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Abstract

Background—Secreted Protein Acidic and Rich in Cysteine (SPARC) is a matricellular protein 

which is implicated in regulation of angiogenesis.

Purpose—To characterize the changes in SPARC expression and effect of its deletion in a 

mouse model Oxygen Induced Retinopathy (OIR).

Materials and methods—Wild type (wt) and SPARC-deficient mice were subjected to high 

oxygen (75%) for 5 days (p7–p12) before room air for additional 5 days (p12–p17). Retinas from 

both groups were flat mounted and retinal vessels were labeled with Isolectin-B4. Areas of Retinal 

Neovascularization (RNV) and vaso-obliteration were measured by Image-J and normalized to 

total retinal areas. SPARC expression was analyzed in both groups at p14 and p17 in retinal 

homogenates and sections by Western Blotting (WB) and immunofluorescence respectively. 

Human Retinal Endothelial Cells (HRECs) were exposed to hypoxia (1% O2) for 6 hours then 

SPARC was measured in cell lysate and condition medium by WB and ELISA. Moreover, HRECs 

were treated with VEGF or SPARC to study their mutual regulatory effect.

Results—SPARC-deficient mice demonstrated significant increase in the vaso-obliteration 

(p=0.03) and modest increase in RNV compared to the wt control. Retinal levels of SPARC was 

significantly decreased during OIR at p14 (p=0.01) and partially restored to normal level by p17. 

Moreover, hypoxia significantly reduced SPARC expression and secretion in HRECs (p=0.001). 

We noticed a mutual positive regulatory feedback between SPARC and VEGF.

Conclusion—SPARC deletion enhances ischemic retinopathy, thus modulation of SPARC 

expression could be a novel therapeutic approach to prevent pathological RNV.
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Introduction

Pathological Retinal Neovascularization (RNV) is the main component of vision threatening 

retinal diseases [1] such as Proliferative Diabetic Retinopathy (PDR) [2], retinal vein 

occlusion, Retinopathy of Prematurity (ROP) [3], and Age related Macular Degeneration 

(AMD) [4]. The imbalance between the retinal levels of anti-angiogenic and pro-angiogenic 

factors e.g., Pigment Epithelial Derived growth Factor (PEDF) [5] and Vascular Endothelial 

Growth Factor (VEGF) [6,7] respectively in response to retinal hypoxia leads to RNV [8]. 

Oxygen Induced Retinopathy (OIR) animal model is a well-established model of 

pathological RNV [9] that has significantly contributed to our understanding of the role of 

different factors involved in pathological RNV. Despite the fact that several factors were 

identified as contributors to the development of pathological RNV, VEGF is still considered 

the most important factor and this explains the revolutionary evolution of anti VEGF therapy 

to treat ocular NV [10].

It is well known that VEGF angiogenic effects occur through activation of VEGFR-2 

(KDR); which is considered the main angiogenic receptor of VEGF. Meanwhile, the role of 

VEGFR-1(FLT1) is still unclear. Prior reports showed that it negatively affects the 

pathological NV and counteracts the mitogenic effect of VEGFR-2 [11,12]. Bussolati and 

his colleagues demonstrated that VEGFR-1 releases Nitric Oxide (NO) that acts as a 

molecular switch to limit the mitogenic activity of VEGFR-2 and promotes the 

differentiation of the cells into vascular tubes [13].

This was confirmed by earlier studies that showed that absence of VEGFR-1 is lethal to 

mice as a result of abnormal vascular development [14]. Moreover, studies by Rahimi et al., 

on pig aortic endothelial cells demonstrated that activation of VEGFR-1 halts angiogenesis 

by antagonizing VEGFR-2 responses [15]. On the other hand, recent studies showed that 

selective stimulation of VEGFR-1, using its specific agonist (Placenta Growth Factor-1; 

PlGF-1) was critical to vessel survival by preventing vaso-obliteration in retina during the 

hyperoxic stage of OIR (p7–p12) without affecting vasoproliferation [16].

The Secreted Protein Acidic and Rich in Cysteine (SPARC) is a matricellular protein with 

contradictory role in angiogenesis. SPARC was heavily studied in tumor angiogenesis [17–

19]. Several studies demonstrated SPARC as angiostatic molecule as a result of the negative 

correlation with VEGF expression in cancer colon [20], and glioma [18]. The regulatory role 

of SPARC in angiogenesis has been linked to both VEGF and metalloproteinase (MMP) 

signaling. In particular, it has the ability to inhibit the tyrosine phosphorylation of FLT1 

[21], regulating VEGF expression as well as the activity of MMP7 and 9 [22,23]. In 

contrast, SPARC over-expression was associated with increased angiogenesis in posterior 

uveal melanoma [24] and was found to be highly expressed in renal cell carcinoma, a highly 

vascular tumor overexpressing VEGF [25]. On the other hand, the role of SPARC in RNV 

has not been yet elucidated. Recently, SPARC overexpression by subretinal injection of 

recombinant adenovirus has been shown to induce preretinal NV and growth of new vessels 

in the inner plexiform layer in the rat eye. This was associated with a noticeable increase in 

the permeability and blood vessels proliferation with simultaneous overexpression of 

SPARC and VEGF when compared with VEGF overexpression [26]. On the other hand, 
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inhibition of SPARC switch the angiogenic effect of VEGF-A to angiostatic effect and 

decreased the size of laser induced Choroidal NV (CNV), and this effect was inhibited after 

intravitreal injection of rhSPARC. Moreover, injection of anti-SPARC L-peptide the day 

before CNV laser induction was able to decrease the size of CNV [27].

Taken together previous reports about the regulatory role of SPARC in angiogenesis, we 

hypothesized that SPARC might be a crucial factor in regulating RNV. Thus, the aim of the 

current study was to characterize the changes in the levels of retinal SPARC in OIR mouse 

model and to test the effect of its deletion on RNV and vascular regeneration during OIR. 

We also investigated the effect of hypoxia on SPARC expression and the mutual regulatory 

effect between SPARC and VEGF in cultured Human Retinal Endothelial Cells (HRECs).

Materials and Methods

Animals

Wild type mice C57bl/6J and SPARC knockout mice were purchased from Jackson 

Laboratory (Bar Harbor, ME) and were used as a model of (OIR).

SPARC knockout mice were prepared and backcrossed with C57Bl/6 mice before use as 

described before [28,29]. The study was strictly adhered with the ARVO statement for the 

use of animals in ophthalmology and vision research and approved by animal care 

committee at Georgia Regents University. Both wild type and SPARC knockout OIR mouse 

model were prepared as we described previously [9,30,31]. Briefly, all newborn pups (n=10) 

were kept at room air during the first 7 post natal days (p7) then they were transferred to 

high oxygen (75% O2) chamber (Biospherix, Lacona, NY) for 5 days (p7 – p12) before they 

were returned to room air (oxygen 21%). Sacrifice was carried out at p14 (n=5) and p17 

(n=5). Age matching mice were kept at room air and used as control (n=5). One retina of 

each animal was homogenized using RIPA buffer supplemented with protease and 

phosphatase inhibitor cocktail to be used for Western blot analysis and the other eye was 

processed as frozen sections or retinal flat-mount as previously described by us for 

immunofluorescence studies [30,31].

Cell culture

HRECs were purchased from Cell Systems Inc. (Kirkland, WA) and were grown in M199 

media with 10% Fetal Bovine Serum (FBS) and 1% Bac-Off antibiotic (Cell Systems Inc. 

Kirkland, WA) in 37°C in humidified 95% air and 5% CO2. Cells were grown to 80–90% 

confluence on gelatin coated dishes then serum starved for 24 hours before starting the 

treatment and throughout the whole experiments.

To investigate the effect of SPARC on VEGF expression, HRECs were treated for 24 hours 

with or without different concentrations of SPARC (100ng/ml, 200ng/ml, and 300ng/ml). 

Meanwhile, to test the effect of VEGF on SPARC secretion, HRECs were treated with or 

without different concentrations of VEGF (10ng/ml, 50ng/ ml, and 100ng/ml). At the end of 

the experiment the Conditioned Media (CM) was collected and analyzed by ELISA and the 

cells were homogenized in RIPA buffer then cell lysate was collected for Western blotting 

assay.
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Western blotting

Western blotting analysis was performed on HRECs lysate and retina homogenates of OIR 

experiment to assess the expression of SPARC and VEGF proteins. Equal amount of protein 

lysates were separated by 1% SDS-contained 10% Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) then transferred to PVDF membrane. The blot was blocked by 5% non-fat dry 

milk for one hour then incubated with 1/1000 rabbit anti-SPARC antibody (Cell Signaling, 

Carlsbad, CA) or 1/500 mouse anti-VEGF antibody (Abcam, Cambridge, MA). The loading 

control used was β-Actin detected using 1/500 Goat polyclonal anti β-Actin antibody 

(Abcam, Cambridge, MA) diluted in blocking buffer. Incubation was done at 4°C overnight 

for SPARC and VEGF and at room temperature for 1 hour for β-Actin. After incubation of 

the membrane with the primary antibody rinsing was done for 5 times (5 minutes each) 

using 0.1% TBST to remove any residual antibodies. Then the membrane was incubated 

with the corresponding HRP-conjugated secondary antibodies (1:2000 in 0.1% TBST) for 1 

hour. The detection kit used was ECL+ detection kit and the resultant X-ray film was 

automatically developed. Finally, quantification of the proteins of interest was done relative 

to β-Actin using Image J software.

Immunofluorescence studies of retinal vessels and SPARC expression

Preparation of retinal whole mount: To identify the impact of SPARC deletion on 

pathological RNV, we studied the changes in retinal vasculatures in retinal whole mount 

labeled with the vascular marker Isolectin-B4 (Vector Laboratories, Burlingame, CA) as 

described by us in our previous studies [30,31]. Briefly the eye balls were enucleated and 

fixed in 4% paraformaldehyde overnight. Circumferential cut was performed to remove the 

cornea then the lens was carefully removed and retina was gently removed from the eye cup. 

This was followed by incubation in Isolectin-B4 (15µg/ml) overnight at 4°C, then in normal 

goat serum (30%) to block nonspecific reaction. Retina was then incubated with Texas red-

conjugated Avidin D (25µg/ml) (Vector Laboratories, Burlingame, CA) for 2 hours in room 

temperature to visualize the isolectin-B4 which bind to retinal vessels. The retina was then 

flat mounted on a slide and covered with a coverslip. Finally images were collected using 

the confocal microscopy (LSM 510, Carl Zeiss Inc.). For morphometric analysis of the 

capillary dropout area (vaso-obliteration area) and new capillary tufts, we used the Image-J. 

The capillary dropout area and the area of new tufts were normalized to the total area of 

each retina.

To determine the changes in the levels and localization of SPARC during OIR, we used 

immunofluorescence staining of retinal frozen sections (10µ thick). The expression of 

SPARC in mouse model of OIR and normal mice was detected by immunofluorescence 

using 1/200 rabbit anti-SPARC antibody (Cell Signaling, Carlsbad, CA) and isolectin-B4 

(15µg/ml). Frozen sections were fixed in paraformaldehyde (4%) for 10 minutes, washed 

with PBS (pH 7.5) 3 times/ 10 minutes, and permeabilized with Triton X (0.2%) before they 

were incubated in normal goat serum (30%) for 30 minutes. The sections were then 

incubated with anti SPARC primary antibody overnight in 4°C. To label the blood vessels 

and identify SPARC expression, sections then were washed with 1× PBS 3 times/ 10 

minutes and TX 1% and incubated with (25µg/ml) Texas red - conjugated Avidin D (Vector 

Laboratories, Burlingame, CA) and 1/500 Oregon green-goat secondary anti-Rabbit (Life 
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Technologies, Grand Island, NY) and protected from light for one hour at room temperature. 

Immuno-stained slides were covered using 4’6-Diamidino-2-Phenylindole (DAPI) mounting 

medium (Vector Laboratories, Burlingame, CA) and images were obtained using 

Axiovision; Carl Zeiss Meditec, Inc., Dublin, CA.

ELISA

SPARC and VEGF secretion were determined in the conditioned media using a 

commercially available human SPARC and VEGF ELISA kit (R&D Systems; MN, USA). 

The assay was performed according to the manufacturer’s protocol.

Statistical analysis

To assure reproducibility experimental data were collected at least in triplicate except where 

noted. For the in vivo studies, we used at least 5 mice from each experimental group and for 

the in vitro studies 4 plates were used for each treatment and each experiment were repeated 

3 times. The results are expressed as the mean ± SE. To compare 2 groups, the statistical 

analysis was performed using Student’s paired t-test and ANOVA was used for multiple 

groups. A confidence level of p<0.05 was considered statistically significant.

Results

Oxygen induced retinopathy is associated with low levels of SPARC

To test whether SPARC is implicated in the development of ischemic retinopathy we 

examined the changes in its levels in retina of mouse model of OIR. Our experiments using 

Western blotting (Figure 1A) and immunofluorescence (Figure 1b) demonstrated significant 

decrease in retinal levels of SPARC during OIR in comparison to the control. This decline 

was statistically significant between animals during the early stage of the development of 

RNV in OIR at postnatal day 14 (2 days after relative hypoxia), (p=0.01) while it was not 

statistically significant for the animals at the postnatal day 17 (5 days after relative hypoxia).

Immunofluorescence (Figure 1b) showed diffuse SPARC immunoreactivity in different 

layers of normal retina including nerve fiber, ganglion cells, inner and outer nuclear layers. 

The most noticeable immunoreactivity was localized in glial cell processes, perivascular in 

relation to the inner retinal vessels and in ganglion cells. On the other hand, SPARC 

immunoreactivity was much less in OIR compared to the control retina and was localized 

mainly in nerve fiber and ganglion cell layers, inner nuclear layer and RPE.

Deletion of SPARC enhanced vaso-obliteration in OIR

To further elucidate the potential role of SPARC in the development of RNV, we evaluated 

the impact of SPARC deletion on RNV in OIR model (Figure 2). SPARC deletion was 

associated with a significant increase in the area of vaso-obliteration compared to the wild 

type mice (p=0.03). Increased retinal vaso-obliteration in SPARC-deficient mice was 

associated with mild but not significant increase in the RNV (p> 0.05).
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Hypoxia down-regulates SPARC expression and secretion in HRECs

Since hypoxia is crucial in mediating RNV, we evaluated the direct impact of hypoxia on 

SPARC levels in cultured HRECs. We tested SPARC protein levels in the cell lysate and 

CM of HRECs treated with or without 1% oxygen for 6–8 hours by Western blot and ELISA 

respectively (Figure 3). Hypoxia significantly reduced SPARC expression and secretion in 

comparison to the normoxia (p=0.001). These data are consistent with the changes in retinal 

levels of SPARC during the relative hypoxia in OIR model.

VEGF induces SPARC secretion in HRECs

The cross talk between SPARC and VEGF signaling has been investigated in different 

models of angiogenesis. Therefore, we were interested in finding out whether there is 

relation between VEGF and SPARC in retinal endothelial cells (Figure 4). The protein 

levels of SPARC in HRECs CM were significantly up-regulated (p<0.05) by various 

concentration of VEGF (10, 50 and 100ng/ml). The maximum effect was noticed in cells 

treated with 100ng/ml.

SPARC up-regulates VEGF expression in HRECs

To further investigate the cross talk between SPARC and VEGF signaling in HRECs we 

also tested the impact of various concentration of SPARC treatment (100, 200 and 

300ng/ml) on VEGF protein expression by Western blotting. Our experiment demonstrated 

significant increase in VEGF expression in a concentration dependent pattern (Figure 5). 

Taken together data from (Figures 4, 5), there is positive feedback between VEGF and 

SPARC.

Discussion

Although the role of SPARC in angiogenesis has been investigated in various disease 

models, its role in RNV has not yet elucidated. To the best of our knowledge the current 

study is the first to characterize the changes in the levels of SPARC in retina during 

pathological RNV in OIR and to determine the effect of its deletion on the development of 

vaso-obliteration and RNV. The main findings of this study were:

• Significant decrease in retinal levels of SPARC protein during early stage of OIR 

(p14),

• Enhanced vaso-obliteration and mild increase in RNV in SPARC-deficient mice 

during OIR,

• Down-regulation of SPARC production in HRECs by hypoxia,

• Positive feedback between SPARC and VEGF treatment in HRECs.

SPARC is a matricellular protein that has a regulatory role in angiogenesis via modulating 

VEGF signaling which includes but not limited to the inhibition of tyrosine phosphorylation 

of VEGFR-1 [21]. VEGFR-1 (FLT1) was found to limit the angiogenic effect of VEGF by 

inhibiting the mitogenic activity of VEGFR-2 [15]. This might provide an explanation to our 

data that revealed failure of central retinal capillary regeneration in SPARC-deficient mice 

when compared to the wild type OIR. Although VEGF levels significantly increases in 
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retina during OIR, it seems that absence of SPARC eliminated its inhibitory effect on 

VEGFR-1 causing suppression of the angiogenic activity of VEGFR-2. Our results are 

consistent with previous studies on laser-induced CNV in which inhibition of SPARC by 

anti-SPARC oligopeptide was able to switch the effect of VEGF-A from being angiogenic to 

be anti-angiogenic via Flt-1 dependent mechanism [27]. Thus, SPARC drives the 

angiogenesis by inhibiting Flt1 and subsequent activation of KDR by VEGF. Moreover, 

prior studies performed on SPARC knockout mice showed decrease in the size of laser-

induced CNV after VEGF-A injection [32]. The modest increase in the pathological NV in 

OIR SPARC-deficient mice compared to wild type OIR could be attributed to compensatory 

new vessel formation due to increased hypoxia that results from increased vaso-obliteration 

in central retina.

Hypoxia treatment of HRECs showed significant reduction in the levels of SPARC 

expression and secretion. Whether this decrease in SPARC levels by hypoxia is required for 

endothelial survival via maintaining constitutively active VEGFR-1 needs further 

investigation.

Our data from wild type OIR animal model showed significant decrease in SPARC level by 

p14 which was restored back to normal levels by p17. The decrease in SPARC during the 

early stage of relative hypoxia (p14) in OIR may contribute to the persistence of the central 

retinal capillary degeneration (vaso-obliteration) via switching VEGF signaling to 

VEGFR-1. However restoration of SPARC normal levels by p17 may enhance the 

angiogenic effect of VEGF retinal pool through suppression of VEGFR-1 tyrosine 

phosphorylation and thus switching VEGF signaling to VEGFR-2 mitogenic activity. In 

support of our data, overexpression of SPARC in rat’s eye was able to induce subretinal NV 

by itself and aggravated the inflammatory and angiogenic effect of VEGF when combined 

overexpression of VEGF and SPARC [26]. Our in vitro studies performed on HRECs 

revealed that VEGF elicits regulatory effect on retinal SPARC. VEGF increased SPARC 

expression/secretion in HRECs suggesting that VEGF might induce its angiogenic effect in 

part through up-regulation of SPARC to suppress VEGFR-1 phosphorylation and 

subsequently eliminate its suppressive effect on VEGFR-2 [15]. Our in vitro data are 

supported by an earlier report that showed increased SPARC secretion by VEGF treatment 

in cultured Human Umbilical Vein Endothelial Cells (HUVECs). On the other hand, 

SPARC promoted VEGF expression in HRECs. Our in vitro data demonstrated positive 

feedback between the VEGF and SPARC treatment in HRECs suggesting that SPARC 

might play a pro-angiogenic role not only through modulating the VEGFR-1 activity but 

also via regulating VEGF expression.

In conclusion, our data suggest that decreased SPARC production during OIR and in 

response to hypoxia might play a role in the development of RNV via enhancing central 

retinal vaso-obliteration. The underlying mechanism needs further investigation. However 

the regulatory role of SPARC on VEGF signaling through inhibition of VEGFR-1 tyrosine 

phosphorylation and regulation of VEGF expression might provide a clue. Taken together 

our current data and previous reports, we conclude that decreased SPARC production in 

wild type mice during OIR and lack of SPARC in the knockout mice enhances the activity 

of VEGFR-1 causing attenuation of vascular regeneration in the central retina during OIR 
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(Figure 6). This also might explain the mild increase in RNV in SPARC-deficient mice 

which could be linked to the increased vaso-obliteration area and subsequent hypoxia and 

further increase in VEGF expression in the retina of this animal model. Our in vivo studies 

were generated from OIR animal model which mimic the retinopathy of prematurity in 

humans so further studies are needed to investigate whether the SPARC deletion and 

expression demonstrate similar pattern in other models of ocular neovasculrization. Our data 

suggest SPARC as a novel therapeutic target to prevent development of RNV during 

ischemic retinopathy. The use of SPARC during early stage of ischemic retinopathy might 

be beneficial in preventing capillary degeneration, the driving force for VEGF signaling and 

subsequent RNV during ischemic retinopathy via switching the activity of VEGF signaling 

to be mainly through VEGFR-2.
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Figure 1a. Retinal levels of SPARC in normal and OIR mice (Western blotting analysis)
Western blotting analysis of SPARC in retinal homogenate from normal and OIR mice 

shows significant increase in OIR at p14 compared to control p14 *p <0.05). There was also 

mild but non-significant decrease in OIR by p17 compared to normal p17. (n=6).
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Figure 1b. Retinal levels of SPARC in normal and OIR mice (Immunofluorescence analysis)
Immunofluorescence of SPARC expression in retina sections of control and OIR animal 

model at p14 shows marked decrease in SPARC immunoreactivity (green) in OIR. Note 

despite the SPARC is diffusely localized through different layer of normal retina, it is 

mainly localized in glial cells (arrows) and to less extent in ganglion cells (arrowhead) and 

inner nuclear layer. (blue stain: Nuclear marker DAPI, green stain SPARC, red stain 

vascular marker isolectin). A: 10× magnification, B: 20 × magnification.
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Figure 2. Effect of SPARC deletion on RNV and capillary drop out in mouse model of ischemic 
retinopathy
A–C: Representative pictures of capillary drop out (encircled areas) and neovascular areas 

(arrows) in retinal whole mounts from Wild Type (WT) or SPARC Knockout (KO) mice. D, 

There was significant increase in the capillary drop out area in the SPARC knockout 

compared to the wild type (*p<0.05 vs wild type). Quantification of the neovascular area 

showed mild increase but none-significant difference between the wild type and SPARC 

knockout mice (p<0.05).(n=6). A: 5× magnification, B, 10× magnification and C: 20× 

magnification, D: quantification of the capillary drop out and neovascular tufts.
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Figure 3. Effect of hypoxia on SPARC expression/secretion in HRECs
(A) Western blotting analysis of SPARC expression in HRECs treated with or without 

hypoxia (1% oxygen) for 6–8 hours before collecting the cell lysate after 24 hours from the 

beginning of the experiment. Note, the marked decrease in SPARC expression under 

hypoxic condition (p<0.05 vs normoxia).

(B) Similarly ELISA assay (B) of SPARC secretion in HRECs condition media 

demonstrated significant decrease in SPARC secretion by HRECs treated with hypoxia 

(p<0.0003 vs normoxia) n=3.
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Figure 4. Effect of VEGF treatment on SPARC production in HRECs
ELISA assessment of SPARC secretion in condition medium of HRECs treated with or 

without various concentrations of VEGF (10, 50 and 100ng/ ml) shows a concentration 

dependent increase in SPARC secretion. (*p<0.05 vs control, ** p<0.002 vs control) n=5.
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Figure 5. Effect of SPARC on VEGF production in HRECs
Western blotting analysis of protein levels of VEGF in HRECs treated with or without 

various concentration of SPARC (100, 200 and 300ng/ml). Note the concentration 

dependent increase in VEGF production by SPARC. The highest VEGF levels were noticed 

in HRECs treated with 300ng/ml. * p<0.05 vs control, ** p<0.002 vs control) n=5.
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Figure 6. Schematic diagram showing suggested pathway for how deletion or the decrease of 
SPARC halts retinal revascularization and increases in OIR
A) SPARC inhibits tyrosine phosphorylation (P) of Flt1 switching the VEGF signaling to 

KDR leading to retinal angiogenesis. SPARC also increases VEGF expression. B) Deletion 

or decrease of SPARC leads to sustained activity of Flt1 which negatively impacts the 

mitogenic activity of KDR and in turn attenuates revascularization of central retina causing 

increased capillary dropout area (vaso-obliteration).
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