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Homocysteine inhibits neoangiogenesis
In mice through blockade of
annexin A2—dependent fibrinolysis
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When plasma levels of homocysteine (HC), a thiol amino acid formed upon methionine demethylation, exceed
12 uM, individuals are at increased risk of developing large vessel atherothrombosis and small vessel dysfunc-
tion. The annexin A2 complex (termed “A2”) is the cell surface coreceptor for plasminogen and TPA and accel-
erates the catalytic activation of plasmin, the major fibrinolytic agent in mammals. We previously showed that
HC prevents A2-mediated, TPA-dependent activation of plasminogen in vitro by disulfide derivatization of the
“tail” domain of A2. We also demonstrated that fibrinolysis and angiogenesis are severely impaired in A2-defi-
cient mice. We now report here that, although hyperhomocysteinemic mice had a normal coagulation profile
and normal platelet function, fibrin accumulated in their tissues due to reduced perivascular fibrinolytic activ-
ity and angiogenesis was impaired. A2 isolated from hyperhomocysteinemic mice failed to fully support TPA-
dependent plasmin activation. However, infusion of hyperhomocysteinemic mice with fresh recombinant A2,
which localized to neoangiogenic endothelial cells, resulted in normalization of angiogenesis and disappear-
ance of peri- and intravascular fibrin. We therefore conclude that hyperhomocysteinemia impairs postnatal
angiogenesis by derivatizing A2, preventing perivascular fibrinolysis, and inhibiting directed endothelial cell
migration. These findings provide a mechanistic explanation for microvascular dysfunction and macrovascu-

lar occlusion in individuals with hyperhomocysteinemia.

Introduction
Endothelial cells express plasminogen activators, their receptors,
and their inhibitors, all of which are key elements in the fibrinolytic
surveillance mechanism of blood vessels (1). Together with an array
of endothelial cell surface natural anticoagulants, this system is cen-
tral to the maintenance of blood fluidity. While TPA is secreted by
resting microvascular endothelial cells in many vascular beds, uro-
kinase is produced by perturbed endothelial cells in settings such
as wound repair and inflammation (2, 3). Cultured endothelial cells
specifically bind both TPA and its substrate, plasminogen (4-6), via
surface expression of the calcium-dependent, phospholipid-binding
protein annexin A2 (herein referred to as “A2”) (7). A2 is a member
of a large, multi-phylum superfamily of calcium-dependent, phos-
pholipid-binding proteins (8, 9). Upon interaction with plasmino-
gen and TPA, purified A2 confers a 60-fold increase in the efficiency
of TPA-dependent plasmin generation (10). Complete deficiency of
A2 in mice is associated with microvascular fibrin deposition and
impaired clearance of injury-induced arterial thrombi (11). In addi-
tion, Anxa2~~ mice show striking defects in postnatal angiogenesis,
suggesting a mechanistic association between A2-based endothelial
cell fibrinolytic activity and angiogenic potential.

Homocysteine (HC) is a thiol-containing amino acid intermediate
that is generated during the conversion of methionine to cysteine
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(12). Due to the increased length of its R-group carbon chain com-
pared to that of cysteine, the HC thiolate displays increased nucleo-
philic reactivity compared with that of the cysteine thiolate (13). HC
circulates in normal human plasma at concentrations of 5 to 12 uM
(14-16). Hyperhomocysteinemia is associated with mutations in
genes encoding cystathionine-f} synthase, methionine synthase, and
5,10-methylenetetrahydrofolate reductase. It also occurs in associa-
tion with environmental factors such as gender, age, and diet, in
which deficiency of folate, vitamin B, and vitamin By, appear to be
primary determinants (15, 17, 18). Previous studies have linked mild
to moderate hyperhomocysteinemia with macrovascular occlusion
related to venous thromboembolism as well as coronary, cerebrovas-
cular, and peripheral atherosclerosis (14). More recent studies have
revealed an association between hyperhomocysteinemia and micro-
vasculopathy, particularly cerebral small vessel disease (19). Despite
these associations, the molecular mechanisms underlying HC-asso-
ciated vascular disorders have not been clearly defined (20).

We previously demonstrated that the binding of TPA to A2
requires residues 7-12 (LCKLSL) of the A2 aminoterminal “tail”
domain (21). Furthermore, we showed that the TPA-A2 interac-
tion on the surface of endothelial cells is inhibited by pre-incuba-
tion with HC (22). In this reaction, it appears that uptake of HC
and its condensation with the free sulfhydryl of cysteine 8 of A2
may require several hours to reach levels that are functionally sig-
nificant. This modification of A2 decreases its ability to support
plasminogen activation (21-23). From these studies, we concluded
that HC might perturb the intrinsic fibrinolytic potential of the
endothelial cell by selectively blocking TPA binding to A2.
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Table 1
HC levels, body weight, and hematologic data
Parameter Chow diet
Plasma HC (uM) 11.3+1.0
Body weight (g) 28.7+0.7
Hematocrit (%) 436+0.6
White blood cells (103/ul) 8.61+2.20
Platelet count (103/ul) 806 + 53
Platelet aggregometry®
ADP (2.5 uM) 210+ 11
ADP (10 uM) 347 + 22
Collagen (1 ug/ml) 168 + 26
Collagen (5 ug/ml) 257+15
Fibrinogen (mg/dl) 413 +14
D-dimer (ng/ml) 7.0+£24
Plasma clotting time (min) 59+05
Half-maximal plasma clot lysis time (min) 11.8+0.8
PN/anti-PN (ng/ml)¢ 106 £ 5.1

research article

Gly diet Met diet n PA
17314 69.5+5.9 11 0.002
28907 23605 10 0.00003
48.0+04 444 +1.0 3 NS
7.62 +£0.63 10.0£2.0 3 NS
784 + 69 905 + 6 3 NS
215+43 211+ 8 5 NS
295+9 300 + 31 4 NS
212 +40 190 + 31 4 NS
257 + 86 258 + 25 3 NS
433 +5 436 + 4 3 NS

59+19 7118 14 NS

7807 6.2+0.6 6 NS
10707 10704 4 NS

98 +12 99+0.3 9 NS

AGly diet versus Met diet. BArea under the curve units. °The complex formed by plasmin and its inhibitor, anti-plasmin. Values shown represent mean + SEM

for the n value given.

Angiogenesis is the process by which new blood vessels arise from
pre-existing vasculature. It entails a complex series of steps whereby
activated endothelial cells dissociate from their underlying matrix,
migrate toward a chemotactic stimulus, and proliferate (24, 25).
Endothelial cells utilize MMPs to migrate through matrix barriers
(26). In the mouse, MMP-3 and MMP-13 are directly activated by
the serine protease, plasmin, and MMP-3 can subsequently activate
MMP-9 (27). Thus, activation of the fibrinolytic system may initiate
an extended, matrix-remodeling proteolytic cascade (28).

In the present study, we examine the effects of HC on postnatal
angiogenic responses in vivo. In the setting of diet-induced hyper-
homocysteinemia, mice developed microvascular fibrin accumula-
tion, reduced perivascular fibrinolysis, and increased susceptibility
to arterial thrombosis. A2 isolated from hyperhomocysteinemic
mice under non-reducing conditions, furthermore, failed to bind
TPA and did not support plasminogen activation. At the same
time, the angiogenic response was reduced, and VEGF-directed
migration of endothelial cells pretreated with HC was blunted.
Importantly, angiogenic failure in the corneal pocket assay was
accompanied by intra- and perivascular fibrin accumulation. Infu-
sion of recombinant A2 associated specifically with neovascular
endothelial cells restored the angiogenic response and inhibited
fibrin accumulation. Interestingly, diet-induced hyperhomocystein-
emia did not depress corneal angiogenesis beyond that observed in
Anxa2~/~ mice. This suggested that the antiangiogenic effect of HC
is exerted via a pathway that is dependent upon A2. Impairment of
fibrinolysis and angiogenesis in the hyperhomocysteinemic mouse
may be an etiologic factor underlying the role of HC as a risk factor
for thrombosis, atherosclerosis, and small vessel disease.

Results

Nutritional effects of a bigh-methionine diet. In mice placed on a high-
methionine (Met) diet, plasma HC levels were, on average, 4-fold
higher than those observed in mice on the control high-glycine
(Gly) diet and 6-fold higher than those in mice fed standard chow
(69.5£59vs 173+ 1.4vs 11.3 + 1.0 uM, respectively, mean + SEM,
n =11, P=0.002 for Gly vs. Met vs. chow) (Table 1). The 1.5-fold
increase in HC levels in mice on the Gly diet versus those on stan-

The Journal of Clinical Investigation

http://www.jci.org

dard chow diet was most likely due to its lower folic acid content
(1.98 vs. 3.0 mg/kg chow). Mice on the Met diet, in addition, exhib-
ited an 18% reduction in body mass compared with those on the
Gly diet, even though food consumption was equivalent.

Hematologic parameters in hyperhomocysteinemic mice. In mice on the
Gly diet, hematocrits were slightly higher than those in mice on
either the chow or Met diets, possibly reflecting mild dehydration.
At the same time, however, we found no significant difference in
leukocyte and platelet counts or plasma fibrinogen levels among
the 3 groups (Table 1). Platelet reactivity in platelet-rich plasma
in response to either 2.5 or 10 uM ADP or 1 or 5 ug/ml collagen
was also equivalent among the 3 groups. In addition, D-dimer and
plasma clotting time, a reflection of the rate of thrombin genera-
tion, were not significantly altered. Finally, TPA-dependent plasma
clot lysis time and circulating plasmin-antiplasmin complex con-
centrations were equivalent among the 3 experimental groups,
indicating that plasma components associated with fibrinolytic
function were unaltered.

Hyperhomocysteinemia and vascular fibrinolysis. Tissues from mice
receiving chow, Gly, or Met diets were examined next. Immuno-
histologic analysis of sections of renal tissue revealed only mini-
mal fibrin associated with glomeruli from mice fed normal chow
or Gly diets but abundant fibrin associated with glomeruli from
mice fed a Met diet (Figure 1, A-C). Sections of heart and lung
tissue showed a similar pattern, with significant fibrin staining
detected only in samples from Met diet-fed mice (Figure 1, D-I).
In addition, casein overlay of frozen lung sections from mice fed
the Met diet revealed perivascular zones of lysis that were signifi-
cantly reduced in area (Figure 1L; 3,480 + 360 wm?; mean + SEM,
n = 10) compared with those in overlays of tissue from mice fed
either a chow diet (Figure 1J; 5,440 = 600 um?; mean + SEM, n = 10,
P <0.001) or Gly diet (Figure 1K; 7160 + 480 um?; mean = SEM,
n =10, P < 0.001). These data suggested a deficiency of vascular
fibrinolysis in mice on the Met diet.

To further explore fibrinolytic function in the 3 groups of mice,
we studied injury-induced thrombosis in the carotid artery. We
used the FeCl; vascular injury model, which has been used exten-
sively to define thrombotic tendencies in mice with fibrinolytic
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Fibrin accumulation and impaired perivascular fibrinolysis in hyperhomocysteinemic mice. (A-I) For fibrin immunofluorescence, representative
sections from renal (A—C), heart (D-F), and lung (G-I) tissue from mice on chow (A, D, and G), Gly (B, E, and H), or Met (C, F, and I) diets
were stained with either rabbit anti-human fibrin(ogen) or nonimmune rabbit IgG (not shown), followed by secondary CY3 (red) and DAPI (blue).
Tissue autofluorescence is green. Original magnification, x400. Scale bars: 100 um. (J-L) For casein zymography, 15-um sections of lung tis-
sue from mice on chow (J), Gly (K), or Met (L) diets were overlaid with a plasminogen-containing casein gel and incubated (21°C, 90 minutes).
Zones of lysis were photographed at 90 minutes under darkfield microscopy. Scale bars: 100 um. (M) Perivascular caseinolysis surrounding
bronchial microvessels was quantified in photographic images. Lysis zones were calculated for at least 10 vessels per photographic field within
representative samples. Values shown are mean areas + SEM, n = 10. *P < 0.001 versus both Gly and chow diets.

deficiencies (29-32). After establishing the initial rate of blood
flow, recording was stopped while FeCl; was applied for 105 sec-
onds to the adventitial surface of the carotid artery. Post-injury
blood flow was then recorded over the next 30 minutes. In all 3
groups, initial blood flow was equivalent (1.08 + 0.05, 1.11 = 0.14,
and 1.02 + 0.11 ml/min; mean + SEM, n = 7, for chow, Gly, and
Met diets, respectively). Following vascular injury, however, com-
plete arterial occlusion occurred in 6 of 7 mice on the Met diet
but in only 1 of 7 mice on either the chow or Gly diet (Figure 2A).
In addition, mean post-injury blood flow in mice on the chow
and Gly diets (106% + 8% vs. 88% + 11% of baseline, respectively;
mean = SEM, n = 7) did not differ significantly from the initial rate,
while post-injury blood flow in mice on the Met diet was mark-
edly reduced (50% + 11%; mean + SEM, n = 7, P < 0.001; Figure
2C). These results suggest that the hyperhomocysteinemic mouse
exhibits a prothrombotic defect.

Hyperhomocysteinemia inhibits A2-dependent fibrinolysis. We next
examined A2-associated fibrinolytic activity more directly.
Immunoblot analysis of reduced gels containing membrane pro-
teins extracted from lung tissue of mice on chow, Gly, or Met diets
revealed that the total concentration of A2 did not differ among
the 3 samples (Figure 3A). There was, however, a significant reduc-
tion in extractable TPA in tissues from the Met mice versus those
from mice fed a chow or Gly diet. When TPA-binding capacity of
A2 was tested by ligand blot analysis, we observed equivalent bind-
ing of TPA to a 36-kDa protein that comigrated with authentic A2
in samples from mice on chow, Gly, and Met diets. When the same
experiment was conducted under non-reducing conditions, how-
ever, binding of TPA to the 36-kDa protein was evident in samples
from mice fed chow and Gly diets, and in recombinant A2, but not
in samples from Met diet-fed mice. These results revealed that,
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whereas A2 tissue levels are unaffected by hyperhomocysteinemia,
the A2 extracted from hyperhomocysteinemic mice appeared to
have lost its ability to bind TPA. Interestingly, this capacity was
completely restored when the sample was treated with a reducing
agent, suggesting that the loss of binding of TPA to A2 in hyperho-
mocysteinemic mice involved the formation of at least 1 disulfide
bond. Similarly, while frozen sections of lung tissue from mice on
chow and Gly diets bound biotinylated TPA in an overlay assay,
sections from mice on the Met diet showed significantly less bind-
ing of TPA (Figure 3B).

We previously demonstrated that HC can derivatize A2 in vitro
through formation of a disulfide linkage with cysteine 8, thereby
impeding the A2-TPA interaction. To determine whether HC-A2
disulfide conjugates can be found in vivo, we employed rabbit
IgG directed against the keyhole limpet hemocyanin-conjugated
(KLH-conjugated), homocysteinylated A2 N-terminal peptide
(Ac-STVHEILC[hCys]KLSLEGD[C]-[KLH]). This antibody dis-
played weak specific reactivity with lung tissue from mice on chow
or Gly diets but strong reactivity when tissue from Met diet-fed
mice was examined (Figure 3B). This polyclonal antibody failed
to react with any proteins contained within total lysates from
Anxa27~ endothelial cells (data not shown), indicating its speci-
ficity for A2. We concluded that Met tissues, in comparison with
Gly or chow tissues, contain significantly higher concentrations of
homocysteinylated A2 and bind significantly less TPA.

We then examined the effect of hyperhomocysteinemia on the
ability of purified A2 to support TPA-dependent plasminogen acti-
vation. Native non-reduced A2 was purified to near homogeneity by
calcium precipitation and detergent extraction (Figure 3C). In the
absence of added A2 or plasminogen, plasmin generation was inef-
ficient (data not shown). Furthermore, addition of A2 purified from
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lung tissue of Gly diet-fed mice accelerated plasmin generation by
5- to 6-fold over baseline, while addition of A2 from hyperhomocys-
teinemic Met mice failed to augment baseline catalytic activity above
control levels (Figure 3D). These data establish that in hyperhomo-
cysteinemia the fibrinolytic cofactor activity of A2 is impaired.

HC blocks directed endothelial cell migration. To determine wheth-
er HC-induced A2 loss of TPA binding capacity affects directed
migration of endothelial cells in vivo, we employed the Matrigel
implant assay using both VEGF and bFGF-containing implants.
Both agents significantly stimulated vascular invasion in control
mice (Figure 4). After 12 days, VEGF-supplemented implants har-
vested from Gly mice contained 50.2 + 6.0 (mean + SEM, n = 7)
cells per 0.3 mm? and numerous erythrocyte-containing neovessels
were noted. In contrast, implants from Met mice had 13.5 + 1.6
cells per 0.3 mm? (mean + SEM, n = 8, P < 0.001) and neovessels
containing erythrocytes were not seen (Figure 4A). In all sections,
about 90% of invading cells were found to express the endothelial
cell marker von Willebrand factor (data not shown). These data
suggest that moderate hyperhomocysteinemia impairs endothelial
cell invasion of, or survival within, a Matrigel environment.

Similarly, when bFGF-containing Matrigel plugs were supple-
mented with HC and placed in mice on normal chow, we noted
a dose-related diminution of implant cellularity and vascularity
compared with plugs treated with bFGF alone (Figure 4B). Based
upon manual cell counts and computer-assisted image analysis, the
Iso for this effect was approximately 90 uM (Figure 4B). In addi-
tion, only HC, and not cysteine and methionine, impaired Matrigel
invasion (Figure 4C). While HC (100 uM) blocked 62.8% of cellular
infiltration seen in the control (40.8 + 10.1 versus 104.6 + 21.2 cells/
0.3 mm?; mean + SEM, n = 3, P < 0.01), cysteine blocked only 2.3%
(97.7 £ 18.5 cells/0.3 mm?; mean + SEM, n = 3, P = NS), and methi-
onine enhanced cellularity by 30.2% (142.7 + 47.5 cells/0.3 mm?;
mean + SEM, n =3, P= NS; Figure 4C). Similar values were obtained
by computer-assisted image analysis (HC 64.7% + 5.9% inhibition,
mean + SEM, n = 18; cysteine 21.6% + 7.8% inhibition, mean + SEM,
n = 6; and methionine 35.3% + 13.7% enhancement, mean + SEM,
n = 5). Therefore, we determined that among sulfur-containing
amino acids, HC has a selective ability to block endothelial cell inva-
sion of; or survival within, bFGF-containing implanted matrix.
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Figure 2

Carotid artery thrombolysis. Carotid arteries were injured by applica-
tion of FeCls to the adventitial surface, and blood flow was monitored
before and after injury using a Doppler flow probe. (A) Representative
carotid blood flow tracings for mice on chow, Gly, and Met diets before
and after arterial injury. Values for mean initial and post-injury flow
are shown for representative mice. (B) Mean initial blood flow rates
for mice on chow, Gly, and Met diets (mean + SEM, n = 7). (C) Mean
post-injury blood flow, calculated as the area under the flow curve, for
mice on chow, Gly, and Met diets (mean + SEM, n = 7). *P < 0.001
versus chow or Gly diet.

We next assessed the effect of homocysteine on endothelial cell
survival, proliferation, or non-directed motility. Incubation of
human dermal microvascular endothelial cells (HDMECs) with HC
(0, 10, and 100 uM; 24 hours) had no significant effect on cell sur-
vival, as judged by the ability to exclude Trypan blue (10.9% + 3.4%,
11.4% + 5.3%,and 17.9% + 2.7%, mean + SD, n =3, P=NS).In addition,
numbers of proliferating endothelial cells recovered 72 hours after
plating at low density in HC-containing medium (0, 10, or 100 uM)
did not differ significantly (179,000 + 62,200, 167,500 + 23,300,
and 162,500 + 14,000, respectively, mean + SD, n = 3, P = NS).
Similarly, there was no difference in random cell motility through
uncoated porous membranes between untreated and HC-treated
(10 or 100 uM) cells (3,658 + 1,033 cells; 2,773 + 797 cells; and
2,626 + 767 cells, respectively, mean + SEM, n = 5, P = NS). These
data suggest that basal endothelial cell survival, proliferation, and
motility were not significantly altered by HC.

To test the potential effect of HC on microvascular endothelial
cell matrix invasion, HDMECs were pre-incubated for 24 hours
with HC (10-1,000 uM) and plated on porous membranes placed
atop modified Boyden chambers containing VEGF-A-supple-
mented medium. In the untreated control samples, cells that
migrated through the filter represented 28.6 + 6.5,24.0 + 3.8, and
23.4 £ 4.6 cells per 0.3 mm? (mean + SEM, n = 3) of those plated
on filters coated with gelatin, Matrigel, and fibrin, respectively
(~20 cells per 0.3 mm?). Upon pretreatment of cells with HC,
however, we observed a dose-related diminution in the number
of cells that penetrated filters coated with each of the 3 artifi-
cial matrices (Figure SA). When cells were co-incubated, rather
than pre-incubated, with HC, we observed no effect upon their
invasive capability. Treatment with HC inhibited endothelial cell
invasion through Matrigel, gelatin, and fibrin (Iso values 5, 8, and
150 uM HC, respectively).

We next compared the effect of HC on directed endothelial cell
migration with the effect of other sulfur-containing amino acids.
While HC (100 uM) pretreatment of endothelial cells effectively
blocked VEGF-induced migration through gelatin (21.8 + 6.9 vs.
39.9 + 4.4 cells per 0.3 mm?, mean + SEM, n = 3, P < 0.05), Matri-
gel (6.5 +0.4vs.21.9 + 4.5 cells per 0.3 mm?, mean + SEM, n = 3,
P <0.01), and fibrin (8.5 + 0.8 vs. 23.6 + 1.4 cells per 0.3 mm?,
mean + SEM, P < 0.001) by 44.5%, 70.3%, and 64.0%, respectively,
cysteine, methionine (Figure 5B), and homocystine (data not
shown) had no effect at the same concentration. Thus, HC spe-
cifically impaired directed migration of HDMECs in response to
VEGF-A in vitro, the most statistically significant effect having
been observed in the setting of a fibrin barrier.

Hyperbomocysteinemia inhibits corneal neoangiogenesis. To further
evaluate the in vivo neoangiogenic response in the setting of
hyperhomocysteinemia, we placed bFGF-containing pellets with-
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Effect of HC on A2 binding of TPA and plasmin generation. (A) Lung membrane proteins from mice maintained on chow, Gly, or Met diets and
rA2 (1 ug) were immunoblotted with rabbit anti-mouse TPA or mouse anti-A2 IgG. For ligand blotting (LB), proteins resolved under reducing (R)
or non-reducing (NR) conditions were incubated with human TPA and then probed with rabbit anti-mouse TPA. GAPDH served as a loading
control. (B) Left: Cryosections from mice on chow, Gly, or Met diets were incubated with biotinylated TPA and stained as described in Methods.
Right: Paraffin-embedded lung sections were stained with rabbit anti-HC-A2 tail peptide IgG as described in Methods. Original magnification,
x200. (C) Purification of native A2. Reduced Coomassie blue—stained (CB) SDS-PAGE and immunoblot analysis with monoclonal anti-A2 of
native A2 purified from lung tissue of mice on Gly and Met diets. Samples were run on noncontiguous lanes of the same gel. (D) TPA-dependent
plasmin generation in the presence of A2 purified from lung tissue. Initial rates of hydrolysis of a fluorogenic plasmin substrate were calculated
as described in Methods. RFU, relative fluorescence units. *P < 0.001 versus Gly.

in the normally avascular cornea (33). In Met diet-fed mice, the
area of neovascular response (angiogenic index) was 6-fold less
(0.3 +0.2vs. 1.8 + 0.4 mm?, mean + SEM, n = 14) (data not shown)
than in Gly diet-fed mice. Similarly, maximum neovessel length
was reduced in Met mice (0.4 £ 0.1 vs. 1.1 + 0.2 mm, mean + SEM,
n =14), as was the number of vessels greater than 0.5 mm in length
(0.7 £0.3vs. 2.6 + 0.6, mean = SEM, n = 14) (data not shown). These
data indicate that bFGF-driven neoangiogenesis was inhibited in
diet-induced hyperhomocysteinemia.

Next we asked whether the defectin corneal neoangiogenesis could
be repaired upon introduction of fresh recombinant A2. In mice
on chow or Gly diets, we found no significant difference in neovas-
cular area when mice were treated with supplemental A2 (1 mg/kg
i.v. once per day for 5 days) versus BSA (2.1 £ 0.3 and 2.5 + 0.6 mm?
vs. 2.4 +0.01 and 2.2 + 0.4 mm?, mean = SEM, n = 3) (Figure 6,
A and B). On the other hand, angiogenesis in the Met diet-fed
mice remained severely depressed following BSA treatment
(0.6+0.2 mm? mean + SEM, n=3,P<0.01) butimproved dramatically

3388 The Journal of Clinical Investigation

http://www.jci.org

following treatment with recombinant His-tagged A2 (1.9 £ 0.1 mm?,
mean = SEM, n = 3) (Figure 6, A and B). This effect was not due to
contamination of the recombinant His-tagged A2 (rA2) prepara-
tion with bacterial products because material prepared in a par-
allel fashion from mock-transfected E. coli had no effect on cor-
neal angiogenesis (data not shown). This result indicated that the
homocysteinemia-associated defect in neoangiogenesis could be
completely corrected with recombinant A2.

Although Anxa2~/~ mice showed reduced neovascular area
compared with Anxa2”* mice, neoangiogenesis was not further
depressed when Anxa2~- mice were placed on the Met diet (Figure
6C), suggesting that HC may impair angiogenesis through inter-
ference with an A2-related pathway. Confocal microscopy, more-
over, revealed colocalization of anti-PentaHis immunoreactivity
with immunostaining for the endothelial cell marker MECA-32 in
corneal tissue from mice treated with rA2 (Figure 6D). Thus, the
angiogenic defect associated with hyperhomocysteinemia can be
corrected by supplementation with exogenous rA2.
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Figure 4

Effect of HC on endothelial cell inva-
sion of Matrigel implants. (A) Left: Sec-
tions from Matrigel implants containing
VEGF-A (100 ng/ml) harvested from
mice on Gly and Met diets. Arrows indi-
cate erythrocyte-containing neoves-
sels. Right: Matrigel plug cellularity,
assessed as described in Methods.
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plugs, 10 fields per plug. Scale bars:
20 um. (B) Left: Sections from Matri-
gel implants containing 75 ng/ml bFGF,
100 ug/ml heparin, and the indicated
concentrations of DL-HC, harvested
from mice maintained on a normal
chow diet. Right: Matrigel plug cellular-
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Finally, we asked whether fibrin might constitute a barrier to
neovessel growth in Met diet-fed mice (Figure 6E). While neoves-
sels within the corneas of rA2-treated mice were essentially devoid
of immunohistochemically detectable fibrin, those within corneas
of BSA-treated mice showed significant deposition, with fibrin
strands partially obliterating the vascular lumen. Results of these
experiments strongly suggest that excessive fibrin deposition rep-
resents a significant barrier to neoangiogenesis in the hyperhomo-
cysteinemic mouse cornea.

Discussion

In 1969, McCully reported widespread atherosclerosis-like arterial
disease at postmortem in an infant with hyperhomocysteinemia
due to an inborn error of cobalamin metabolism (34). Since then,
numerous studies, including recent meta-analyses, have confirmed
an association between elevated circulating HC levels and mac-
rovascular atherothrombotic disease, including coronary artery
occlusion, stroke, and venous thromboembolism (35). Although
there is now strong evidence that HC-lowering therapies reduce the
incidence of major vascular events in patients with severe hyperho-
mocysteinemia, it remains unresolved as to whether treatment of
mildly elevated HC lowers the risk of vascular disease (36-38).
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Matrigel implants containing 75 ng/ml
bFGF and 100 ug/ml heparin with or
without 100 uM DL-HC, L-cysteine, or
L-methionine, harvested from mice on
a normal chow diet. Right: Matrigel plug
cellularity. Shown are mean + SEM for
3 separate plugs, 10 fields per plug.
Scale bars: 50 um. All sections were
stained with hematoxylin and eosin.
*P < 0.01 versus control.

bars: 50 um. (C) Left: Sections from
10 pM 100 pM 1 mM

HC Cys Met

Against this backdrop, there is renewed interest in HC as an
etiologic agent in microvasculopathies. Hyperhomocysteinemia
has emerged as an independent risk factor for cerebral small ves-
sel disease, which may lead to lacunar infarction and accounts for
about 25% of ischemic strokes (19, 39-42). In older individuals,
several large cross-sectional studies have linked hyperhomocys-
teinemia with depression and with small vessel disease-related
dementias, including Alzheimer disease (43-45). Hyperhomocys-
teinemia may also be a new risk factor for proliferative retinopathy
and nephropathy in type 2 diabetes (46) as well as chronic lower
extremity ulceration in patients with or without diabetes (47).
While these associations could reflect impairment of microvascu-
lar thromboresistance or inhibition of microvascular remodeling,
clear mechanistic insights have been lacking (48, 49).

In the current study, we report for the first time that moderate
diet-induced hyperhomocysteinemia (an increase from 11 to 70 uM)
in the mouse is associated with impairment of fibrin homeosta-
sis and reduced angiogenesis. We observed fibrin accumulation
and reduced perivascular fibrinolytic activity within microvessels
of several tissues such as kidney, heart, and lung in hyperhomo-
cysteinemic mice (Figure 1). Similarly, clot lysis following arte-
rial injury was dramatically inhibited in hyperhomocysteinemic
Number 11 3389
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mice, further suggesting a significant defect in vascular fibrino-
lysis (Figure 2). Subsequent studies revealed dysfunction of A2,
the major profibrinolytic receptor on resting endothelial cells,
impaired endothelial cell migration, and blocked angiogen-
esis (Figures 3-6). Our data suggest, for what we believe is the
first time, that vascular fibrinolysis and angiogenesis are closely
aligned through regulation of fibrin homeostasis.

While elevated plasma HC concentrations have been associated
with mild impairment of plasma fibrinolysis in humans, the clini-
cal significance of these findings remains unknown. Mild eleva-
tions in plasma HC (15.75-16.80 vs. 12.35 uM) appear to correlate
with somewhat prolonged plasma clot lysis times (8.7-8.8 vs. 7.9
minutes) (50). In patients with venous thromboembolism, moder-
ate hyperhomocysteinemia (24.2 uM) was associated with eleva-
tions of thrombin-activatable fibrinolysis inhibitor (13%), and
prolonged plasma clot lysis times (12%) (51). In rabbits, injected
HC may induce a dysfibrinogenemia, leading to abnormal plasma
clot structure ex vivo and resistance to fibrinolysis (52). Although
these observations are of interest, the molecular mechanisms that
underlie them remain obscure.

Vascular fibrinolysis was first observed by Todd in 1964 (53), who
determined that when fibrin gels were applied directly to fresh tis-
sue sections, fibrinolysis was specifically localized to blood vessels
and required the integrity of the endothelium. Subsequently, TPA
was identified as a secretory product of endothelial cells within
specific vessel types in defined anatomic locations (3, 54, 55). Uro-
kinase and its receptor, on the other hand, appear to be localized to
either renal or cytokine-activated endothelial cells (56, 57). In con-
trast, the A2 complex has been identified as a major receptor for
both TPA and its substrate, plasminogen, on resting and activated
endothelial cells (7, 10). The A2-null mouse, moreover, displays
normal plasma clot lysis but severe defects in endothelial cell-asso-
ciated fibrinolytic activity and postnatal angiogenesis (11).
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Figure 5

Effect of HC on directed migration of HDMECs. (A) Dose response.
Confluent HDMECs were preincubated for 24 hours with the indicated
concentrations of DL-HC, then plated (25,000 cells per filter) onto filters
pre-coated with fibrin, Matrigel, or gelatin and positioned over wells con-
taining complete medium supplemented with VEGF-A. After 12 hours,
cells adherent to the upper surface of the filter were removed, and cells
on the under surface were fixed and stained with hematoxylin. (B) Speci-
ficity. HDMECs were pretreated (24 hours) with the indicated sulfur-con-
taining amino acids (100 uM), then plated at 50,000 cells per filter coat-
ed as described in A. In each experiment, cell migration was assessed
in 10 fields from each of 3 duplicate filters. Data are mean + SEM,
n = 3filters. 1P < 0.05, #P < 0.01, *P < 0.001 versus control.

The present study shows that, while levels of total lung A2 did not
differ between normo- and hyperhomocysteinemic mice, the TPA-
binding ability of A2 from hyperhomocysteinemic lungs was dra-
matically diminished (Figure 3). This loss of binding capacity was
completely restored upon reduction of A2 thiols. Lung tissue from
Met diet-fed mice, furthermore, showed impaired TPA binding, lead-
ing to the conclusion that modification of A2 through a HC-medi-
ated oxidative mechanism blocks its ability to interact with TPA. In
further support of this postulate, we found that IgG, directed at an
HC-derivatized N-terminal A2 peptide, bound avidly to vessels and
perivascular lung tissue from Met diet-fed mice, but weakly to vessels
in lungs of chow diet-fed or Gly diet-fed mice. Finally, A2 purified
from hyperhomocysteinemic mice failed to significantly stimulate
TPA-dependent plasminogen activation in vitro. Together these data
indicate that direct HC derivatization of A2 impairs TPA binding and
prevents plasmin generation at the endothelial cell surface.

Our second major finding was that diet-induced hyperho-
mocysteinemia is associated with impaired angiogenesis in the
mouse. Matrigel implants were far less extensively vascularized
in hyperhomocysteinemic mice than in normohomocysteinemic
mice (Figure 4). Matrigel supplemented directly with HC showed
impaired neoangiogenesis, thus ruling out a non-HC-related
anti-angiogenic effect of the Met diet. HC also blocked directed
endothelial cell migration in a specific and dose-related fashion in
vitro (Figure 5). These data indicate that HC inhibits endothelial
cell migration by blocking the cell’s ability to generate cell sur-
face plasmin and by diminishing its activation of downstream
proteases such as MMP-3 and -13 (11).

To date, there are few studies that link fibrin to dysangiogenesis.
In our study, hyperhomocysteinemic mice displayed a deficiency in
angiogenesis, which could be completely and specifically reversed
upon infusion of recombinant A2 (Figure 6, A and B). While the
hyperhomocysteinemic diet specifically reduced corneal angiogen-
esis in Anxa2*/* mice, no further reduction, beyond that due to A2
deficiency itself, was observed when Anxa2~/~ mice were placed on
the Met diet, suggesting that HC targets the A2 pathway (Figure
6C). We noted further that infused rA2 localized to corneal neo-
vascular endothelial cells in hyperhomocysteinemic mice (Figure
6D) and prevented fibrin accumulation and microvascular occlu-
sion (Figure 6E). Taken together, these data reveal that homocys-
teine derivatizes A2 in vivo, leading to blockade of endothelial cell
surface plasmin generation, formation of a fibrin barrier, loss of
endothelial cell migratory ability, and angiogenic failure.

Our findings have several significant implications. First,
although fibrin has been suggested to play a potentiating role
in angiogenesis, based largely upon in vitro observations (58),
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we demonstrate that fibrin, the provisional matrix that forms in
response to vascular injury, may act as a physical barrier to directed
endothelial cell migration. Second, while hyperhomocysteinemia
is strongly associated with atherothrombotic vascular disease in
humans, there is, to our knowledge, no prior report of its associa-
tion with dysangiogenesis in non-ischemic tissues. Third, our find-
ings suggest that mice with diet-induced elevations of HC closely
phenocopy the A2-null mouse, suggesting that HC and A2 belong
to a common pathway relevant to fibrin homeostasis and angio-
genesis. Taken together, the data provide a mechanistic explana-
tion for vascular dysfunction in the setting of hyperhomocyste-
inemia, particularly at the level of the microvasculature. Direct
blockade of A2 profibrinolytic function by HC might underlie
the pathogenesis of small vessel disease associated with dementia,
depression, chronic wounds, and diabetes.

Methods

Reagents. Cell culture media, supplements, and sera were purchased from
Life Technologies. Male C57BL/6 mice (6 weeks of age) were purchased
from The Jackson Laboratory. Recombinant human TPA was provided by
Genentech. Glu-plasminogen was purchased from American Diagnostica.
The fluorogenic plasmin substrate AFC-81 (D-Val-Leu-Lys-7-amino-4-
trifluoromethylcoumarin) was obtained from Enzyme Systems Products.
Gelatin powder was purchased from J.T. Baker Chemical, Matrigel from
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Figure 6

Effect of hyperhomocysteinemia on corneal
pocket neoangiogenesis. (A) Corneal angio-
genesis in mice maintained on chow, Gly, or
Met diets. Following implantation of bFGF-
containing pellets, mice received 5 daily tail
vein injections of either BSA or rA2. Shown
are representative photographs of corneal
neovessels. (B) Neovascular area shown as
mean values + SEM, n=3. *P < 0.01 versus all
other groups. (C) Neovascular area from cor-
neal pocket assays in Anxa2++ and Anxa2--
mice on chow, Gly, or Met diets. Shown
are mean values + SEM, n = 9. *P < 0.001.
(D) Confocal immunofluorescence analysis of
corneal neovessels in mice maintained on the
Met diet and treated with i.v. BSA or rA2 as
described in A. On day 5, corneal tissue was
harvested and stained with anti-MECA-32
(red), Penta-His IgG (green), and DAPI (blue).
Original magnification, x75. (E) Sections pre-
pared as described in D were stained with
rabbit anti-human fibrin(ogen) I1gG (brown)
and rat MECA-32 IgG (blue). Original mag-
nification, x800.
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Collaborative Biomedical Products (Becton Dickinson), agarose from
Boehringer Mannheim GmbH, and 95% clottable bovine fibrinogen from
Miles Scientific. Bovine thrombin, DL-HC, L-cysteine, and L-methionine
were obtained from Sigma-Aldrich. Recombinant VEGF was purchased
from R&D Systems, and recombinant FGF from Research Diagnostics.

Diet-induced hyperbomocysteinemia in mice. For an 8- to 10-week period,
6-week-old C57BL/6 mice were fed standard chow (catalog 20-5053, Pico-
Lab; LabDiet), a Met diet (catalog TD 98399; Harlan Teklad), or a Gly diet
(catalog TD 98400) (59). Met and Gly diets contained the following compo-
nents per kilogram of chow: 60 g soybean oil, 195 g casein, 20 g methionine
or glycine, 325 g sucrose, 301 g corn starch, 50 g cellulose, 35 g mineral mix
(catalog TD 94046) to provide 4 g CaHPOs, and 10 g vitamin mix (cata-
log TD 40060). The methionine and B vitamin content of all diets used
is described in Table 2. Met and Gly diets provided approximately 7.4 ug
of folic acid, while standard chow provided about 11.2 ug of folic acid per
day, assuming daily consumption of about 3.75 g chow. All animals had ad
libitum access to food and water. Plasma HC levels were determined using
the Homocysteine Microtiter Plate Assay (American Laboratory Products)
according to the manufacturer’s instructions. Animal work in all studies
was approved by the Institutional Animal Care and Use Committee of
Weill Cornell Medical College.

Hematologic parameters. Hematocrit values, platelet counts, and white
blood cell counts were measured in a Cell Dyn 3700 analyzer (Abbott Diag-
nostics) in the Laboratory of Comparative Pathology of Weill Cornell Med-
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Table 2
Characteristics of chow, Gly, and Met diets

Dietary constituent Chow Gly Met
Methionine (g/kg) 4.2 43 24.3
Folate (mg/kg) 3.0 1.98 1.98
B12 (ugrkg) 51 29.7 29.7
Bs (mg/kg) 9.6 22.0 22.0
Choline (g/kg) 2.0 35 35

ical College. Platelet aggregometry was carried out as previously described
(60). Fibrinogen was estimated by IDEXX Veterinary Services. Plasma clot-
ting time and half-maximal clot lysis time were measured as previously
reported (11, 61). Plasmin-antiplasmin complex and D-dimer assays were
performed using the Imuclone ELISA kits (American Diagnostica).

Immunobistochemistry and immunofluorescence staining. Mice were anesthe-
tized with Avertin and then perfused with PBS containing calcium and
magnesium (PBS C/M). Kidney, heart, and lung tissues were immersion-
fixed in 4% PFA for 18 hours. For cryostat sections, tissues were incubated
in 30% sucrose in PBS C/M (18 hours at 4°C), embedded in OCT/30%
sucrose (2:1, vol/vol), and sectioned at 8-10 um. Tissues were infiltrated
with paraffin using a VIP tissue processor and sectioned at 5-6 um.

For fibrin immunofluorescence staining, heart and kidney cryosections
were treated with 1% sodium borohydride in PBS C/M (5 minutes), and
blocked with 5% BSA, 10% donkey serum, and 1% mouse serum in PBS
C/M (20 minutes). Sections were incubated with rabbit anti-fibrin(ogen)
(Dako; 1:3,000; 21°C, 90 minutes), followed by donkey anti-rabbit CY3
(Jackson ImmunoResearch Laboratories; 1:250; 21°C, 30 minutes) and
DAPI (Invitrogen; 1:10,000; 21°C, 5 minutes). Lung sections were depa-
raffinized, subjected to antigen retrieval, treated with 1% sodium borohy-
dride in PBS C/M (5 minutes), blocked for endogenous avidin and biotin
(15 minutes), and blocked with 5% BSA, 10% goat serum, and 1% mouse
serum in PBS C/M (20 minutes). The sections were incubated with rabbit
anti-fibrin(ogen) (Dako; 1:1,000, 21°C, 90 minutes), followed by biotinyl-
ated goat anti-rabbit (Vector Laboratories; 1:250, 21°C, 30 minutes), Strep-
tavidin 568 (Invitrogen; 1:300), and finally DAPL

For tissue overlay studies, lungs were inflated with 50% vol/vol Tissue-
Tek OCT in 10% sucrose in PBS C/M and frozen immediately in OCT/30%
sucrose (2:1, vol/vol) in PBS C/M. Sections (12 um) were maintained at
-20°C and thawed for 30 seconds immediately prior to use. All subsequent
steps were carried out at 4°C. The sections were rinsed with cold PBS C/M,
treated with 50 mM glycine-HCl containing 100 mM NaCl (pH 3; 10 min-
utes, 4°C), blocked for endogenous avidin and biotin (15 minutes each),
and blocked with 1% BSA (20 minutes). Biotinylated TPA (220 ng/ml;
Innovative Research Inc.) in 1% BSA/PBS C/M was applied overnight. The
sections were washed and then incubated with Alexa 594-conjugated strep-
tavidin (Invitrogen; 1:200, 4°C, 1 hour), followed by DAPI.

For staining of HC-derivatized A2, peptides representing the putative
homocysteinylated and unmodified versions of A2 residues 2-16 (Ac-STV
HEILC[hCys]KLSLEGD|C]; New England Peptide) were conjugated to KLH
and used to immunize rabbits. IgG was purified from antisera by protein G
affinity and evaluated by direct ELISA against both modified and unmodi-
fied peptides. For staining of lung tissue, deparaffinized sections were sub-
jected to antigen retrieval, treated with 3% H,O, in methanol (10 minutes),
blocked with 2% BSA/0.1% Triton X-100 in PBS C/M (20 minutes), incu-
bated with anti-peptide IgG (1:100, 18 hours, 4°C), followed by biotinylated
goat anti-rabbit (1:250 in 2% BSA, 30 minutes; Vector), and developed with
the Vectastain ABC Elite (30 minutes) using DAB substrate.
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For staining of corneal tissues, 6-im paraffin-embedded sections were
blocked with avidin and biotin reagents (Vector), followed by 10% normal
goat serum/3% BSA (30 minutes, 21°C). For endothelial cell staining, sec-
tions were incubated with biotin-conjugated rat anti-mouse MECA-32 IgG
(1:50, 21°C, 1 hour) in a humidified chamber, followed by streptavidin-
conjugated Alexa Fluor 594 (1:200, 21°C, 30 minutes; Invitrogen). For rA2
staining, sections were incubated with Alexa Fluor 488-conjugated Penta-
His monoclonal antibody (Qiagen; 1:20; 4°C, 18 hours). Finally, all sections
were stained with DAPI. Fluorescence images were acquired using a Zeiss
LSM 510 confocal system (Carl Zeiss). For fibrin staining, sections were
incubated with rabbit anti-human fibrin(ogen) IgG (Dako; 1:1,000, 90 min-
utes, 21°C) followed by HRP-conjugated goat anti-rabbit IgG (ImmPress,
Vector; 1:135, 30 minutes, 21°C) and Vector Nova Red substrate. Corneal
neovessels were costained with rat panendothelial cell monoclonal IgG
(MECA-32; 1:50, 18 hours, 4°C; BD Biosciences — Pharmingen), followed
by biotinylated rabbit anti-rat IgG (1:135, 30 minutes, 21°C), avidin-conju-
gated ABC alkaline phosphatase, and Vector Blue substrate (Vector).

Casein zymography. Mice were euthanized by CO; inhalation, followed by
cervical dislocation. Harvested lung tissue was washed with ice-cold PBS,
embedded in OCT, snap frozen in liquid N, and stored at -80°C. Frozen
sections (15 um) were overlaid with 120 wl of 1% low-melting-point agarose
in 10 mM Tris (pH 7.5) containing plasminogen (American Diagnostica;
25 ug/ml) and 2.5% (wt/vol) boiled nonfat dry milk (Carnation), topped
with a coverslip, and incubated in a humidified chamber (21°C, 90 min-
utes). Slides were evaluated under dark field illumination using a Zeiss
Axioplan-IE microscope (Carl Zeiss) (3). Perivascular fibrinolysis was quan-
tified as the area of the roughly circular zones of lysis surrounding bron-
chial vessels between 10 and 50 um in diameter. For each zone, 2 perpen-
dicular diameters were averaged, and this value was used to compute total
lysis area surrounding each vessel according to the formulawt (d / 2)%

Carotid artery injury assay. For arterial thrombosis studies, mice were
anesthetized with ketamine (100 mg/kg, i.p.)/xylazine (10 mg/kgi.p.) and
carotid blood flow recorded exactly as previously described (11). After
recording baseline blood flow (10 minutes), arterial injury was induced
for 1 minute 45 seconds using direct adventitial application of FeCls, after
which blood flow recording was resumed for 30 minutes. Blood flow was
estimated as the area under the curve for the 10 minutes immediately prior
to or following arterial injury.

Native and recombinant A2. Native A2 was purified to homogeneity
from the lungs of control and hyperhomocysteinemic mice as previously
described (62, 63) and evaluated by 12.5% reducing SDS-PAGE as well as
immunoblot analysis using anti-A1, anti-A2, and anti-A6 monoclonal IgGs.
For ligand blotting, extracts (1% Triton X-100 and 10 mM EDTA) of a total
membrane fraction (62) were run on 15% polyacrylamide gels (30 ug/lane)
under reducing or nonreducing conditions. After transfer to PVDF mem-
branes, the blots were blocked (5% BSA) and probed with rabbit anti-mouse
TPA IgG (American Diagnostica; 1:3,000, 1 hour, 21°C), followed by HRP-
conjugated donkey anti-rabbit IgG (1:3,000, 30 minutes, 21°C). Additional
blots were probed with mouse anti-A2 IgG (1:2,000, 16 hours, 4°C), fol-
lowed by HRP-conjugated sheep anti-mouse IgG (GE Healthcare; 1:2,000,
30 minutes, 21°C). Blots were developed using the ECL reagent (GE
Healthcare). Ligand blots were probed with human TPA (40 nM, 16 hours,
4°C), followed by rabbit anti-mouse TPA, HRP-conjugated donkey
anti-rabbit IgG, and ECL. GAPDH served as a loading control. rA2 was
expressed in BL21 E. coli as previously described (64).

Plasmin generation assay. As described previously (4), A2 purified from lung
tissue of mice fed either the Gly or Met diets was incubated with Glu-plas-
minogen (100 nM, 1 hour, 21°C), followed by TPA (10 nM) premixed with
the fluorogenic plasmin substrate aminofluoromethylcoumarin (AFC-81,
125 uM). Substrate hydrolysis was measured at 6-minute intervals as relative
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fluorescence units at 400-nm excitation and 505-nm emission wavelengths
in a SpectraMax Gemini XS fluorescence spectrometer (Molecular Devices).

Matrigel implant studies. Matrigel plugs containing 100 ng/ml VEGF-A
or 75 ng/ml bFGF with 100 ug/ml heparin induced roughly equivalent
degrees of angiogenesis in normal mice. Plugs containing these growth
factors plus varying concentrations of DL-HC, L-cysteine, or L-methio-
nine were placed s.c. over the upper left abdomen and harvested on
day 12 as previously described (11). PFA-fixed (18 hours, 4%), paraf-
fin-embedded sections were stained with hematoxylin and eosin. Cel-
lularity was assessed manually by counting 10 fields per section (x200
magnification; 10 sections per sample) and by computer-assisted image
analysis (Metamorph), whereby cellular nuclear area was expressed as a
ratio to total Matrigel.

Microvascular endothelial cell invasion assays. HDMECs (Passage 2; Clonet-
ics) were propagated in M199 containing 10% pooled human serum, 1 mM
L-glutamine, 100 U/ml penicillin-streptomycin, and 10 pg/ml endothelial
cell growth factor (Bionetic Research). Invasion assays were performed as pre-
viously described in a double-blind fashion (11) using 25-mm inserts coated
with bovine gelatin (2 mg/ml; J.T. Baker Chemical), 1:5 diluted Matrigel
(Collaborative Biomedical Products), or 300 ug/ml fibrinogen clotted with
15 mU/ml bovine thrombin. Inserts were placed in wells containing M199
plus 0.25% pooled human serum supplemented with VEGF-A (100 ng/ml).

Corneal pocket assary. Control and hyperhomocysteinemic mice (CS7BL/6)
were anesthetized by i.p. injection of ketamine (100 mg/kg) and xylazine
(10 mg/kg). Hydron-sucralfate pellets containing bFGF (40 ng) were

research article

placed exactly as previously described (11), and erythromycin ointment
was applied to both eyes. On day 5 after implantation, the eyes were photo-
graphed and neovascular area calculated as described previously (11, 65).
Statistics. Pairwise comparisons of mean values for individual groups were
evaluated using Student’s 1-tailed ¢ test. P values less than 0.05 were con-

sidered significant.
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