated with an upregulation in thrombin receptor
responsiveness of the endothelium.
Rho-kinase-dependent signaling regulates vascular permeability during wounding. It has been reported that VEGFstimulated paracellular transport processes involves cytoskeletal contractility signaled via RhoA (36, 48), as well as RhoAindependent alterations in the adherence junction associated
with VE-cadherin internalization (15). It is well established
that endothelial permeability is rapidly signaled via a RhoA/
Rho-kinase pathway as studied in in vitro models of inflammation (24, 44) and in the pathogenesis of chronic diseases
AJP-Cell Physiol • VOL

in vivo (27, 32). This motivated the last set of experiments in
which we inhibited Rho-kinase and examined the inflammatory
response. Wounds were superfused with Y-27632 (e.g., 50
M) for 40 min, a specific pharmacological inhibitor of Rhokinase, in the presence and absence of endothelial specific
agonists added at 1 and 24 h. Depicted in Fig. 5A are the effects
of Y-27632 added directly to wounds for 40 min at 24 h
following wounding. Rho-kinase inhibition did not significantly alter neutrophil influx, while permeability was inhibited
by 70% under these same conditions (Fig. 5B). In response to
VEGF stimulation at 24 h of wounding, Y-27632 attenuated
⬃75% of the permeability increase, whereas at 1 h of wounding there was only a ⬃35% inhibition of VEGF stimulation and
no drop from the saline control level at 1 h (Fig. 5, C and D).
Since there was no hyperpermeability response to thrombin at
the 1-h time point, stimulation was assessed only at the 24-h
time point in the presence or absence of Rho-kinase inhibitor.
Thrombin-stimulated vascular permeability in the presence of
Y-27632 was completely inhibited (Fig. 5, C and D). These
data clearly show that a Rho-kinase signaling pathway plays an
increasing role in endothelial hyperpermeability over time of
wounding and the response to inflammatory agonists, while
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Fig. 3. Spatiotemporal analysis of vascular permeability and polymorphonuclear neutrophil (PMN) influx in response to immunodepletion. A: kinetics of
enhanced green fluorescent protein (EGFP)-PMN infiltration and vascular permeability. B and C: spatial mapping of EGFP-PMN and BSA-Alexa 680
fluorescence. The average fluorescence intensities of EGFP-PMN and BSA-Alexa 680 are quantified as a function of distance from wound center, normalized
to the averaged value at region r ⫽ 0 –1 mm, and colorized on the basis of intensity. Regions of intense BSA leakage (wound center, r ⫽ 0 –1 mm region) is
distinct from greatest density of PMN influx (wound edge, r ⫽ 2–3 mm region). *P ⬍ 0.05 with respect to EGFP-PMN group. D: representative fluorescent image
of EGFP-PMN and BSA-Alexa 680 under depletion of circulating PMNs (Gr-1) and platelets (CD41) within wound at 24 h postwounding. E: effect of PMN
and platelet depletions on vascular permeability. #P ⬍ 0.05 and ##P ⬍ 0.01 with respect to 24 h group; n ⫽ 4 to 8 mice in each group.
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neutrophil recruitment is unaffected by blocking Rho-kinase
within the wound bed.
DISCUSSION

Maintenance of a tight endothelial junction is necessary to
regulate transport of fluid and macromolecules and neutrophil
recruitment into injured tissue, while simultaneously providing
a barrier against systemic invasion by bacteria and other
pathogens. High-resolution whole animal imaging revealed an
uncoupling between neutrophil recruitment and vascular permeability during the early inflammatory phase of aseptic cutaneous wounding in that the latter reached a maximum at least
6 h before the peak of neutrophil influx to the wound bed.
These two inflammatory events were spatially distinct and
differentially regulated because the basal increase in permeability in response to wounding was unperturbed by removal of
AJP-Cell Physiol • VOL

circulating neutrophils, while it was partially diminished when
platelets were depleted. Furthermore, we demonstrated that the
increase in vascular permeability over time of wounding was
largely mediated by Rho-kinase-dependent signaling, as was
the marked potentiation of the response to the endotheliumspecific agonists VEGF and thrombin. Our data demonstrate
that the endothelium is the primary regulator of fluid and
protein transport, which is not altered by the presence of robust
neutrophil recruitment.
In the current study, a real-time noninvasive fluorescence
imaging technique was introduced that provides continuous
detection of the influx of EGFP-PMN and Alexa 680 conjugated albumin into the wound bed. The Xenogen imaging
system used in this study can resolve as few as 3.5 ⫻ 104
EGFP-PMNs/mm2 recruited into the wound bed (21) and
proved to be highly sensitive in detection of small shifts in
vascular permeability. A remarkable finding was that at 1 h
postwounding, albumin transport across the vasculature of the
wound was within onefold of that measured in unperturbed
skin. The increase in permeability (⬃2.4 ⫻ 10⫺7 cm/s) was
slightly lower but on par with that measured during inflammation of single postcapillary venules (e.g., ⬃4.9 ⫻ 10⫺7 cm/s on
25- to 40-m venules) as detected with a Texas Red-conjugated albumin (30). The acute response at 1 h of wounding was
relatively small compared with the approximately threefold
increase detected at 24 h, and the approximately sixfold increase stimulated by VEGF or thrombin. We conclude that the
endothelium maintains a tight junction and an intact barrier
function over hours of skin wounding, yet remains highly
responsive to endothelial specific inflammatory stimuli.
Genetic tagging of neutrophils allowed us to simultaneously
follow the dynamics of neutrophil recruitment along with
vascular permeability. We observed that the kinetics in neutrophil influx and the reversible hyperpermeability response
were distinct. Over the initial 12 h, permeability increased
approximately threefold more rapidly than the rate of PMN
influx, on the order of ⬃0.15% per minute versus ⬃0.05% per
minute for PMN influx. Moreover, spatial detection of albumin
transport revealed it was most intense toward the center of the
wound bed, spatially distinct from the location of intense
EGFP-PMN influx at the periphery. Immunodepletion of neutrophils with antibody effectively blocked their influx to the
wound but did not alter the hyperpermeability response, which
was partly inhibited by the immunodepletion of platelets.
The observed uncoupling of neutrophil and macromolecular
transport across endothelium is in apparent conflict with previous studies that demonstrate a primary role of neutrophils in
altering vascular permeability (2, 14, 20, 43, 47, 49). We
believe that this difference can be attributed to variation in the
extent of neutrophil activation in aseptic versus infected
wounds. In the absence of gross infection, neutrophils are
activated by chemotactic agents that efficiently cause it to
arrest and transmigrate with little activation of neutrophil
degranulation and production of reactive oxygen species. In
this context, we have recently reported that boosting the rate
and extent of neutrophil influx to a cutaneous wound was
critical for clearing gram-positive bacteria. However, it did not
alter the efficiency of wound healing and closure, nor the
concomitant reduction in neutrophil numbers within the wound
over time (21). During sepsis, however, mediators released by
activated neutrophils through chemokine signaling (43, 47, 49)
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Fig. 4. Thrombin-induced permeability is dependent on platelets and proteinase-activated receptor-1 (PAR-1) expression, but not on PMN recruitment.
A: representative time course of thrombin-induced vascular permeability under
control, PMN depletion with Gr-1 antibody, and platelet depletion with CD41
antibody at 24 h postwounding. Responses are representative of 5 to 7 mice.
B: effects of PAR-1 expression, PMN depletion, and platelet depletion on
thrombin-induced vascular permeability were investigated. Vascular permeability is increased by thrombin and PAR-1-activating peptide (AP) only after
24 h skin wounding. Thrombin-induced response was attenuated by platelet
depletion but is not altered by PMN depletion. C: effects of thrombin and
PAR-1-activating peptide on EGFP-PMN infiltration. *P ⬍ 0.05 with respect
to thrombin group; n ⫽ 5 to 9 in each group.
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and ␤2-integrin engagement (2, 14, 20) can trigger alterations
in vascular permeability that contribute to vascular injury. For
example, in chronic wounds, unresolved inflammation is associated with excessive recruitment of neutrophils, phagocytic
activation, and a delay in apoptosis that can prolong the
inflammatory response, leading to neutrophil-dependent tissue
edema and injury (20, 29, 33).
In contrast to the absence of a direct effect of depleting
neutrophils, systemic depletion of platelets with anti-GPIb
antibody revealed a cooperative role in neutrophil extravasation and basal and thrombin-induced hyperpermeability. Since
PAR-1 receptor signaling reproduced this activation and is
endothelium specific, we conclude that the attenuated response
by platelet depletion was the result of direct endothelial activation. Platelet adhesion to wounded endothelium can trigger
thrombotic activation at the site of injury, which may elicit
endothelial activation by upregulating RhoA/Rho-kinase activity in a paracrine-dependent manner (7, 46).
It is well reported that regulation of endothelial permeability
is in part signaled via receptor-mediated Ca2⫹ activation of
myosin light chain kinase (MLCK) and Rho-kinase activation
that in turn mediates cell contractility and the integrity of
adherens junctions (38). We have provided evidence here that
Rho-kinase-dependent signaling regulates not only the threefold increase in basal permeability over 24 h postwounding,
but also the agonist-induced (e.g., thrombin and VEGF) shifts
in permeability in wounded skin tissue. The increased dependence on Rho-kinase signaling after 24 h compared with 1 h is
consistent with previous reports from our laboratory that Rhodependent contractile pathways do not contribute significantly
to acute increases in permeability by agents such as plateletactivating factor and bradykinin in intact microvessels with no
prior exposure to injury (1). The result is also consistent with
previous reports of Rho-kinase-dependent regulation in susAJP-Cell Physiol • VOL

tained MLC phosphorylation and subsequent cell contractility
(25, 40). Indeed, greater than 50% of molecular transport
occurs through leaky endothelial junctions that are regulated
via agonist receptor-mediated and Rho-kinase-dependent signaling (19, 45). This is consistent with the level of inhibition
observed in our studies upon superfusion of Y-27632. It should
be noted that Ca2⫹-dependent MLCK is also involved in the
transient opening of adherence junctions during neutrophil
diapedesis (13, 17, 31) and that these MLCK- and Rhodependent pathways may regulate at least part of transient
acute shifts in barrier function following wounding.
However, this signaling pathway appears to be unperturbed
by robust neutrophil extravasation since Rho-kinase inhibition
with Y-27632 did not alter the extent of neutrophil accumulation in the wound. It has previously been reported that greater
than 70% of PMNs transmigrate at tricellular endothelial tight
junctions (5, 16). A remarkable finding in these studies was
that PMN transmigration did not involve significant disruption
of tight junctions, while permeability-increasing agents such as
histamin can induce a widespread disruption in barrier function. Facilitating this is a tightly regulated multistep process,
which includes not only the transient opening of adherence
junctions mediated by Ca2⫹ activation of MLCK, but also the
coordinated participation of junctional molecules such as platelet/endothelial adhesion molecule (PECAM) and junctional
adhesion molecules (JAMs) that form homophilic bonds,
thereby maintaining a tight seal during the transmigration
process (10, 22, 41, 42). Cooperativity between the endothelium and neutrophil is evidenced by formation of a transmigratory cup that encapsulates the neutrophil and forms a tight
membrane seal during transmigration (6, 28). This process
occurs very quickly within minutes, and adherence junctions
are rapidly reassembled afterward. Immunofluorescence imaging of this process employing VE-cadherin-GFP transfected
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Fig. 5. Rho-kinase inhibition reduces thrombin- and VEGFstimulated vascular hyperpermeability. A: effect of Rho-kinase
inhibition with Y-27632 on time course of EGFP-PMN infiltration within wound at 24 h postwounding. B: effect of Rhokinase inhibition with Y-27632 on time course of basal vascular
permeability within wound at 24 h postwounding. C: vascular
permeability at 1 h and 24 h postwounding and effect of
Rho-kinase inhibition with Y-27632 on basal, thrombin-, and
VEGF-induced vascular permeability. D: relative extent of
inhibition of vascular permeability with Y-27632 treatment.
NM, not measured. *P ⬍ 0.05 and **P ⬍ 0.01 between groups
and #P ⬍ 0.05 and ##P ⬍ 0.01 with respect to 1 h group; n ⫽
5 to 7 mice in each group.
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In summary, we demonstrated that robust neutrophil recruitment into an aseptic cutaneous wound does not alter the
autoregulation of endothelial barrier function for macromolecular transport that is controlled by Rho-kinase-dependent signaling. Our data suggest that Rho-kinase regulation of endothelial contractility and/or intracellular tight junctions in response to tissue injury and soluble agonists are central to
control of fluid and macromolecular transport even under
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