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Abstract 

Vascular endothelial growth factor (VEGF)-A regulates angiogenesis, 

vascular morphology and permeability by signaling through its receptor 

VEGFR-2. The Shb adapter protein has previously been found to relay certain 

VEGFR-2 dependent signals and consequently vascular physiology and 

structure was assessed in Shb knockout mice. X-ray computed tomography of 

vessels larger than 24 µm diameter (micro-CT) after contrast injection 

revealed an increased frequency of 48-96 µm arterioles in the hindlimb calf 

muscle in Shb knockout mice. Intravital microscopy of the cremaster muscle 

demonstrated a less regular vasculature with fewer branch points and 

increased vessel tortuosity, changes that led to an increased blood flow 

velocity. Reduced in vivo angiogenesis was observed in Shb knockout 

MatrigelTM plugs. Unlike the wild-type situation, VEGF-A did not provoke a 

dissociation of VE-cadherin from adherens junctions in Shb knockout venules. 

The reduced angiogenesis and altered properties of junctions had 

consequences for two patho-physiological responses to arterial occlusion: 

vascular permeability was reduced in the Shb knockout cremaster muscle after 

ligation of one supplying artery and heat-induced blood flow determined by 

Laser-Doppler measurements was decreased in the hindlimb after ligation of 

the femoral artery. Consequently, the Shb knockout mouse exhibited structural 

and functional (angiogenesis and vascular permeability) vascular 

abnormalities that have implications for understanding the function of VEGF-

A under physiological conditions. 
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Introduction 

The vasculature has attracted considerable attention during the last few decades due to 

its importance for pathological processes such as cardiovascular disease, 

inflammation and cancer biology [1,2]. Understanding normal vascular function is a 

prerequisite for addressing its role in pathology. Although a wealth of knowledge on 

the vasculature exists, there are still crucial gaps that need to be addressed. Of 

particular interest are the three following aspects of vascular function: angiogenesis, 

blood flow and vascular permeability. Vascular endothelial growth factor-A (VEGF-

A) is the primary angiogenic factor operating through the stimulation of VEGFR-2 [3] 

and this factor causes endothelial cells to proliferate, migrate and release proteases 

that initiate an invasive reaction. These processes in concert generate nascent vascular 

sprouts with tips [4]. Other factors, such as angiopoietin-1 and -2, fibroblast growth 

factor-2 (FGF-2), epidermal growth factor, hepatocyte growth factor etc also 

participate in angiogenesis and the maintenance of the microvasculature [5-7].  

Blood flow is regulated by numerous factors such as adenosine, adrenaline, nitric 

oxide and others by constriction/dilatation of arterioles in response to demand [8,9]. 

Arterial blood flow is clearly essential for vascular development [10,11] and there is 

nothing at present that excludes the possibility that arterial morphogenesis and 

angiogenesis at the microvascular level are orchestrated in a synchronized manner 

since VEGF-A also potently stimulates arterial endothelial cells [12]. An example 

illustrating a potential interrelationship between arterial and microvascular 

angiogenesis is the fact that during inhibition of tumor angiogenesis, an increased 

vascular/capillary perfusion was commonly observed [13,14]. Besides normalized 

structural features of the capillary bed, it is also conceivable that the arterial supply is 

stimulated to compensate for decreased capillary bed volume ensuing as a 

consequence of anti-angiogenic treatment. Therefore, the stimulated arteriolar supply 

could be a functional response to vasoregulatory factors through constricting/dilating 

effects on arterioles and/or by altered arterial structural features as a consequence of 

morphogenesis in this vascular component. 

Another aspect of vascular function is vascular permeability and VEGF-A as a factor 

that provokes a strong vascular permeability response [15]. The mechanisms behind 

this effect are not fully characterized, although certain data hint at VEGFR-2 

dependent dissociation of adherens junctions as a possible mechanism [16]. The cell-

cell interacting molecule VE-cadherin is the primary organizer of junction 



 4 

assembly/disassembly thus regulating permeability [17,18]. Alternatively, 

permeability may result from transport through vesiculo-vacuolar organelles [19]. In 

addition, permeability may arise from gaps in endothelial junctions in response to 

inflammatory agents [20,21]. 

The Src-homology 2 protein B (Shb) is an adapter protein operating downstream of 

VEGFR-2 [22]. An abnormal endothelial compartment was observed in Shb knockout 

mice that causes reduced tumor growth [23]. The endothelial ultrastructure and VE-

cadherin and CD31 staining patterns were less distinct in knockout endothelial cells. 

These morphological aberrations correlated with reduced VEGF-stimulated vascular 

permeability and decreased angiogenesis. The results were taken to reflect altered 

VEGFR-2 signaling. However, the findings did not take the function of arterioles or 

venules into consideration, and consequently, to what extent the abnormal endothelial 

compartment affected other functional characteristics of the vasculature. 

The present study was conducted in order to understand the role of Shb in normal 

vascular physiology by using the Shb mutant mouse. We were particularly intrigued 

by the possibility that changes in endothelial cells could by coordinated or 

compensatory mechanisms affect the function or structural features of other vascular 

components such as arterioles and venules. Consequently, the hindlimb and cremaster 

vasculatures were studied in this mutant mouse in attempts to relate a dysfunctional 

endothelium with these other vascular compartments. Endothelial dysfunction was 

noted with respect to both angiogenesis and integrity of junctions. We also observed 

vascular aberrations in the larger vessels that may reflect coordinated or 

compensatory responses to endothelial dysfunction. 

 

MATERIALS AND METHODS 

Animals 

The Shb knockout mouse [24] was obtained on a FVBN/C57Bl6/129SvJ background. 

Mice between ages of 2-5 months were used for the current study. At regular 

intervals, +/+ and -/- mice were crossed with each other to generate +/- offspring and 

new +/+ and -/- founders established from such +/- parents to reduce genetic drifting 

with time. All animal experiments were approved by the local animal ethics 

committee at the Uppsala County Court. 

Cremaster muscle preparation 
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The cremaster muscle of mice on heating pads and under 2% isoflurane anesthesia 

(Abbott Scandinavia, Sweden) was exposed on a transparent viewing pedestal. The 

muscle vasculature was visualized in an intravital microscope and images recorded 

via a high-sensitivity CCD-camera (Orca-R2, Hamamatsu, Japan) at high frame-rates 

using Volocity Acquisition 5.0 software (PerkinElmer, Waltham, MA, USA). 

Intravital plasma flow measurements 

A catheter (PE 10, inner diameter 0.28 mm, outer diameter 0.61 mm) was placed in 

the femoral artery to enable a close intra-arterial route to the cremaster muscle 

vasculature. Through this, repeated small (less than 10 µl) and rapid bolus injections 

of FITC (fluorescein isothiocyanate)-dextran (70 kDa, Sigma-Aldrich, St. Louis, MO, 

USA) were injected retrogradely while green fluorescence signal from blood vessels 

was recorded. The flow of the injected fluorescent dextran during the transition from 

arterioles, through capillaries to post-capillary venules was semi-automatically 

measured using Volocity Quantitation 5.0 (PerkinElmer). 

Quantification of vascular branching and density in cremaster muscle 

In vivo soybean agglutinin (SBA)-lectin-perfused cremaster muscle vasculature was 

imaged to cover a major part of the muscle. Images were tiled in Adobe Photoshop 

CS3 (Adobe, USA) and the compiled images imported into ImageJ. Branching was 

quantified by binarizing the images and by using the plugin AnalyzeSkeleton to 

evaluate the vascular tree. Total blood vessel density was quantified by measuring 

percent lectin positive area in the two-dimensional intravital images in ImageJ. 

Whole-mount staining of cremaster muscle 

Fluorescently conjugated CD31-antibody (clone 390/Alexa Fluor 555, eBioscience, 

San Diego, CA, USA/Invitrogen, Carlsbad, CA, USA) was injected intra-arterially at 

the end of experiments. The exposed cremaster muscle was excised, fixated in ice-

cold methanol and further stained with antibodies against CD31 (BD Bioscience, 

Franklin Lakes, NJ, USA) and VE-cadherin (R&D Systems, Minneapolis, MN) 

followed by Alexa Fluor 488 or 594 conjugated secondary antibodies (Invitrogen) to 

ensure complete staining of all vascular structures including those that could have 

escaped the intra-arterially injected CD31-antibody. Imaging was performed 

immediately after cremaster muscle excision and after CD31/VE-cadherin staining in 

a laser scanning confocal microscope. 

In vivo vascular response to VEGF-A 
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Endothelial cell junctions were injected with conjugated CD31-antibody as above. 

Recombinant human VEGF-A (hrVEGF-A, R&D Systems) (1 ng) in 50 µl phosphate-

buffered saline (PBS) was injected intra-arterially – leading to direct and efficient 

delivery to the left cremaster muscle. After 5 minutes, the cremaster was excised and 

processed as above. Quantification of VE-cadherin localization to adherens junctions 

was done as follows: grids were placed over VE-cadherin stained venules and the 

percentage cross points detected over non-stained venular area was counted manually 

and calculated in percent of total venular area. Values are for 3-5 independent 

observations. 

Scanning electron microscopy (SEM) 

Cremaster muscles were perfusion fixed with 2.5% glutaraldehyde + 1% 

paraformaldehyde, dehydrated and cut with a razor. SEM was performed on gold 

covered (30 nm) surfaces. Open (loose or porous) adherens junctions were quantitated 

as follows: the length of junctions was measured on SEM images using a ruler and the 

relative fraction (in percent) corresponding to open junctions (loose or porous 

according to representative images in Fig. 4) was measured as well on the same 

junctions. Values are for 6-12 separate images. 

Vascular permeability in response to ischemia 

Ischemia was induced in cremaster muscles of mice by electrocauterization of one of 

the major intra-cremasteric arteries using finely tipped tweezers, disrupting the blood 

supply to approximately half of the muscle. Experiments were performed either at 1 

or 24 h after occlusion of the artery. SBA-lectin (100 µg, Invitrogen) was injected via 

the femoral artery to stain perfused blood vessels. The cremaster muscle was then 

exposed for intravital observation, and 300 µg rhodamine-dextran (70 kDa, Sigma-

Aldrich) was injected intra-arterially. The vascular leakage was imaged 10 minutes 

post-injection and the fluorescence intensity was measured using ImageJ (NIH, 

Bethesda, MD, USA). 

In vivo MatrigelTM plug assay 

hrVEGF-A (R&D Systems) and FGF-2 (R&D Systems) at final concentrations of 0.5 

µg/ml in cool sterile PBS were mixed by pipetting with regular MatrigelTM (BD 

Bioscience). After anesthesia with 2% isofluorane, 350 µl of growth factor containing 

MatrigelTM at 4°C was injected subcutaneously into the abdominal region of 3 Shb -/- 

or Shb +/+ mice. On day 7 the animals were sacrificed, the MatrigelTM plugs were 
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carefully removed including as little tissue surrounding the MatrigelTM plugs as 

possible, frozen in liquid nitrogen and stored at -70°C prior to whole-mount 

CD31/VE-cadherin staining as described above.  

Micro-CT imaging 

Mice were heparinized with 100 IU undiluted heparin (1,000 USP U/ml) after 

receiving 0.02 ml/g body weight of 2.5% 1 g/ml 2,2,2-tribromoethanol (Sigma-

Aldrich) dissolved in 2-methyl-2-butanol (Avertin). Once sacrificed, descending 

thoracic aorta was cannulated with a 25-gauge blunt butterfly needle for aortic 

retrograde perfusion of PBS containing 4 mg/l papaverin and 1 g/l adenosine for 3 

minutes, 2% paraformaldehyde for 5 minutes, and PBS flush for 2 min, followed by 

0.2 ml/10g body weight home-made 20% Bismuth in 5% gelatin at 0.75 ml/min using 

an automatic, mechanical injector [25]. After completion of vascular perfusion, the 

mouse was covered with wet ice for over 30 minutes to polymerize the contrast agent. 

The hindlimbs were then dissected from the body and stored in 2% paraformaldehyde 

overnight.  

The hindlimb vasculature was imaged with a high-resolution micro-CT imaging 

system (GE eXplore Locus SP, GE Healthcare, Milwaukee, WI, USA) set to a 0.008-

mm effective detector pixel size [25]. Micro-CT was operated at 60-kVp x-ray tube 

voltage, 100-mA tube current, 2960-milli-second per frame, 1 ×1 detector binning 

model, 720 views, and 0.5° increments per view. This acquisition resulted in a set of 

contiguous axial VFF-formatted images through each sample.  

Image reconstruction and quantitative image analysis 

With the use of Microview Software (GE Healthcare), the raw data was corrected and 

reconstructed with voxels of dimensions 16 µm x 16 µm x 16 µm to visualize the 

whole vascular tree. After the above reconstructed micro-CT data set was transferred 

to the Advanced Workstation (version 4.4; GE Healthcare), different post-processing 

techniques enabled us to extract the vasculature and re-batch this reconstructed 

imaging according to the re-orientated central line along the long axis of the major 

vessel using modified method [26] for quantitation. For quantitation, a volume of 

interest was reconstructed of the hindlimb calf muscle (200 slices). A semi-automated 

algorithm was used to extract detailed morphometric data on the diameter, area, 

numbers of vessels, and distribution of different sizes of vessels by using modified 

software (ImageJ; National Institutes of Health, Bethesda, MD, USA). Finally, the 

total area and volume could be summed up for each muscle. The data was expressed 
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as vascular segment numbers, representing the total numbers of vessels of specified 

diameters, and counted in all reformatted cross-sections. 

Hindlimb blood flow measurements after femoral artery occlusion  

Mice were anesthetized (Isoflurane, 2%, Abbott Scandinavia, Sweden) and the fur 

was removed from both legs (Veet, Recitt Benckiser, Valora Trade, Stockholm, 

Sweden). To induce hind limb ischemia the left femoral artery was separated from the 

femoral vein, ligated and cut above the superficial epigastric artery branch as 

previously described [27].  

Tissue perfusion was measured non-invasively in the knee region of anesthetized 

mice 1, 3 and 7 days after artery ligation, using Laser Doppler flowmetry (PeriFlux 

4001 Master, Perimed, Järfälla, Sweden) with 780 nm laser light applied directly onto 

the skin.  Shifted backscattered light was collected via 0.5 mm fiber separated laser 

probes. Paw skin temperature was continuously recorded using an isolated thermistor 

transducer (MLT422/A) connected to a thermistor Pod (ML309) both AD 

Instruments, Oxford, United Kingdom.  

Baseline tissue perfusion was recorded (30 min) in room temperature whereafter heat 

was applied to the entire limb for 30 min through tubing containing pre warmed 

water. Data was converted by PowerLab 4/3 and analyzed using LabChart 7 Pro 

software, both AD Instruments, Oxford, United Kingdom.  Blood flow is expressed as 

delta perfusion units. 

Statistical analysis 

Means ± SEM are given for the number of observations described in each legend. 

Students’ t-tests were used to provide an assessment for chance differences between 

the groups compared. 

 

Results 

Increased density of intermediately sized arterioles in Shb knockout hindlimb calf 

muscle observed by micro-CT  

To understand the vascular structure in Shb knockout mice, the hindlimb calf muscle 

arterial system was visualized by micro-CT (X-ray computed tomography of contrast 

injected vasculature) to determine whether any structural aberrations of the arterial 

tree could be detected. The impression of the volume rendered images was that of a 

denser arterial tree in the Shb knockout hindlimb vasculature (Fig. 1A). Quantitation 

of the calf muscle vascular density revealed a trend towards an increased vascular 
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density in the Shb knockout of all size ranges (Fig. 1B). This trend became 

statistically significant when the vascular density of the 48 - 96 µm range was 

compared, corresponding to intermediately sized arterioles. These differences could 

reflect an adaptive structural response to the impaired microvasculature (see below) 

and have functional implications allowing a compensatory increase in blood flow. 

Increased blood flow velocity and microvascular abnormalities of Shb knockout 

cremaster muscle  

Due to its anatomical location and thinness, the cremaster muscle can be exteriorized 

allowing studies of the functional vasculature in a living animal using intravital 

microscopy. This muscle has under steady-state no ongoing angiogenesis. Arterial 

injection of a fluorescent dye visualized the cremaster vasculature. Fig. 2A showed 

primarily the arterial/arteriolar vasculature directly after close intra-arterial injection 

of FITC-dextran. The Shb knockout arterial vasculature displayed more irregularities 

and increased number of smaller/intermediately sized arterioles (exemplified by 

arrows in both genotypes). A similar pattern of vascular irregularities was also noted 

when the cremaster muscle was stained for CD31 by close intra-arterial injections of 

antibodies and subjected to confocal microscopy at a higher magnification primarily 

visualizing capillaries (Fig. 2B). The morphology was supplemented with functional 

analysis by measuring the passage time of the dye. Passage time was decreased, 

indicating elevated blood flow velocity over the local arteriolar/capillary network. In 

addition, the average distance from a larger artery (seen in top of panels) to a larger 

venule was increased in the knockout, corroborating the visual impression of less 

regularity and increased tortuosity (Fig 2C). The capillary bed was also quantified but 

no significant difference in microvascular density was noted between the wild-type 

and knockout (Fig. 2C). However, when quantifying capillary branchpoints, a lower 

value was recorded in the Shb knockout (Fig. 2C), reinforcing the notion that absence 

of Shb indeed results in an abnormal microvasculature. Thus, the data suggest 

vascular abnormalities in the Shb knockout that have functional consequences. 

Impaired MatrigelTM angiogenesis in Shb knockout mice 

Whereas the characterization of the cremaster vasculature was performed on an organ 

not undergoing active angiogenesis, it was of interest to compare the results in Fig. 2 

with those obtained in a situation exhibiting active angiogenesis. For the latter 

purpose, subcutaneous MatrigelTM angiogenesis was investigated (Fig. 3). We have 
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previously reported reduced MatrigelTM angiogenesis and to substantiate those 

findings further we performed whole-mount staining and confocal volume rendering 

of MatrigelTM plugs. The data revealed dramatically reduced angiogenesis in Shb 

knockout mice in response to VEGF-A plus FGF-2 (Fig. 3). Not only was the 

vascular density reduced (Fig 3), but also the number of vessel tips and branch-points, 

indicating impaired angiogenesis in Shb knockout mice that provides a likely 

explanation for the vascular abnormalities observed in the cremaster muscle.  

Morphology of venule adherens junctions 

In addition to its pro-angiogenic role, VEGF-A is known to be a potent inducer of 

vascular permeability. Adherens junctions, key components participating in the 

regulation of this process, were characterized in small venules in the cremaster muscle 

by CD31 (Supplemental Fig. 1) or VE-cadherin staining of fixated muscle samples 

(Fig. 4A). Addition of VEGF-A to the cremaster vasculature caused rapid changes in 

the VE-cadherin staining pattern in wild-type venules (Fig. 4A). Whereas VE-

cadherin co-localized with adherens junctions under non-stimulated conditions, 

VEGF-A caused its dissociation from these and allowed VE-cadherin to dissipate 

throughout the endothelial cells (Fig. 4A). This effect was quantitated (Fig. 4B) and 

found to be significantly different from that recorded in the unstimulated situation. In 

the Shb knockout, no distinct changes in response to VEGF-A were observed (Fig. 

4A, B). The corresponding panels for CD31 staining are shown in Supplemental Fig. 

1, revealing intact endothelial morphology in the VEGF-A stimulated wild-type 

situation. Ultrastructural corroboration of these data was obtained by scanning 

electron microscopy (SEM). In wild-type venules without stimulation, regular 

junctions were observed that mostly appeared closed (Fig. 4C, see arrow in non-

stimulated wild-type). VEGF-A dissociated such junctions by unfolding them and 

causing them to form a flap that was partly loose and extending over the adjacent cell. 

In some instances, pores were detected (Fig. 4C, see arrow in VEGF-A stimulated 

wild-type). In Shb knockout venules that had not been exposed to VEGF-A, an 

irregular junctional morphology was observed that contained both closed and loose 

junctions (Fig. 4C, see arrow for example of loose junction with a flap that extended 

over the adjacent cell in non-stimulated Shb knockout). VEGF-A addition exerted no 

major effect on junction morphology with a large fraction of closed junctions (Fig. 

4C, see arrow in VEGF-A stimulated Shb knockout) remaining. Quantitation of the 

junctions, categorizing them as either closed or open (“loose” or “porous” according 
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to the morphological criteria visualized by the arrows in Figure 4C) revealed that 

VEGF-A opened the junctions in the wild-type but not knockout venules (Fig. 4D). In 

summary, Shb knockout venular endothelium exhibited structural aberrations in the 

presence of VEGF-A that may have functional consequences. 

Reduced vascular permeability in response to cremaster arterial ligation in Shb 

knockout mice 

The relevance of the altered structural features of Shb knockout endothelium was 

assessed in relation to occlusion of one of the two major arteries supplying the 

cremaster muscle. Such a procedure will immediately reduce total cremaster blood 

flow followed by a reduction in local oxygenation. However, the cremaster muscle is 

rich on collaterals and therefore no part of the muscle was completely devoid of blood 

supply after the procedure (results not shown). Whereas no difference in vascular 

permeability between wild-type and Shb knockout cremaster muscle was observed 

prior to ligation, the procedure provoked a response that 24 hours later revealed 

reduced vascular permeability in the Shb knockout muscle distal to the site of ligation 

(Fig. 5). Consequently, the structural aberrations of Shb knockout adherens junctions 

will alter the physiological response to the ischemia that ensues as a consequence of 

arterial ligation. 

Reduced hindlimb blood flow in response to increased temperature after femoral 

artery ligation in Shb knockout mice 

Another model for vascular responses is femoral artery occlusion followed by blood 

flow determinations, commonly denoted as the “hindlimb ischemia” model. We 

subjected wild-type and Shb knockout mice to this experimental procedure and 

followed hindlimb blood flow just above the knee on day 1, day 3 and day 7 after 

surgery. The response in the healthy leg was also analyzed. The basal blood flow of 

the uninjured leg in the Shb knockout  (52 ± 4 PFU) tended to be increased (p= 0.03) 

compared with the corresponding wild-type (41 ± 2 PFU) value whereas in the legs 

exposed to surgery no difference was noted (Shb knockout 38 ± 3 PFU and wild-type 

36 ± 3 one day after surgery). The trend towards an elevated basal value in the 

uninjured leg of the Shb knockout is in agreement with the observed increased 

cremaster flow velocity (Fig. 2). We also concluded that these mice have a sufficient 

number of collaterals to prevent detectable ischemia in the quadriceps muscle just 

above the knee. However, exposing the leg to heat revealed significant differences 

between the wild-type and knockout mice (Fig. 6). The increase in temperature was 
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similar in the wild-type and Shb knockout (wild-type 9.4 ± 0.3; Shb knockout 8.8 ± 

0.2). Whereas blood flow in response to heat was the same in the healthy legs, Shb 

knockout mice subjected to femoral artery occlusion displayed a significantly reduced 

heat-induced hyperemic response on day 1 and 7 and a trend to a reduction on day 3. 

Thus this in vivo model of temperature changes after femoral artery ligation confirms 

the notion that Shb deficiency will confer a functional disadvantage to a vascular 

response. This may be the combined result of structural (arteriolar and capillary) and 

reactive (angiogenesis and vascular permeability) abnormalities. 

Discussion 

To therapeutically target the pathological vasculature present in disease, knowledge 

expansion on physiological function is required. The current study addresses the role 

of Shb in blood vessel formation and function during homeostasis as well as when the 

vascular system is stressed. For this reason, our current study is an important 

expansion of our previous work [23]. In our previous study we described aberrant 

angiogenesis and microvascular endothelium with focus on tumor angiogenesis. In 

adult muscle under steady state we presently observe alterations of arteriolar supply 

with increased density of arterioles of a diameter of 48-96 µm and reduced 

microvascular branch-points. Blood flow is regulated to a large extent by factors that 

cause constriction/dilatation of arterioles [8], but the arteriolar alterations that we 

observe are structural since they are imaged after fixation of the vascular system. The 

reasons for these changes are unclear and as a whole the formation of the arteriolar 

system is relatively unexplored. Shb could participate directly in this process but 

alternatively these structural changes may ensue as a consequence of adaptation to 

microvascular defects that the absence of Shb imposes. Nevertheless, Poiseuille’s law 

predicts altered blood flow as a consequence of these changes since flow depends on 

vessel diameter. Indeed, we noted an increased flow velocity in the post-arterial 

cremaster vasculature. The reduced number of microvascular branch-points and 

increased vessel length (tortuosity) in the cremaster muscle are most likely a long-

term consequence of decreased angiogenesis: this can be inferred from similar 

findings recorded in MatrigelTM plugs, a system in which active angiogenesis was 

provoked. Whereas the total vascular density was reduced in the active angiogenesis 

situation this parameter was not significantly affected in the cremaster vasculature, 

which indicates that angiogenesis occurs at a slower rate in Shb deficient mice but is 

normalized with time. Since a complete and not an endothelium-specific Shb 
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knockout was used the findings raise the possibility that non-endothelial cells 

participate in the observed responses. 

Aberrant staining of VE-cadherin is demonstrated in Shb knockout endothelial cells 

implicating abnormalities in adherens junctions. This staining pattern bears a 

resemblance to that observed in cortactin deficient mice [28]. Cortactin regulates actin 

remodeling but it remains uncertain whether that aspect of cortactin function is 

responsible for the effect on endothelial junctions. Adherens junctions are thought to 

be of importance for regulation of vascular permeability and conditions that cause 

increased vascular permeability often alter structural features of junctions [17]. A key 

player in regulation of these events is the cell adhesion protein VE-cadherin [18] and 

VEGF-A is thought to via its receptor VEGFR-2 affect the localization and functional 

characteristics of VE-cadherin [16]. The underlying mechanisms are poorly 

understood but VEGFR-2 and VE-cadherin are known to associate with each other 

[18]. Activation of VEGFR-2 causes Src-dependent VE-cadherin phosphorylation, 

which may contribute to dissociation of junctions [29,16]. A parallel pathway 

involves Rac-activation and serine-phosphorylation of VE-cadherin and presumably 

dissociation from VEGFR-2 in junctions [30]. A third mechanism depends on the 

phosphotyrosine-phosphatase VE-PTP that also associates with VEGFR-2 and VE-

cadherin [31,32]. Both VE-cadherin and VEGFR-2 have been shown to internalize 

upon VEGF-A stimulation and dissociation from adherens junctions [30,33]. Whereas 

VEGFR-2 recycles to a large extent to the cell surface [34] the fate of VE-cadherin is 

less well described. Our in vivo data in cremaster venules suggest that VE-cadherin 

dissociates from junctions to other cellular compartments in response to VEGF. A 

similar kind of in vivo dissociation of VE-cadherin from venule junctions in response 

to VEGF-A has previously been described [35]. As visualized by SEM, this has 

consequences for the structural features of junctions. Such an effect could not be 

observed in Shb knockout venules. The molecular mechanism behind this response 

remains unresolved but presumably involves altered VEGFR-2 signaling. Shb is a 

multi-domain adapter protein that may interact with Src kinases, PLCγ, PI3kinase, 

FAK, Crk and ras-GAP [36], and consequently, perturbations in one or several of 

these signaling pathways may yield the presently observed results. Thus, one potential 

signaling intermediate of interest is c-Src and it would be intriguing to know if a c-Src 

inhibitor like Tris (Dibenzylideneacetone) Dipalladium [37] would phenocopy the 
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Shb knockout phenotype with respect to altered vascular permeability. Nevertheless, 

Shb deficiency will have consequences for the structure of adherens junctions and 

their function. This is most clearly demonstrated by the altered physiological response 

to cremaster arterial ligation, in which the vascular permeability was reduced 24 hours 

after the procedure. Vascular ligation causes local ischemia with VEGF production 

and increased vascular permeability as a consequence. Apparently this response fails 

in the Shb knockout, which could impair the healing process. 

A reduced blood flow response to warming of the leg in Shb knockout mice was also 

noted after femoral artery occlusion. This further reinforces the notion that Shb 

deficiency indeed has negative consequences for the vasculature that can be 

compensated for under steady-state but confer insufficiency when the vasculature is 

stressed. This deficiency may be the consequence of both reduced vascular 

permeability and compensatory angiogenesis. 

In conclusion, Shb deficiency affected the vascular structure under steady state, the 

angiogenic and the vascular permeability responses under vascular stress and 

consequently Shb plays an important role in vascular homeostasis.  
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Figure legends: 

Figure 1: Micro-CT analysis of hind-limb arteries in wild-type and Shb knockout 

mice. The figure shows the visualization of arterial tree (A) and quantitation of the 

calf vasculature (B). The number of vessels in the different size ranges are shown. 

Means ± SEM are given. P<0.05 when comparing the wild-type and Shb knockout 

vessel numbers. n= 6 mice for each genotype. 

 

Figure 2: Analysis of cremaster vasculature in wild-type and Shb knockout mice. 

(A) Panoramic overviews of cremaster vasculature showing primarily 

arteries/arterioles after FITC-dextran injection. Scale bar 100 µm. Microscope used 

was DM5000B, 5×/0.12 or 10×/0.25 objectives (Leica Microsystems, Germany). (B) 

Whole-mount staining of cremaster microvasculature for CD31 to visualize smaller 

vessels. Scale bar 200 µm. Microscope used was a laser scanning confocal 

miscroscope C-1 with Plan Fluor ELWD 20×/0.45 and 40×/0.60 objectives; EZ-C1 

software, (Nikon, Japan). (C) Quantitation of vessel length (µm) from a larger artery 

(A shows examples at top in the panels) to a corresponding vein and dye velocity 

(mm/s) are given as means ± SEM. * and ** indicate p<0.05 and 0.001, respectively 

when compared with corresponding wild-type controls using a Students’ t-test. N= 

13-16 observations on three mice of each genotype. Quantitation of microvascular 

density and branchpoints. Values are in arbitrary units as means ± SEM for n= 5-7 

observations on 3 mice of each genotype. ** indicates p<0.01 when compared against 

wild-type with a Students’ t-test. 

 

Figure 3: MatrigelTM angiogenesis in wild-type and Shb knockout mice. (A) The 

vasculature was stained with CD31 (red) and VE-cadherin (green) and angiogenesis 

was estimated by confocal microscopy of zeta-stacks. Scale bar 50 µm. (B) 

Quantification of angiogenesis by counting vessel tips, vessel branches and vessel 

density. Values (counts per mm2) are means ± SEM, n= 3 mice each genotype. * and 

** indicate p<0.05 and 0.001, respectively, when compared with wild-type by 

Students’ t-test. 

 

Figure 4: Staining of wild-type and Shb knockout venules with VE-cadherin (A, 

B) and their ultrastructure visualized by scanning electron microscopy (SEM) 

(C, D). (A) Confocal microscopy of cremaster venules with or without treatment with 
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VEGF-A after staining for VE-cadherin. Cremaster vasculature was injected with 20 

ng/ml VEGF-A or PBS and fixated 5 minutes later. Microscope used was a laser 

scanning confocal miscroscope C-1 with Plan Fluor ELWD 40×/0.60 and 60×/1.40 

objectives; EZ-C1 software, (Nikon, Japan). Original magnification 400×. Scale bars 

30 µm. (B) Quantitation of the relative venular surface devoid of VE-cadherin 

staining in percent. Means ± SEM for 3-5 observations on 3 mice in each genotype 

are given. *** indicates p<0.001 when compared with unstimulated wild-type. (C) 

The muscles had been exposed for 5 min to 20 ng/ml VEGF-A or not. Arrows 

indicate examples of junctions. A LEO 1530 instrument was used. Magnification 

60000×. Arrows indicate examples of closed junctions (unstimulated wild-type, 

VEGF-A stimulated Shb knockout), loose junctions (unstimulated Shb knockout) and 

porous junctions (VEGF-A stimulated wild-type). Scale bar 1µm. (D) Quantitation of 

the percentages loose or porous adherens junctions in the corresponding groups for 6-

12 determinations on 3 mice in each genotype. *** indicates p<0.001 when compared 

with unstimulated wild-type. 

 

Figure 5: Vascular leakage in response to arterial ligation in wild-type or Shb 

knockout cremaster muscles. (A) Rhodamine-dextran leakage at 24 h after ischemia 

at sites proximal and distal to the site of ligation. Scale bar 100 µm. Microscope used 

was DM5000B, 5×/0.12 or 10×/0.25 objectives (Leica Microsystems, Germany). (B) 

Rhodamine-dextran fluorescence was determined in several microscopic fields 

proximal or distal to the site of ligation prior to ligation, one hour after ligation and 24 

hours after ligation. Values are absolute fluorescence distal to ligation or fluorescence 

distal to ligation relative the corresponding value proximal to ligation (basal). Means 

± SEM for 3-5 mice of each genotype at each point are given. * indicates p<0.05 

when compared with control using a Students’ t-test. Asterisks show examples of 

extravascular leakage of the fluorescent dye. Note differences in signal. 

 

Figure 6: Analysis of blood flow changes in response to heat in wild-type and Shb 

knockout mice subjected to unilateral femoral artery ligation. Perfusion changes 

in response to heat (30°C) in contralateral non-occluded (A) and occluded (B) wild-

type and Shb knockout mice. Limb perfusion changes in response to heat challenge 

were measured on day 1, 3 and 7 after arterial occlusion after base line registration. 

Data from the contralateral non-occluded leg were compiled (A). Values are 
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expressed as delta perfusion units and means ± SEM are given. n=5 mice for each 

genotype. * indicates p<0.05 when compared with corresponding wild-type control. 
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Supplemental Figure 1
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CD31 staining of cremaster muscle. The immunostainings for VE-cadherin shown in Figure 4A 
were co-stained for CD31. Panels (wild-type, wild-type plus VEGF-A, Shb knockout, Shb knockout 
plus VEGF-A) depicting the identical areas as those in Fig. 4A are shown. Scale bar 30 µm.


