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Introduction
Myocardial infarction (MI) leads to persistent post-ischemic vaso-
genic edema that develops as a result of increased vascular perme-
ability (VP). Myocardial edema contributes to vessel collapse and
impaired electrical function, including reperfusion arrhythmias and
stunning, and could affect ventricular remodeling by changing
myocardial stiffness (1). Therefore, reducing VP and the resulting
edema is an attractive therapeutic approach for the treatment of acute
MI. VEGF, first described as “vascular permeability factor” (2), likely
contributes to myocardial edema, as it is expressed within hours fol-
lowing ischemic injury and potently induces VP. Accordingly, while
VEGF can lead to long-term angiogenesis and vessel collateralization,
it is possible that the VP-promoting effects of VEGF early in this dis-
ease can contribute to some of the pathology associated with ischemic
injury. Thus, it might be highly advantageous to disrupt the early VP-
promoting activity of VEGF without affecting its angiogenic activity.

Recently, we reported that mice deficient in pp60Src showed no
VP response to VEGF and displayed minimal edema and infarction
volume following stroke (3). Importantly, these mice showed a nor-
mal angiogenic response to VEGF (4), suggesting that Src kinase

may play a specific role in the VEGF physiological response by reg-
ulating VP. In normal mice, pharmacological blockade of Src kinas-
es similarly reduced edema and infarction volume following stroke.
These findings suggested it might be possible to control ischemic
injuries by regulating VEGF-mediated Src activity. Here, we present
ultrastructural and biochemical evidence to explain how VEGF-
mediated Src kinase activity in blood vessels regulates endothelial
cell (EC) barrier function following MI.

Previous studies have shown that EC barrier function depends in
part on VE-cadherin, an endothelial-specific cadherin (5). Recent evi-
dence suggests that Src kinases play a general role in regulating cad-
herin function on a wide variety of cell types (6, 7). In fact, Src kinase
can phosphorylate E-cadherin, causing epithelial cells to dissociate
from one another (6). These findings and the fact that Src is recruit-
ed to the VEGF receptor Flk upon VEGF binding (8) prompted us to
consider whether EC barrier function could be disrupted by VEGF-
mediated Src regulation of VE-cadherin function. In this study, we
isolated a preformed complex between Flk, VE-cadherin, and β-catenin
from normal quiescent blood vessels. Upon VEGF stimulation of
these blood vessels in vivo, this Flk/cadherin complex transiently dis-
sociated. Importantly, blockade of Src kinase prevented the dissocia-
tion of this complex, making blood vessels resistant to VEGF-medi-
ated VP. These findings were supported by ultrastructural studies in
which Src blockade led to the elimination of VEGF-induced EC gaps.
To our surprise, these gaps were often plugged with activated platelets
that appeared to reduce vessel patency in the area of the ischemic
injury, thereby contributing to the reduction in blood flow to this
region. These adherent/activated platelets, which likely contribute to
the VEGF quantity within this microenvironment (9), may enhance
the VP response in these tissues. Thus, by blocking Src following an
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ischemic injury, it is possible to disrupt a VEGF-mediated physiolog-
ical cascade that contributes to the severity and longevity of an
ischemic lesion such as MI.

Methods
Src family kinase (SFK) inhibitors. PP1, developed by Pfizer (now avail-
able from BIOMOL Research Laboratories Inc., Plymouth Meeting,
Pennsylvania, USA), inhibits enzymatic activity of Lck, Lyn, and Src
at IC50 values of 5, 6, and 170 nM, respectively (10). PP1 was used at
0.5–3 mg/kg, equivalent to 22–133 nM for a mouse blood volume of
2 ml. SKI-606, developed by Wyeth-Ayerst Research (Pearl River, New
York, USA) (11, 12), inhibits Src at 1.2 nM (12). SKI-606 was used at
0.5–5 mg/kg, equivalent to 12–118 nM in the mouse.

Ischemic models. For analysis of infarct size and myocardial water
content, MRI studies, and echocardiographic function and fibrotic
tissue experiments, we used a rat model of acute MI with permanent
occlusion of the left anterior descending (LAD) coronary artery, as
described (13). A similar mouse model of MI was used to assess the
effect of Src blockade on infarct size, edema, and tissue ultrastructure
after permanent LAD occlusion. Adult male mice 8–12 weeks old
were used for all studies, except 2-year-old C57BL/6 mice were used
as a model of severe MI to test the effects of Src inhibition on survival.
The effect of Src inhibition on infarct size during transient ischemia
was tested using a rat ischemia-reperfusion model with temporary
LAD occlusion for 60 minutes (SKI-606) or 45 minutes (PP1), admin-
istration of test agent 60 minutes later, and determination of infarct
size 24 hours later. Adult male Sprague-Dawley rats (Harlan, Indi-
anapolis, Indiana, USA) and C57BL/6, pp60Src–/–, and pp60Src+/– mice
(14) (Jackson Laboratory, Bar Harbor, Maine, USA) were maintained
and used under approved Animal Subjects protocols at The Scripps
Research Institute, Tufts University, or TargeGen Inc.

Infarct size. After 24 hours, 10% Evans blue (Sigma-Aldrich, St.
Louis, Missouri, USA) was injected intravenously before sacrifice.
Hearts were removed and cut in three equivalent sections distal to
the occluding LAD suture and one proximal to it. Images of the
distal sections were digitized using NIH Image software to evalu-
ate the nonperfused area at risk. Sections were stained with 2%
triphenyltetrazolium chloride (Sigma-Aldrich) to delineate
ischemic area. This method correlates well with histological mea-
surements (15). Infarct size is presented as the percentage of area
at risk to eliminate variability.

Water content and cardiac function. Previous studies have used MRI
to assess myocardial edema (16). In this study, in vivo water con-
tent was evaluated using MRI performed serially on anesthetized
rats 24 hours following MI using a 4.7-T MR scanner (Bruker, Bil-
lerica, Massachusetts, USA). Adult male rats were administered
PP1 (5.0 mg/kg intraperitoneally), SKI-606 (5.0 mg/kg i.v.), or vehi-
cle 45 minutes following permanent LAD occlusion. MRI experi-
ments to quantify T2 values of the myocardium were conducted by
applying an ECG and respiratory-triggered multiecho spin echo
sequence (number of echoes, 8; echo time, 6.6 milliseconds; slice
thickness, 1.0 mm; inplane resolution, 430 µm2; total slices, six to
seven). The trigger delay was chosen to capture all echoes during
full diastole to avoid motion artifact between echoes. Previous
studies have determined the T2 values of normally perfused
myocardium (27 ± 6.3 milliseconds; N. Himes, data not shown).
Corresponding gradient echo images were acquired for each slice
to clearly delineate the blood/myocardium border for region-of-
interest evaluation of the spin echo sequence. Regions with T2 val-
ues greater than 40 milliseconds (two standard deviations above

the mean of normally perfused myocardium) were delineated and
the volume was calculated as a percentage of the total LV myocar-
dial volume. In addition, the ex vivo myocardial water content of
proximal heart sections was measured as the percentage difference
between initial wet and dry weights after 24 hours of incubation at
80°C. Transthoracic echocardiography (SONOS 5500; Agilent
Technologies, Palo Alto, California, USA) was performed to evalu-
ate LV function before (baseline) and 4 weeks after MI. For this
analysis, rats were anesthetized with 0.6 ml/kg ketamine intraperi-
toneally. The regional wall motion score was calculated as
described previously (17).

Fibrotic tissue. For the histopathological analysis of fibrotic tis-
sue, hearts were removed after functional analysis, and the volume
and circumference of fibrotic tissue was determined by staining
with elastic trichrome and computer-based planimetry. The
amount of fibrotic tissue was measured as the percentage of LV
area as well as the percentage of LV circumference to eliminate the
contribution of differences in end-diastolic diameter and hyper-
trophy among the groups.

In vivo permeability model. Adult mice 8–12 weeks old were injected
i.v. with 50 µl of the Src inhibitor PP1 (1.5 mg/kg in PBS/DMSO;
BIOMOL Research Laboratories) 5 minutes prior to being injected
with 100 µl of VEGF or bFGF (0.2 mg/kg in PBS; PeproTech, Rocky
Hill, New Jersey, USA). At the appropriate time, the heart was rapid-
ly excised and homogenized in 3 ml RIPA lysis buffer as previously
described (4) and the protein concentration was measured (BCA Pro-
tein Assay; Pierce, Rockford, Illinois, USA).

Ultrastructural analysis by electron microscopy. Cardiac tissue was pre-
pared from 8- to 12-week-old mice following VEGF injection or 3–24
hours following ischemia, and the infarct, the peri-infarct, and
remote regions were sectioned. Tissue was fixed in 0.1 M sodium
cacodylate buffer (pH 7.3) containing 4% paraformaldehyde and
1.5% glutaraldehyde for 2 hours, transferred to 5% glutaraldehyde
overnight, then to 1% osmium tetroxide for 1 hour. Blocks were
washed, dehydrated in a graded ethanol series, and embedded in
Epon/Araldite resin. Ultrathin sections were stained with uranyl
acetate and lead citrate and were viewed using a Philips CM-100
transmission electron microscope.

Immunoprecipitation and immunoblotting. Tissue lysates were prepared
for immunoprecipitation and immunoblotting as previously
described (4) with antibodies from Santa Cruz Biotechnology (SC;
Santa Cruz, California, USA) or Biosource International (B; Camar-
illo, California, USA): Flk (SC315), VE-cadherin (SC6458), β-catenin
(SC7963), phospho-tyrosine (SC7020 or SC508), Src phospho-Y418
(B44-660), and FAK phospho-Y861 (B44-626). Representative data
from at least three separate experiments are shown.

Statistical analysis. Data are presented as mean ± SEM, with statisti-
cal significance determined from Student’s t-test (P < 0.05).

Results

Functional effects of Src inhibition following MI
Src blockade reduces edema and provides protection following MI. To estab-
lish the potential role of Src in the pathophysiology following MI,
we investigated the effects of Src deletion on the murine heart fol-
lowing ligation of the LAD coronary artery. Twenty-four hours after
the onset of ischemia, adult male 8- to 12-week-old pp60Src–/– mice
had significantly decreased myocardial water content (P < 0.01)
associated with 50% smaller infarct size (P < 0.001) compared with
heterozygous controls (n = 4 for each group; Figure 1A). We have
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previously reported that the pp60Src+/– mice show a normal perme-
ability and signaling response to VEGF (4), and these mice are
genetically most similar to the pp60Src–/– mice, which allows us to
establish a strong relationship between Src expression, VP, and
infarct volume following MI. VEGF expression following MI was
similar between genotypes (data not shown), demonstrating Src
inhibition did not interfere with induction of VEGF, but rather
influenced a downstream effector.

MRI has previously been utilized to assess myocardial viability
(18) and edema (16). In this study, to detect the spatial distribu-
tion of edematous myocardium we used MRI to evaluate short
axis maps of the parameter T2 of the left ventricle (LV) obtained
24 hours following permanent LAD coronary artery occlusion in
adult male rats receiving PP1 (n = 2), SKI-606 (n = 5), or vehicle (n = 5).
Because of their increased water content, edematous regions are
expected to have a longer T2 relaxation than nonedematous
regions. Therefore, regions with T2 values greater more than 40
milliseconds (two standard deviations above normally perfused
myocardium) were delineated as an index of edema and expressed
as percentage of total LV volume. Compared with vehicle, PP1
treatment reduced the extent of edema, shown in Figure 1B as
green regions with T2 values greater than 40 milliseconds. Simi-
larly, the index of edema as defined was 59% less in SKI-606–treat-
ed rats than in vehicle-treated rats (P < 0.05; Figure 1B, graph). To

validate these findings, myocardial water content was also com-
puted ex vivo using wet/dry weights of nonischemic myocardium
(Figure 1C). PP1 provided dose-dependent decreases in edema and
infarct size, with a maximum decrease at 1.5 mg/kg (n > 5 for each
group; P < 0.001; Figure 1C). PP1 also produced a significant
reduction in infarct size when administered following permanent
occlusion in the mouse and rat (data not shown). This effect was
time dependent with maximum benefit (50% smaller infarct size)
achieved with treatment 45 minutes following occlusion, yet treat-
ment after 6 hours still yielded 25% protection (n = 5 for each
group; P < 0.05; Figure 1C).

Src blockade provides protection following transient ischemia. To estab-
lish whether Src inhibition is beneficial following transient
ischemia and reperfusion, adult male rats were subjected to occlu-
sion followed by reperfusion and then were evaluated for ventric-
ular function and infarct size after 24 hours. Src inhibition by PP1
preserved LV fractional shortening and reduced infarct size com-
pared with controls (n = 4 for each group; P < 0.05; Figure 1D). The
18% reduction in infarct size following ischemia-reperfusion com-
pares to a 50% decrease following permanent occlusion in which
the hypoxic stimulus driving VEGF expression is maintained. In
addition, SKI-606 (5 mg/kg) provided a 43% decrease in infarct
size in the ischemia-reperfusion model (n = 5 for each group; P < 0.01;
Figure 1D). Collectively, these data support the possibility of a

Figure 1
Src blockade protects following myocardial infarction. (A) pp60Src–/– mice have significantly reduced myocardial water content and infarct size 24 hours
after MI. (B) MRI T2 maps overlaid on gradient echo images in rats treated with vehicle or the PP1 Src inhibitor. Scale at right indicates T2 values from
red (lower T2) to blue (higher T2).T2 values greater than 40 milliseconds were used as an index of edema, and representative images reveal reduced
volume containing T2 values greater than 40 milliseconds 24 hours following MI in PP1-treated rats. Graph shows significant differences of the per-
centage of LVs with T2 values greater than 40 milliseconds between vehicle- and SKI-606 treated rats. (C) Treatment with a Src inhibitor results in sig-
nificant and dose-dependent decreases in myocardial water content and infarct size after MI. Single-dose treatment with a Src inhibitor was optimal-
ly effective in reducing infarct size when administered 45 minutes after LAD ligation and still reduced infarct size significantly when administered up to
6 hours after infarct. (D) Src inhibition reduces infarct size and preserves function following transient ischemia and reperfusion. All panels represent
the Src inhibitor PP1, except for B, as noted, and D, right panel, in which the Src inhibitor SKI-606 was used. *P < 0.05; **P < 0.001.
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beneficial effect of Src inhibition following transient ischemia as
well as permanent occlusion.

Effects of Src blockade on the long-term consequences of MI including
cardiac function, fibrosis, and survival
Ventricular function (4 weeks). To monitor the long-term effect of a sin-
gle injection of a Src inhibitor on left ventricular function, echocar-
diography was performed either 24 hours or 4 weeks following MI
on animals treated with the Src inhibitor or vehicle control. Echocar-
diography revealed Src inhibition immediately following MI offered
46% preservation of fractional shortening (Figure 2A; n = 8 for each
group; P < 0.05) and diastolic LV diameter (11%; n = 8; P < 0.05) over
4 weeks compared with animals receiving vehicle control, indicating
that contractile function in the rescued tissue was preserved in the
long term. Src inhibition also provided a favorable effect on systolic
LV diameter (16%; n = 8; P < 0.05) and regional wall motion (9%; n = 8;
P < 0.05). Treatment with the SKI-606 Src inhibitor also favorably
affected fractional shortening and regional wall motion score after
24 hours (n = 7 for each group; P < 0.01).

Fibrosis (4 weeks). Another long-term consequence following MI is
the accumulation of chronic myocardial fibrotic tissue, a direct
reflection of the extent of tissue necrosis following MI. To evaluate
the effect of initial Src inhibition on fibrosis 4 weeks after MI in rats,
histopathological analysis of fibrotic tissue was performed using
elastic trichrome staining. A single injection of a Src inhibitor deliv-
ered 45 minutes following injury contributed to a 52% decrease in
LV fibrotic tissue compared with control (Figure 2C; n = 4 each
group; P < 0.01), and better preservation of myocardial fibers and LV
architecture, as measured 4 weeks following injury.

Survival (10 weeks). To monitor the effect of Src inhibition on sur-
vival, we used 2-year-old C57 black mice, as occlusion of the LAD
coronary artery in these animals typically results in approximately
40% mortality 10 weeks following MI (19). This procedure led to the
expected mortality rate in control animals; however, administration
of PP1 (1.5 mg/kg) 45 minutes after MI increased survival compared
with that of controls 10 weeks following injury (Figure 2B; 91.7% vs.
58.3% survival, respectively; n = 12 for each group). Together, these
findings suggest that blocking Src shortly after MI has both short-
term and long-term benefits associated with limiting cardiac dam-
age and fibrosis, thereby increasing survival.

Ultrastructural effects 
of Src inhibition following MI
Effect of MI on vascular integrity and
myocyte viability in the peri-infarct
zone. To characterize the mecha-
nism associated with the VEGF-
mediated VP response, we eval-
uated cardiac tissues at the
ultrastructural level following
MI. We investigated the mecha-
nism of permeability by assessing
the ultrastructural effects of Src
inhibition on small vessels in this
region 3–24 hours after MI in
adult male mice 8–12 weeks old.
A summary of observations for
250 blood vessels examined per
group using transmission elec-
tron microscopy is provided in
Table 1. In contrast to normal

myocardial tissue (Figure 3, A–C), we found numerous examples of
impaired vascular barrier function and/or cellular damage in the
peri-infarct zone at both 3 and 24 hours following MI. At 3 hours,
extravasated blood cells (rbc’s, platelets, and neutrophils) were pre-
sent in the interstitium, apparently having escaped from nearby ves-
sels (Figures 3D and 4). However, at 24 hours, some ECs were
swollen and occluded part of the vessel lumen (Figure 3, E and F),
often appearing electron lucent and containing many caveolae.
Large round vacuoles were present in the endothelium, often sever-
al times larger than the EC thickness (Figure 3G). Myocyte injury
increased with time following MI and varied between adjacent cells,
and was identifiable as mitochondrial rupture, disordered mito-
chondrial cristae, intracellular edema, and myofilament disintegra-
tion (Figures 3H and 4). The myocytes most affected were often adja-
cent to injured blood vessels or free blood cells (Figure 4). We
frequently observed neutrophils (Figure 3I) 24 hours after MI, which
participate in the acute response to injury and may contribute to
VEGF production (20).

Figure 2
Effects of Src blockade on the long-term consequences of MI. Src inhibition delivered once 45 minutes after
occlusion provides long-term protection even after 4–10 weeks. (A) Echocardiographic assessment reveals
left ventricular function (% Fractional shortening) is improved after 4 weeks in rats that received the Src
inhibitor. (B) Histological examination reveals less fibrosis (% LV area) at 4 weeks after occlusion in rats treat-
ed with the Src inhibitor. (C) Src inhibition improves survival of 2-year-old C57 black mice, a model that typi-
cally shows more than 40% mortality by 10 weeks. *P < 0.05.

Table 1
Ultrastructural observations in mouse cardiac tissue following MI
or VEGF injection

EC barrier Platelet EC Cardiac 
dysfunction activation injury damage

and adhesion

3 h after MI 18 36 31 22
3 h after MI + PP1 2 11 14 2
24 h after MI 5 7 34 45
24 h after MI + PP1 0 1 15 9
Control 0 0 1 0
VEGF, pp60Src+/+ 24 18 33 16
VEGF, pp60Src–/– 0 0 0 0

For each group, murine left ventricular tissue was examined for 4 hours
(approximately 250 microvessels) on a transmission electron microscope,
and observations were counted and grouped according to EC barrier dys-
function (gaps, fenestrations, extravasated blood cells), platelet
activation/adhesion (platelets, degranulated platelets, platelet clusters,
platelet adhesion to ECM), EC injury (electron-lucent ECs, swollen ECs,
large EC vacuoles, occluded vessel lumen), and cardiac damage
(mitochondrial swelling, disordered cristae, myofilament disintegration).
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Accumulation of microthrombi in EC gaps during the early response fol-
lowing MI. Within 3 hours following MI, the first noticeable ultra-
structural changes detected in blood vessels were gaps between ECs
with exposed basement membrane or ECM. To our surprise, many
of these gaps were plugged by microthrombi containing activat-
ed/adherent platelets (Figure 5). Platelets were observed in direct
contact with the basal lamina exposed between ECs (Figure 5, A–D)
or with the underlying stroma (Figure 5, E and F). Many of the
platelets at these sites were degranulated (Figure 5, C and D), sug-
gesting the platelets were activated and their contents (possibly
including VEGF) had been deposited within the microenvironment.

In a number of circumstances, these platelets appeared to restrict
blood flow. In Figure 6, three microvessels are shown in which

platelet aggregates impair vessel patency to varying extents. Seven
platelets, two with narrow protrusions through the discontinuous
endothelium, do not impede blood flow through a larger microves-
sel (Figure 6, A and B). Most of the vessel lumen is occluded in the
vessel shown in Figure 6, C and D, in which an aggregate of ten
mostly degranulated platelets limits blood flow to one rbc. In con-
trast, Figure 6, E and F, shows a vessel with a platelet aggregate dom-
inating the entire vessel lumen.

Early Src blockade prevents VP and myocyte damage at 24 hours following
injury. To test whether Src inhibition could block microvascular
hyperpermeability at the ultrastructural level, we treated animals
with PP1 (1.5 mg/kg) or vehicle 45 minutes following coronary
artery occlusion. Src inhibition dramatically protected the peri-
infarct region from endothelial barrier dysfunction and blood ves-
sel damage (Table 1). The most notable result was the effect of PP1
at 24 hours, revealing a significant reduction in myocyte injury.
While PP1 did not abrogate all evidence of damage, it did prevent
vascular gaps, resulting in a vastly improved EC ultrastructural
appearance and providing protection to the blood vessels and
myocytes. These results provide an ultrastructural basis for the
improvement in ventricular function and survival measured at 24
hours after MI in the animals receiving a Src inhibitor.

MI and systemic VEGF injection produce a comparable 
ultrastructural response
To further reveal the mechanism of permeability and determine the
contribution of VEGF to this pathology, we injected 0.2 mg/kg
VEGF i.v. into normal adult male mice and evaluated cardiac tissue
at the ultrastructural level. To our surprise, the extent of endothe-
lial barrier dysfunction, platelet adhesion, and vessel injury at 30
minutes following VEGF administration was comparable to that
seen in the peri-infarct zone after MI 3 hours following injury

Figure 3
Ultrastructural changes to cardiac microvessels following MI or VEGF
injection in mice. (A) Normal ventricular myocardium observed in a low-
power transmission electron micrograph cross-section of cardiac
myocytes and blood vessels. Scale bar: 20 µm. (B) Section transverse to
myocytes showing normal myofilament architecture and mitochondria.
Scale bar: 2 µm. (C) An rbc in the lumen of a normal microvessel with
intact interendothelial junctions and consistent thickness of the endothe-
lial layer. Scale bar: 1 µm. (D–I) Ultrastructural damage to blood vessels
and ventricular myocardium from the peri-infarct region following MI or
from left ventricular tissue following systemic VEGF injection. Images are
representative, taken from either group. Summary of results appears in
Table 1. (D) An rbc in the extracellular space adjacent to an abnormal
blood vessel. Scale bar: 2 µm. “rbc” indicates red blood cell inside blood
vessel; “rbc*” indicates red blood cell in extracellular space. (E) Enlarge-
ment of blood vessel in D, showing impaired interaction (arrows) between
a swollen, electron-lucent EC and a neighboring EC. Scale bar: 1 µm. (F)
Swollen, electron-lucent EC appears to restrict passage of rbc’s through
vessel lumen. Scale bar: 1 µm. (G) Vessel with no apparent gaps, but
three large vacuoles apparent in endothelium. Scale bar: 1 µm. (H)
Severely affected myocyte (left) in peri-infarct zone with disintegrating
myofilaments and mitochondria. Adjacent myocyte (right) appears less
damaged. Scale bar: 2 µm. (I) Neutrophil (N) in blood vessel near
myocyte damage. Scale bar: 5 µm.

Figure 4
Vascular leak at the ultrastructural level. (A) Microvessel containing one
rbc and another rbc (rbc*) that is in the process of extravasation (boxed).
Two other extravasated rbc’s (rbc*) are to the left. Note severe edema and
disruption of myofilaments. Scale bar: 2 µm. (B) Enlargement of the
boxed region in A showing extravasation site. Arrows indicate gap
between ECs. Scale bar: 2 µm.
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(Table 1). We found similar evidence of damage in the brain fol-
lowing systemic VEGF injection (data not shown), indicating these
effects are likely to be systemic. These results suggest VEGF-medi-
ated VP parallels many of the vascular effects following MI. The fact
that Src-deficient mice were protected following MI and lacked VP
in the skin and brain following local VEGF injection (4) prompted
us to determine whether these animals were spared VEGF-induced
VP in the heart. Consistent with the Src inhibitor results, no signs
of vascular gaps or injury response following VEGF injection were
seen in the pp60Src–/– animal (Table 1).

Biochemical mechanism to account for the role of Src 
in EC barrier function
Flk-cadherin-catenin complex maintains endothelial barrier function. To
more fully understand the mechanism underlying Src regulation of
VEGF-mediated VP, we examined structural elements that con-
tribute to endothelial junctional integrity. Previous in vitro studies
have implicated growth factors in the regulation of cadherin func-
tion (21–24). In cultured ECs under flow conditions, VE-cadherin
forms a complex with Flk (25), which may contribute to cell-cell

junctional integrity. Therefore, we considered if such a complex
could be detected in vivo and whether it was subject to dissociation
by VEGF. Heart lysates prepared from adult mice injected with
VEGF or with vehicle only were subjected to immunoprecipitation
with anti-Flk followed by immunoblotting for VE-cadherin and 
β-catenin. In control mice, we isolated a pre-existing complex
between Flk, β-catenin, and VE-cadherin in blood vessels. This com-
plex was rapidly disrupted within 2–5 minutes following systemic
VEGF stimulation and had reassembled by 15 minutes in blood ves-
sels in vivo (Figure 7, A and B). In control experiments, these events
were not observed following injection of bFGF (Figure 7A), an
angiogenic growth factor that does not promote VP. The time scale
of complex dissociation by VEGF paralleled that of Flk, β-catenin,
and VE-cadherin phosphorylation and the dissociation of β-catenin
from VE-cadherin (Figure 7C). These VEGF-mediated events were
Src dependent, as the Flk-cadherin-catenin signaling complex
remained intact and phosphorylation of β-catenin and VE-cadherin
did not occur in VEGF-stimulated mice treated with Src inhibitors
(Figure 7D). Src inhibitor treatment blocks VEGF-induced Src
activity in a dose-dependent way in vivo as assessed with antibodies
for Src phospho-Y418 and the Src substrate FAK-phospho-Y861
(Figure 7E). This biochemical profile strongly correlates with our

Figure 5
Platelet adhesion in blood vessels following MI or VEGF injection. (A and
B) Microvessel containing an rbc with gap (arrows) between adjacent
ECs (one of which appears electron lucent) in which two platelets (P)
interact with intact basal lamina. Scale bar: 500 nm. (C and D) Gap in
endothelial barrier (arrows) plugged by two degranulated platelets. Scale
bar: 500 nm. (E and F) Platelet appears to interact with ECs to plug gap
(arrow). Boxed regions in A, C, and E correspond with enlargements in
B, D, and F, respectively. Scale bar: 500 nm.

Figure 6
Platelet aggregates impair blood flow through occluded vessels. (A–F)
Microvessels containing rbc’s and platelet aggregates that protrude nar-
row extensions through (A and B) or interact with (C–F) discontinuous
endothelium (arrows). P*, platelets appearing to directly contact base-
ment membrane. Some platelets appear to be degranulated and/or have
a less rounded shape, consistent with platelet activation. The platelet
aggregates appear as five to eight platelets in plane of section and
impede flow through part (A and B), most (C and D), or all (E and F) of
the vessel lumen. Scale bars: 1 µm (B) and 500 nm (D–F).
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findings that Src inhibition provides protection in terms of edema
and infarct size following MI (Figure 1C).

Following MI, VEGF expression likely continues for several hours. To
more closely mirror this prolonged exposure to VEGF, healthy mice
were injected with VEGF every 30 minutes for 2 hours and were evalu-
ated for the presence of the Flk-cadherin complex and endothelial gaps.
While a single VEGF injection produced a reversible, rapid, and tran-
sient signaling response that returned to baseline by 15 minutes (Fig-
ure 7A), four VEGF injections (one every 30 minutes) produced a pro-
longed signaling response that was maintained for at least 30 minutes.
Specifically, Erk phosphorylation and dissociation of Flk-catenin per-
sisted for 30 minutes following the final injection of VEGF (Figure 8A).
At the ultrastructural level, this treatment created damage similar to
that observed 24 hours after MI. In this case, we found platelet adhe-
sion, neutrophils, and significant myocyte damage, as well as numer-
ous electron-lucent ECs, many of which were swollen to occlude the
vessel lumen (Figure 8, B and C). Taken together, our results indicate
that a single injection of VEGF is sufficient to induce, 30 minutes later,
an ultrastructure similar to that observed 3 hours after MI. However,
longer VEGF exposure (four injections over 2 hours) elicited vascular
remodeling similar to that seen in tissues 24 hours after MI.

Proposed role of Src inhibition in the sequence 
of events following acute MI
We have assembled a schematic diagram that shows our proposed
sequence of events following acute MI. The role that SFKs play in
regulating VE-cadherin and endothelial gaps and their short- and
long-term effects on cardiac tissue are outlined in Figure 9.

Discussion
VEGF promotes both VP and the growth of new blood vessels.
However, prior to promoting revascularization, VEGF has a pro-
found and immediate effect on ischemic tissues by including a VP
response that can lead to edema. We contend that this primary VP
response and the associated edema can be detrimental to the
ischemic tissue. Supporting this notion is the finding that mice
deficient in pp60Src, while showing a normal angiogenic
response to VEGF, show no VEGF-mediated VP response or
edema and consequently have minimal infarcts following
ischemic stroke (3) or MI (shown here). In this report, we have
presented both ultrastructural and biochemical data supporting
a role for Src kinase in the biochemical regulation of EC barrier
function, a process we have shown here is directly relevant to the
extent of injury following MI.

While our findings indicate that VEGF-mediated Src signaling
contributes to disease progression following MI, recent studies sug-
gest that VEGF gene therapy is beneficial to ischemic tissue in ani-
mals and man (26). At first glance these findings appear at odds, yet
both conclusions may be valid, although on different time scales fol-
lowing initial injury. For example, VEGF gene therapy was initiated
days following ischemic injury in previously damaged tissues in
which vessel collateralization proved to be beneficial (26, 27). In con-
trast, the window for Src inhibition to block VEGF-mediated VP
appears to be relatively early following injury (within 3–6 hours fol-
lowing MI). In this case, the goal is to limit the extent of the initial
injury, whereas VEGF-mediated gene therapy is designed to revas-
cularize previously damaged tissue.

Figure 7
Biochemical signaling in vivo following VEGF is rapid and transient. (A–C) Immunoprecipitation (IP) and immunoblotting (IB) reveal a preformed Flk-cad-
herin-catenin complex that becomes phosphorylated and dissociates upon systemic VEGF stimulation in mice. (D) Src is required for these VEGF-medi-
ated signaling events, as the Flk-cadherin-catenin complex remains intact in mice pretreated with the Src inhibitor PP1 before VEGF injection. (E) PP1
blocks VEGF-induced Src activity in a dose-dependent way, as assessed by phosphorylation of Src on Y418 and the Src substrate FAK on Y861. Each
time point in this figure represents an individual mouse injected with VEGF and sacrificed after a particular duration, although the data shown are rep-
resentative of at least three separate experiments. Because the events we measure appear to be rapid and transient, we do observe some variation
between individual experiments, but we consistently measure phosphorylation events within 2–5 minutes that decrease after 15–30 minutes.
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VEGF expression in vivo. VEGF is expressed in vivo in response to a
variety of factors (cytokines, oncogenes, and hypoxia) and acts to
induce permeability and angiogenesis as well as EC proliferation,
migration, and protection from apoptosis (28). Tumors produce
large amounts of VEGF which can be detected in the blood stream
(29). In fact, blood vessels within or near tumors share many of the
features seen in our studies following VEGF injection, such as fen-
estrated endothelium, open interendothelial junctions, and clus-
tered fused caveolae (30). Serum levels of VEGF in patients with var-
ious cancers can range from 100 to 3,000 pg/ml (29), while local cell
or tissue VEGF levels can be 10–100 times higher (31). In patients
after an MI, serum VEGF levels have been reported between 100 and
400 pg/ml and are higher in patients with acute MI versus stable
angina (32). As for some primary and metastatic tumors (33), local
VEGF levels in the peri-infarct region may well exceed serum levels.
The VEGF dose we administered (167 µg/kg, or approximately 2,500
pg/ml for an adult mouse) may be equivalent to that experienced in
local regions of increased VEGF expression. In fact, the numerous
ultrastructural similarities observed between VEGF injection and MI

support this claim. In fact, our data may explain the findings that
some cancer patients have increased thrombotic disease, as increased
VEGF accumulation in the circulation would instigate a VP response
that attracts platelets and leads to loss of blood flow. In addition,
our findings may account for the pleural effusion and general edema
associated with late-stage cancer. Thus, blocking Src may have a pro-
found effect on cancer-related edematous disease.

Sequence of events following MI or VEGF injection. Our findings are con-
sistent with the notion that an early blockade of SFKs following MI can
have both short- and long-term benefit to cardiac tissue (Figure 9). We
show that the early events following MI initiate a biochemical/biolog-
ical cascade that results in accumulation of edema and tissue damage,
followed by fibrosis and remodeling of the heart tissue (Figure 9). In
some cases, this injury leads to mortality. By limiting the VP compo-
nent of the injury early on, one might expect less remodeling of the car-
diac tissue leading to a minimal level of fibrosis. The fact that blockade
of a single coronary vessel typically leads to a gradual growth of the

Figure 8
Multiple VEGF injections produce a persistent permeability response. (A)
Signaling events following a single VEGF injection are transient and
return to baseline by 30 minutes, while prolonged VEGF exposure over
2 hours yields a lasting signaling response. The Flk-cadherin and Flk-
catenin complexes remain dissociated after prolonged VEGF exposure,
and Erk phosphorylation is sustained. (B) Repeated VEGF injections
over 2 hours elicited vascular remodeling similar to that seen in cardiac
tissue 24 hours following MI. Microvessel with neutrophil and swollen
electron-lucent EC (right side). (C) Vessel with swollen ECs partially
occluding lumen. Scale bars: 2 µm.

Figure 9
Sequence of cellular and molecular events following MI.The link between
edema and poor clinical outcome following myocardial infarction has
remained poorly understood. We propose a pathway in which hypoxia-
driven VEGF expression following MI leads to edema and cardiac dam-
age. Upon VEGF stimulation, Src activity is required for the disruption of
a preformed Flk-cadherin-catenin complex, which loosens EC-cell con-
tacts and permits extravasation of serum and blood cells. The resulting
edema and inflammation increase interstitial pressure, which reduces
local blood flow and causes further hypoxia. Endothelial gaps also
expose basal lamina, attracting platelets that adhere, become activated,
and could release VEGF locally. Platelet aggregates form microthrombi
that can limit blood flow through smaller vessels, thereby increasing
hypoxia and contributing to the expansion of cardiac damage and infarct-
ed tissue that is associated with poor clinical outcome. Src blockade
delivered within the first few hours following vessel occlusion could pre-
vent VEGF-induced dissociation of the Flk-cadherin-catenin complex and
preserve endothelial barrier integrity, thereby eliminating the further dam-
age and infarct expansion beyond the initial ischemic boundary.
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infarct zone, fibrosis, and in some cases death, an early intervention to
block VP/edema may provide long term protection and benefit.

In an attempt to identify whether VEGF could account for some
of the EC ultrastructure seen following MI, healthy animals were
injected systemically with VEGF. In fact, a VEGF injection produced
many of the ultrastructural effects observed in cardiac blood vessels
following MI. Src blockade not only suppressed these events follow-
ing MI but also did so after systemic VEGF injection. Other con-
tributors to VEGF-induced VP may include caveolae or vesiculo-vac-
uolar organelles (34) and fenestrations (35). In addition, inhibition
of actin/myosin ATPase activity would block the contractile force
necessary to produce EC VP. Src kinase activity could also contribute
directly or indirectly to these mechanisms of VP.

Effect of VEGF on blood vessel ultrastructure. Our study is the first to our
knowledge to show the ultrastructural changes in EC lining small
blood vessels in the heart following MI or systemic injection of VEGF.
These observations are consistent with previous reports evaluating the
ultrastructure of skin (35), muscle (35), and brain (36) from VEGF-
treated animals. Our model of a single injection of VEGF was helpful
in dissecting the initial blood vessel response to VEGF, while the mul-
tiple-injection model mirrored the effects of longer VEGF exposure
on the vascular compartment and therefore may better recapitulate
the events associated with VEGF production following MI.

Ultrastructural description of myocyte injury following MI has
been reported previously. There is interdigitation of perfused and
ischemic tissue in the ischemic border, rather than a smooth delin-
eation radiating outward from the infarct zone (37). Myocyte mito-
chondria are damaged following MI (38), with deterioration of the
cristae similar to that described here. The consequences of VP are
observed by examining the injury response 24 hours after MI, when
myocyte and blood vessel damage is more prevalent than the initial
endothelial barrier dysfunction observed by 3 hours. In the peri-
infarct zone where VEGF is overexpressed, we have shown that Src
inhibition reduces tissue edema and permeability. VEGF adminis-
tration alone is sufficient to provoke such damage, whether by a one-
time injection or by prolonged expression from multiple injections.

The molecular basis of Src in VEGF-mediated VP. A complex between VE-
cadherin and Flk (KDR/VEGFR-2) has been observed under specific
cell culture conditions in vitro (25, 39, 40). We have confirmed the
presence of such a complex in vivo in unstimulated blood vessels.
However, we have shown here that this molecular complex immedi-
ately dissociates following VEGF stimulation, an event that depends
on Src kinase activity. Src in its active form is known to be recruited to
Flk upon binding of VEGF (8). Therefore, it is conceivable that active
Src associated with Flk may account for the tyrosine phosphorylation
of VE-cadherin and β-catenin, leading to dissociation of the junctional
complex. Supporting this notion, previous studies have indicated that
such phosphorylation can dissociate a cadherin junctional complex
(21). While systemic VEGF administration allows us to evaluate the
dissociation of a Flk/cadherin complex within 2 minutes following
VEGF injection, the pathological events following MI make this com-
plex difficult to isolate or identify. For example, VEGF levels likely take
2–4 hours to appear after the injury and gradually accumulate over
time. Thus, it is likely that the integrity of the vascular compartment
is in constant flux in the hours following MI, making it difficult to
isolate or monitor a transient complex between Flk and VE-cadherin.

Therapeutic implications. Like Src inhibitors, VEGF receptor antago-
nists may be expected to reduce ischemia-related VP (41). While Src
inhibitors may affect a greater number of cell types, including those
that do not have VEGF receptors, we contend that blocking Src

affects only one of several signaling pathways downstream of VEGF
receptor activation. In cultured ECs, nanomolar concentrations of
SKI-606 can selectively block VEGF-induced Src and FAK phospho-
rylation events without disrupting Flk or MAPK activation (data not
shown). This supports our previous finding that Src may regulate
VEGF-induced VP without necessarily influencing neovasculariza-
tion. This may explain why Src-deficient animals show normal
angiogenesis but no VP response to VEGF (4).

Involvement of other SFK members. Src, Fyn, and Yes are ubiquitously
expressed, while the remaining SFK members are expressed mainly in
hemopoietic cells. We have previously shown that mice lacking Src or
Yes (but not Fyn) lack VEGF-mediated VP (4). Accordingly, mice lack-
ing Src (but not Fyn) are protected following ischemic stroke (3). There-
fore, aside from Src, the most likely member involved in the protection
to cardiac blood vessels and myocytes offered by pharmacological SFK
inhibition is Yes. However, blockade of SFK activity in hemopoietic cells
may also play a role. SFK members Fyn, Lyn, Src, Yes, and Hck are
expressed in platelets, and recent literature suggests blockade of their
activity may influence platelet-platelet (42), platelet-neutrophil (43), or
platelet-leukocyte (44) adhesion events. This area of research warrants
further investigation, as pharmacological inhibitors that selectively
block individual SFK members may represent a novel therapeutic
approach for ischemic disease as well as other pathologies.

Conclusions. Disruption of Src appeared to prevent the VEGF-medi-
ated disassembly of a biochemical complex between VE-cadherin
and Flk. By maintaining this complex in the presence of VEGF, Src
inhibitors appear to limit VP, edema, and long-term damage to car-
diac tissue. Together, these findings suggest that Src-mediated,
VEGF-induced VP represents a novel therapeutic target, addressing
a heretofore poorly understood and lethal consequence of acute MI.
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