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The function of the liver is well-preserved during the aging process,
although some evidence suggests that liver regeneration might be
impaired with advanced age. We observed a decreased ability of
the liver to restore normal volume after partial hepatectomy in
elderly mice, andwe identified a pathway that rescued regeneration
and was triggered by serotonin. 2,5-dimethoxy-4-iodoamphetamine
(DOI), a serotonin receptor agonist, reversed the age-related pseu-
docapillarization of old liver and improved hepatosinusoidal blood
flow. After hepatectomy, the open fenestrae were associated with
a restored attachment of platelets to endothelium and the initiation
of a normal regenerative response, including the up-regulation of
essential growth mediators and serotonin receptors. In turn, hepa-
tocyte proliferation recovered along with regain of liver volume and
animal survival. DOI operates through the release of VEGF, and its
effects could be blocked with anti-VEGF antibodies both in vitro
and in vivo. These results suggest that pseudocapillarization in the
aged acts as a barrier to liver regeneration. DOI breaks this restraint
through an endothelium-dependent mechanism driven by VEGF.
This pathway highlights a target for reversing the age-associated
decline in the capacity of the liver to regenerate.
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The most significant limiting factor for survival after liver
surgery and transplantation of a partial graft is the ability of

the remnant liver to regenerate (1–3), as documented in human
(4, 5) and several animal models (6–8). Although in young
patients, small remnant livers (up to 25% of the normal size) can
regenerate fully within a few weeks, this process is impaired in
the diseased (9, 10) and possibly, older (11) livers.
Conventional histological examination of the liver hardly dif-

fers between young and old individuals, although a few features
have been identified. For example, the size of the liver and the
sinusoidal flow decrease with age, akin to the energy stores
(glycogen and ATP in hepatocytes) (12–16). It is well-known that
there is an age-associated decline in the clearance of a number of
drugs (17–19). We have recently shown that protective strategies
during liver surgery, such as ischemic preconditioning, are lost in
patients older than 65 y of age (14, 20, 21).
Impaired hepatocyte proliferation was also documented in old

mice after major hepatectomy, but the impact on animal survival
and underlying mechanisms was not evaluated (22). Finally,
a study from Japan in recipients of partial grafts showed a lower
liver volume 1 wk after transplantation in patients receiving a graft
from donors older than 50 y of age (23). Advanced age is also
associated with ultrastructural changes in the hepatic sinusoid,
called pseudocapillarization, which includes the defenestration
(reduction of porosity) and thickening of the sinusoidal endo-
thelium (24–26). Similar findings for the defenestration and
capillarization of the hepatic sinusoidal endothelium have been
observed in the early stage of cirrhosis, both in human (27) and
animal models (28, 29).

In previous studies, we identified platelet-derived serotonin
[5-hydroxytryptamine (5-HT)] and 5-hydroxytryptamine re-
ceptor 2 (HTR2) receptors as potent initiators of liver re-
generation after major hepatectomy (3) as well as orthotopic
partial liver graft transplantation (OLT) in young mice (30).
The use of the HTR2 receptor agonist 2,5-dimethoxy-4-
iodoamphetamine (DOI) rescued hepatocyte proliferation and
animal survival after the transplantation of small, otherwise
nonviable grafts. 5-HT has proteiform mitogenic effects in many
biological systems, including an impact on tumor growth (31, 32),
angiogenesis (32–34), and production of oxidative stress (35, 36).
In the current study, we investigated the impact of age on liver

regeneration and animal survival in a well-established model of
major hepatectomy in mice. We further searched for pathways
that affect the capacity of old livers to regenerate.

Results
Does Age Affect Animal Survival and Liver Regeneration After Major
Hepatectomy? We first examined the impact of age on animal
survival and liver regeneration after 70% hepatectomy. Although
all young animals survived after liver resection, 52% (11/21) of
the 2-y-old mice died within 4 d of surgery (Fig. 1A). We then
tested whether this high mortality rate in old animals correlated
with a failure of the liver to regenerate. We assessed established
markers of hepatocyte proliferation [proliferation marker Ki-67
and proliferating cell nuclear antigen (PCNA)] 48 h after hep-
atectomy as well as the mitotic index at 4 d as performed in
previous studies (3). Quantification of both markers disclosed
a dramatic decrease in cell proliferation in older animals (Fig. 1B
and Fig. S1), and the mitotic index was significantly decreased
(12.1 ± 1.7 vs. 5.7 ± 1.4 mitosis/high power field in young vs. old
mice, respectively, P < 0.001). No fibrosis or cirrhosis was ob-
served on histology, and animals with steatosis were excluded.
These initial experiments showed a significant impact of age

on animal survival after major hepatectomy, a finding associated
with a failure of liver regeneration in older animals.

Does DOI, a Serotonin Receptor Agonist, Improve Regeneration in the
Older Liver? In previous studies, we found that platelet-derived se-
rotonin mediates liver regeneration after major hepatectomy (3)
and rescues liver regeneration and animal survival in a mouse
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model of partial OLT (30). These observations were associated with
an induction of Htr2 receptor expression after hepatectomy.
As expected, we detected Htr2 receptor up-regulation in young

mice 48 h after hepatectomy. In old mice, this up-regulation was
absent, likely reflecting their regenerative impairment (Fig. 1 C
and D). To test whether the serotonin system is involved in the
deficient regeneration, we pretreated old animals with DOI,
a potent agonist of HTR2. DOI increased the weight of the liver
remnant 48 h after hepatectomy (0.74 ± 0.09 g in pretreated
animals vs. 0.57 ± 0.06 g in vehicle-treated animals, P = 0.017)
and significantly improved hepatocyte proliferation (Fig. 1 E
and F). Likewise, DOI converted a survival of only 48% (10/21)
to 86% (18/21) in hepatectomized old mice (Fig. 1A).
We next examined whether the rescuing effects of DOI can

be associated with alterations in Htr2 receptor expression.
Pretreatment with DOI restored the up-regulation of Htr2 in
old mice. However, DOI treatment alone (in the absence of
hepatectomy) had no effect on Htr2 expression in old animals at
any time point tested (Fig. 1 G and H), indicating that receptor
up-regulation is related to the regenerative process but not to
the principal defect affected by DOI. Furthermore, no expres-
sion differences between young and old were noted after sham
operation. Thus, we examined whether old animals display
decreased levels of serotonin. Measurement of platelet sero-
tonin contents in young and old animals revealed similar levels
in both groups [young (1,670 ± 1,141 ng/mL) vs. old (1,932 ±
751 ng/mL), P = 0.93].
Together, these results indicate that exogenous activation of

the serotonin system by DOI restores the deficient regeneration
of old livers. However, the deficiency ameliorated by DOI is not
associated with alterations in hepatic serotonin receptor ex-
pression or the endogenous serotonin levels in old mice.

Does DOI Affect Structural Changes in the Sinusoid Lining? In a next
step, we examined whether the deficiency associated with im-
paired regenerative capacity may involve pseudocapillarization
of the sinusoidal lining. Pseudocapillarization, consisting of
thickening of the sinusoidal endothelial cells (SECs) and loss of
its porous sieve mimicking capillaries, is a feature of the old liver
(24, 25, 37–42) and may affect liver regeneration (for example,
by preventing growth factors to reach hepatocytes).
Using scanning EM, we evaluated the sinusoidal lining in

native young and old animals before and after hepatectomy. As
shown in Fig. 2 A and B, old animals displayed characteristic
changes of pseudocapillarization with loss of fenestration,
whereas young animals disclosed a thin sinusoidal lining con-
taining many fenestrae. The use of DOI had no significant im-
pact in young animals but increased the number of fenestrae in
old animals (Fig. 2 C–E). DOI treatment not only increased the
number of fenestrae after (Fig. 2F) but also before partial hep-
atectomy, suggesting that the correction of pseudocapillarization
enables a normal regenerative response.

Does Opening of the Fenestrae Enhance Perfusion and Platelet
Adhesion? The presence of pseudocapillarization may disturb
endothelium-dependent processes required for normal liver re-
generation, such as sinusoidal blood flow and platelet adhesion
to sinusoids after resection injury.
Hepatic perfusion is reduced in the elderly (43). Likewise, we

observed significantly lower portal flow at baseline in old com-
pared with young mice. DOI improved the portal flow (Fig. 3A).
In addition, DOI also increased microperfusion in old livers (Fig.
3B and Fig. S2). Furthermore, deficient platelet adhesion was
evident on scanning EM in old livers after hepatectomy and was
improved by DOI pretreatment (Fig. 3 C and D).

Fig. 1. Impaired survival and liver regeneration in old mice after 70% partial hepatectomy is reversed by DOI, a specific serotonin receptor 2 agonist. (A)
Survival of young (age = 7–8 wk) and old (age = 2 y) mice after partial hepatectomy. P < 0.001 in young vs. old animals. DOI is a specific serotonin receptor 2
agonist that improved survival in old animals (P = 0.02 old vs. old + DOI; n = 21 in each group). (B) Liver regeneration assessed by quantification of immu-
nostainings for proliferation marker Ki-67 on liver specimens 48 h after partial hepatectomy in young and old animals (n = 5). **P < 0.008 vs. young. (C and D)
Gene expression of HTR2A and HTR2B in liver tissue 48 h after sham operation or partial hepatectomy in young and old mice. (C) Relative mRNA levels of
HTR2A normalized to sham-operated animals (n = 5). **P < 0.008 vs. old after hepatectomy. (D) Relative mRNA levels of HTR2B normalized to sham-operated
animals (n = 5). **P < 0.008 vs. old after hepatectomy. (E and F) Quantification of immunostainings for Ki-67 and PCNA 48 h after sham operation or partial
hepatectomy in old animals. Both groups were treated either with or without DOI before and after hepatectomy as described in Materials and Methods. (E)
Quantification of Ki-67–positive hepatocytes (n = 5). **P < 0.001 vs. sham and hepatectomy without DOI. (F) Quantification of PCNA-positive hepatocytes (n =
5). **P < 0.001 vs. sham and hepatectomy without DOI. Means ± SD are shown. (G and H) Gene expression of HTR2A and HTR2B in liver tissue 48 h after sham
operation or partial hepatectomy with and without DOI treatment in old mice. (G) Relative mRNA levels of HTR2A normalized to sham-operated animals (n =
5). *P < 0.05 vs. sham with and without DOI. (H) Relative mRNA levels of HTR2B normalized to sham-operated animals (n = 5). *P < 0.05 vs. sham with DOI.
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Therefore, we conclude that DOI reverses pseudocapillariza-
tion and associated endothelium-dependent deficiencies.

Which DOI-Dependent Pathway Mediates Opening of Fenestrae and
Hepatocyte Proliferation? We focused our subsequent inves-
tigations on the mechanisms through which DOI mediates the
opening of fenestrae in old mice. Wemeasured the effects of DOI
on gene expression of putative mediators of liver regeneration.
TNF-α was not significantly affected (fold induction = 1.52 ±

1.99 vs. 3.35 ± 2.71, P = 0.222, n = 5), whereas DOI increased
Il6 48 h posthepatectomy (2.23 ± 3.24 vs. 25.88 ± 27.46, P= 0.03,
n = 5) but not earlier. Hepatocyte growth factor (HGF) elevation
was observed as early as 1.5 h after hepatectomy and persisted at

48 h (Fig. S3). However, the strongest DOI-mediated increase
restricted to earlier times after hepatectomy was noted for
VEGF (Fig. 4A). Thus, we examined whether DOI can up-reg-
ulate VEGF directly (i.e., without hepatectomy). Indeed, serum
VEGF levels were raised by DOI treatment alone (Fig. 4B),
suggesting that VEGF may mediate the ameliorating effects of
DOI on fenestration.
To test whether VEGF acts downstream of DOI, we subjected

old mice to anti-VEGF antibodies before DOI treatment and
hepatectomy and evaluated markers of hepatocyte proliferation
(Fig. 4 C and D). DOI improved liver regeneration in the pres-
ence of nonspecific IgG antibodies in old animals, whereas the
application of anti-VEGF antibodies blunted the proliferative

Fig. 3. DOI improves blood flow and enhances platelet adhesion on endothelial cells. (A) Portal blood flow measurements in young and old mice treated
with and without DOI for 48 h (n = 4). *P < 0.041 vs. young; §P = 0.081 vs. without DOI. (B) Microcirculatory blood flow in sinusoids assessed in old mice treated
for 48 h with and without DOI (n = 4). ***P < 0.01 vs. baseline and saline. (C) Quantification of platelet surface per total endothelial surface in young and old
mice 48 h after partial hepatectomy. Old animals were pretreated with or without DOI (n = 5). ***P < 0.001 vs. young without DOI; **P < 0.001 vs. old without
DOI. (D) Photographs of endothelial cells after partial hepatectomy pretreated with and without DOI in old animals.

Fig. 2. Loss of endothelial fenestrae in old mice is reversed by DOI administration. (A and B) Representative scanning EM micrographs of young and old
animals showing a decreased number of fenestrae in old animals. (C and D) DOI administration for 2 d every 12 h opens fenestrae in old animals. (E)
Quantification of area of fenestrae per total endothelial surface area in young and old mice with and without DOI treatment before sham operation (n = 5).
**P = 0.007 vs. old without DOI. (F) Number of fenestrae 48 h after partial hepatectomy with and without DOI pretreatment in old animals (n = 5). *P = 0.034
vs. without DOI.
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effect of DOI. Furthermore, the administration of exogenous
recombinant VEGF also enhanced regeneration to the levels of
DOI-treated animals (Fig. 4 C and D).
VEGF is a potent factor regulating the number and size of

fenestrae in isolated liver sinusoidal endothelial cells, and its
signaling is required for the formation of fenestrae in vivo (44).
We, therefore, tested whether serotonin is able to regulate fen-
estrae through VEGF on SK HEP-1 sinusoidal cells (45) in vitro.
After 50 min of 5-HT treatment, the number of fenestrae in-
creased from 61 ± 29 to 211 ± 152/μm2. Anti-VEGF antibodies
blocked this 5-HT–induced effect, whereas exogenous VEGF
alone had a similar effect as 5-HT treatment alone (Fig. 4 E and
F). Similar results were also observed after incubation with 5-HT
for only 10 min, suggesting a rather fast process.
Taken together, this set of experiments indicates that DOI me-

diates liver regeneration in old mice through a VEGF-dependent
pathway, resulting in the opening of fenestrae in liver sinusoids.

Discussion
Life expectancy has increased worldwide and especially in the
Western world, which has lead to an increased interest in research
focusing on age-related changes. In the current study, we show
that impaired liver regeneration after major tissue loss in the old
can be restored through a pathway involving the serotonin system,
VEGF, and the opening of the liver SEC fenestrae. These find-
ings open doors for developing innovative strategies to ameliorate
surgery and transplantation in the aging population.

A few investigators have looked at the impact of age on the
regenerative ability of the liver. Both animal models (12, 22, 46,
47) and clinical (23) observations have indicated a significant
impairment in liver regeneration in relation to age. For example,
a dramatic decrease in BrdU incorporation has been described in
the liver of 12-mo-old mice compared with 2-mo-old animals
subjected to a 70% hepatectomy (22). The best evidence in
humans arises from the assessment of the liver volume as a sur-
rogate of regeneration in a small series of living donor liver
transplantations (LDLT). Grafts from living donors older than
50 y of age disclosed a graft volume per standard liver volume
ratio (GV/SLV) of 65% by day 7, whereas grafts from donors
younger than 30 y of age had a significantly higher GV/SLV of
82%. Here, we could not only confirm that older animals display
impaired liver regeneration assessed by several markers of he-
patocyte proliferation, but we could document impaired animal
survival after 70% hepatectomy in old compared with young
mice, a finding associated with the failure to regenerate.
Our focus then moved to the mechanisms responsible for the

failure of liver regeneration in older animals. Based on our
previous findings that platelets containing serotonin (5-HT)
mediate liver regeneration in young mice (3) and that DOI, an
agonist of HTR2, rescues liver regeneration and survival in
a model of partial OLT (30), we subsequently tested the effect of
DOI in an older population of mice. The dramatic effects of DOI
in rescuing animal survival and liver regeneration after liver re-
section in this group led us to speculate on the existence of

Fig. 4. VEGF mediates DOI-induced opening of fenestrae and liver regeneration. (A) Gene expression of VEGF in old animals treated with (gray bars) and
without (white bars) DOI (n = 5). **P < 0.008 vs. animals without DOI. (B) Serum VEGF levels in old mice after treatment with and without DOI for 48 h (n = 4).
**P = 0.007. (C and D) Assessment of liver regeneration 48 h after partial hepatectomy in old mice in the presence of unspecific IgG or anti-VEGF antibodies
followed by DOI injection. Administration of recombinant VEGF alone followed by partial hepatectomy also enhanced liver regeneration. (C) Quantification
of Ki-67 immunostainings (n = 5). **P < 0.001 vs. control; *P < 0.05 vs. IgG + DOI. (D) Quantification of PCNA immunostainings (n = 5). **P < 0.001 anti-VEGF +
DOI vs. IgG + DOI and recombinant VEGF vs. control; *P < 0.05 vs. control. (E and F) Quantification and photographs of fenestrae (white arrows) in the
endothelial cell line SK HEP-1 incubated with 5-HT, anti-VEGF antibodies alone, anti-VEGF antibodies plus 5-HT, or recombinant VEGF. *P < 0.05 vs. control or
5-HT; **P < 0.001 vs. 5-HT; ***P < 0.001 vs. control.
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a novel age-dependent pathway for regeneration. Serotonin re-
ceptor expression in the liver, which is up-regulated in response
to hepatectomy in young mice, was blunted in the old, suggesting
that the regenerative process was not properly initiated. Notably,
blood levels of serotonin were not different in old vs. young
mice. Likewise, serotonin receptor levels were similar in sham-
operated mice regardless of age, and DOI had no effect on re-
ceptor expression before hepatectomy. Together, these findings
implied that the age-associated deficiency leading to impaired
liver regeneration in the aged must be of another kind.
The older liver is morphologically characterized by changes in

the sinusoids, including the thickening of the sinusoid lining and
the loss of fenestrae, a phenomenon known as pseudocapillari-
zation. Another intriguing feature related to age is the loss of the
hepatic clearance of a number of drugs (48), which has been
partially explained by the inability of the drug to pass the sinu-
soid lining, preventing hepatic metabolism and clearance. These
two features of age led us to generate the hypothesis that
platelet-derived serotonin and possibly even platelets themselves
may not reach their targets, such as hepatocytes, to initiate the
process of liver regeneration. This concept was supported by the
reduced adhesion of platelets to SEC in old compared with
young mice after hepatectomy.
Indeed, we discovered concomitant changes in the sinusoidal

lining, with a dramatic opening of the fenestrae in response to
DOI. Importantly, the opening of fenestration occurred before
hepatectomy and was accompanied by an improvement of the
reduced hepatic blood flow in the old. This suggested that pseu-
docapillarization is, at least in part, responsible for the blunted
liver regeneration in old mice. Moreover, DOI-mediated opening
of fenestrae was associated with a restored platelet–SEC adhe-
sion and a rise in essential hepatic growth mediators after hepa-
tectomy. These observations are consistent with our hypothesis,
proposing that pseudocapillarization acts as a barrier to the
proper initiation of liver regeneration.
With the knowledge that VEGF is a potent relaxant of the

sinusoidal lining, we tested the possibility that DOI may trigger
release of VEGF. Both assaying VEGF and blocking VEGF in
DOI-treated animals and cell culture confirm this novel path-
way. Similar observations in podocytes of the kidney that release
VEGF within 1 h when stimulated with serotonin (49) suggest
a highly conserved pathway shared by several cell types. In-
triguingly, reduced availability of VEGF has recently been
shown to accelerate age-associated damage of the kidney (50).
Given that DOI directly increases systemic VEGF, our findings
might have broader implications for the protection from age-

related deficiencies. A figure summarizing this new concept is
proposed in Fig. 5.
In conclusion, we could show that liver regeneration is impaired

in old mice because of a deficiency in the fenestration of hepatic
sinusoids. Exogenous DOI can ameliorate this defect through
a pathway that involves VEGF, which, in turn, regulates the
opening of endothelial fenestrae, improving microcirculation and
enabling a normal regenerative response after injury. Therefore,
the age-associated changes of fenestrae can be reversed by ago-
nists of serotonin receptors or the addition of VEGF, which re-
stores the capacity of old livers to regenerate.

Materials and Methods
Animals. Young (7- to 8-wk-old) male C57BL/6J mice were purchased from
Harlan, and 24-mo-old C57BL/6J mice purchased from National Institutes
of Health. All animals were kept in the animal facility of the University Hospital
Zurich with access to standardized chow and water ad libitum. All procedures
were approved by the Veterinary Office of the Canton Zurich and performed
between 8:00 AM and 12:00 AM in compliance with institutional animal care
guidelines. Group sizewas n = 5 in each study group unless otherwise indicated.

Animal Procedures. Procedures were performed under isoflurane/O2 anes-
thesia. Buprenorphin (0.1 mg/kg body weight) was injected i.p. during an-
esthesia and repeated s.c. 12 h later. After a midline laparotomy, the liver
was freed from its ligaments. Sham-operated animals were closed again
with a double running suture. The model of 70% partial hepatectomy was
performed as described previously (3, 51) according to the standard method
described by Higgins and Anderson (52).

The serotonin agonist DOI (1 mg/kg i.p., Sigma-Aldrich), anti-mouse VEGF
antibodies (50 μg; R&D Systems), and nonselective IgG antibodies (50 μg; R&D
Systems) were injected two times per day starting 48 h before hepatectomy;
9 μgmurine recombinant VEGF (PeproTech) were injected i.p. 24 h before the
liver resection, and 1 μg was injected i.p. 30 min before the liver resection.

Histological Examination. Fixation of tissue and immunohistochemistry were
performed as described (32).

Preparation of Liver Tissue for Scanning EM. Samples were cut into 1-mm3

blocks and fixed in 1.5% glutaraldehyde/0.12 M sodium cacodylate buffer.
After fixation, blocks were submerged in 1% osmium tetroxide, dehydrated
in ethanol, and embedded in Epon. Semithin (1 μm) sections were cut and
stained with 1% toluidine blue solution. For scanning EM, dehydrated blocks
were dried with hexamethyldisilazane, and they were subsequently broken
in liquid nitrogen mounted on stubs and sputter-coated with a thin layer of
20 nm gold. Morphometric analysis was performed on randomly acquired
digitalized scanning EM images at 30,000× magnification. For each experi-
mental variable, 10 images in the periportal and pericentral zones (regions
up to 100 μm in diameter) were randomly selected and analyzed at a mag-

Fig. 5. Schematic illustration of the DOI-mediated pathway for the enhancement of liver regeneration. Exogenous DOI (1) stimulates endothelial cells to
express and release VEGF (2), which binds to endothelial Vegf receptors and opens fenestrae, eventually improving hepatic perfusion (3). The open fenestrae
enable the adhesion of platelets to sinusoids after injury. The activated platelets release endogenous serotonin to initiate a regenerative response. The im-
proved porosity and blood flow increase the availability of additional factors and nutrients required for the initiation and completion of liver regeneration (4).
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nification of 30,000×. Three animals were tested at each time point. All
experiments were repeated three times.

Scanning and Transmission EM of SK Hep1 Cells. After cells in the culture were
90% confluent, they were fixed with 2.5% glutaraldehyde in 0.1 mol/L so-
dium cacodylate buffer with 1% sucrose. Cells on cover slips were exposed to
osmium (1% OsO4/0.1 mol/L sodium cacodylate buffer), dehydrated in an
ethanol gradient to 100%, and incubated for 2 min in hexamethyl-disilazane.
Coverslips were then mounted on stubs, sputter-coated with platinum, and
examined using a JEOL 6380 scanning electron microscope. Fenestration
numbers were counted manually by an investigator blinded to the identity of
the slide using a Carl Zeiss AxioVision LE 4.8 program (Carl Zeiss).

Hepatic Microcirculation. Hepatic microcirculation was studied using side-
stream dark-field (SDF) imaging technology that emits green polarized light
(wavelength = 548 nm), which illuminates hepatic sinusoids. Serial meas-
urements were analyzed as described previously (53) to obtain sinusoidal
volumetric blood flow (picoliter per second).

Quantitative Real-Time PCR. RNA extraction and real-time PCRwere performed
asdescribed (32). TaqMangeneexpressionassays (AppliedBiosystems) for VEGF

(Mm00437304_m1), HGF (Mm01135190_m1), IL-6 (Mm00446190_m1), TNF-α
(Mm 00443258_m1), Htr2a (Mm00555764_m1), and Htr2b (Mm00434123_m1)
were used to quantify the mRNA expression of the respective genes.

Cell Culture. SK Hep-1 cells were obtained from ATCC and maintained in
DMEM without FCS but supplemented with antibiotics (penicillin and
streptomycin). They were plated on IbidiTreat microdishes (35 mm low; Ibidi).
Cells were treated with recombinant VEGF (100 ng/mL; Calbiochem), DOI (100
μg/mL), anti-VEGF antibodies (10 μg/mL; Avastin), or a combination of these
substances. All experiments were performed in triplicate.

Statistics. Ordinal variables were compared with the Mann–Whitney test. A
statistically significant difference was considered when P < 0.05. Error bars
represent SD. Statistical analyses were performed using the software pack-
age GraphPad 5.0 and SPSS 18.0.
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