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Akt, or protein kinase B, is a multifunctional serine-threonine protein kinase implicated in a diverse range
of cellular functions including cell metabolism, survival, migration, and gene expression. However, the in
vivo roles and effectors of individual Akt isoforms in signaling are not explicitly clear. Here we show that the
genetic loss of Akt1, but not Akt2, in mice results in defective ischemia and VEGF-induced angiogenesis as well
as severe peripheral vascular disease. Aktl knockout (Akt1~-) mice also have reduced endothelial progenitor
cell (EPC) mobilization in response to ischemia, and reintroduction of WT EPCs, but not EPCs isolated from
Akt17- mice, into WT mice improves limb blood flow after ischemia. Mechanistically, the loss of Akt1 reduces
the basal phosphorylation of several Akt substrates, the migration of fibroblasts and ECs, and NO release.
Reconstitution of Akt17/~ ECs with Aktl rescues the defects in substrate phosphorylation, cell migration, and
NO release. Thus, the Akt1 isoform exerts an essential role in blood flow control, cellular migration,and NO

synthesis during postnatal angiogenesis.

Introduction

Many substances such as growth factors, bioactive lipids, statin-
based drugs, and mechanical forces (shear stress and cyclic strain)
can promote angiogenesis and signal via activation of the PI3K/
Akt pathway in cultured ECs (1-7). Activation of the PI3K/Akt
pathway accounts for many of the actions of angiogenic growth
factors such as VEGF, including cell survival, migration, tube for-
mation, and promotion of the release of NO. Evidence supporting
the role of PI3K/Akt in such pathways in ECs includes blockade
of PI3K with inhibitors and overexpression of dominant-negative
constructs for Akt; however, there is little direct genetic evidence
supporting a role for Akt in regulating angiogenesis in vivo. Sur-
prisingly, Aktl and Akt2 are not essential for embryonic vascu-
logenesis since Aktl- and Akt2-deficient mice are viable (8-10).
However, Akt17/~ mice have smaller litter sizes, impaired extraem-
bryonic vascular patterning and placental hypotrophy, reduced
fetal weight, and a partially penetrant phenotype of a higher fetal
mortality. The defects in placental architecture and angiogenesis
have been associated with a decrease in eNOS phosphorylation
but not a decrease of eNOS or VEGF levels (11). The overwhelm-
ing dogma supporting an essential role for Akt in mediating the
actions of many proangiogenic factors in cultured ECs is at odds
with the lack of an embryonic or adult vascular phenotype in
Aktl-deficient mice, suggesting several possibilities including the
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aortic smooth muscle cell; MDM2, mouse double minute 2; MLEC, mouse lung EC;
MLF, mouse lung fibroblast; p-, phosphorylated; rc, reconstituted with.
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following: (a) gene compensation by additional Akt isoforms or
pathways occurs during development; (b) signaling pathways dis-
covered in cultured ECs may not be relevant to in vivo angiogen-
esis; or (c) embryonic and postnatal angiogenesis are governed by
overlapping but distinct signaling systems that may fine-tune spe-
cialized functions in either the developing embryo or the adult.

In order to directly explore the roles of Akt isoforms during
postnatal angiogenesis in the adult, we used mice deficient in
either Aktl (8) or Ake2 (9) and examined several angiogenic phe-
notypes in vivo. Here we show that Aktl and Akt2 are expressed
in vascular tissue and cells and that the loss of Akt1, but not Akt2,
dramatically impairs ischemia and VEGF-mediated angiogenesis
in vivo and EC functions in vitro. Thus, our data establish Akt1
as a key regulator of postnatal angiogenesis and provide a salient
example of the complexity of distinct signaling pathways regulat-
ing different forms of angiogenesis.

Results

Expression of Aktl and Akt2 in cardiovascular tissues. As shown in
Figure 1A, when we used mouse lung fibroblasts isolated from
F2 generation WT littermates and Aktl- or Akt2-homozygous
null mice, RT-PCR revealed the loss of the respective isoform in
the appropriate knockout strain with no compensatory changes
in the other isoform. Western blot analysis of Aktl and Akt2 in
the heart (Figure 1B, left panel) or gastrocnemius muscle (right
panel) confirmed the loss of Aktl and Akt2 protein expression in
the respective knockouts. Next, we examined the distribution of
Aktl and Ake2 proteins in blood vessels isolated from the mice. As
shown in Figure 1C, both Aktl and Akt2 proteins were found in
all blood vessels isolated from WT mice, including the aorta, supe-
rior mesenteric artery, femoral artery, carotid artery, and jugular
vein. Thus, both Aktl and Akt2 were present in all tissues and iso-
lated vessels examined. Examination of the total Akt phosphory-
lation on serine 473 and threonine 308 (phosphorylated AktS473
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Figure 1

Characterization of tissue and vascular expression of Akt1 and Akt2. (A) RT-PCR analysis of RNA isolated from mouse lung fibroblasts using
Akt1-, Akt2-, and Hsp90-specific primers. (B) Expression of Akt1 and Akt2 protein in homogenates from heart and gastrocnemius muscle by
Western blot with antibodies against Akt1, Akt2, or Hsp90 as a loading control. (C) Akt1 and Akt2 expression in various blood vessels by West-
ern blot using antibodies against Akt1, Akt2, and p-actin as a loading control. (D) p-Akt levels in various blood vessels from WT, Akt1--, and
Akt2-- mice. Lysates from 3 animals per group were pooled and analyzed by Western blot using p-AktS473— and p-AktT308-specific Akt anti-
bodies. (E) Relative expression of Akt isoforms in blood vessels. Lysates from WT mice were analyzed by SDS-PAGE and quantitative Western
blot. Relative protein amounts of Akt1 and Akt2 in the vessels were quantified using standard curves obtained by running recombinant mouse
Akt1 and Akt2 proteins. Data represent the mean of 2 pooled samples; n = 3.

[p-AktS473] and p-AktT308, respectively) in lysates prepared
from the above vessels showed that the loss of either Aktl or Akt2
reduced total p-Akt levels in the vessel wall (Figure 1D). Since the
vessel wall reflects 3 anatomical layers (intima, media, and adven-
titia), the relative distribution of Aktl and Akt2 throughout these
layers is not known. To determine the relative expression of the
Akt isoforms in blood vessels, we performed semiquantitative
Western blot analysis on protein samples from the vessels using
recombinant, purified murine Akel, Akt2, and Akt3 as standards
(see Methods). As shown in Figure 1E, both Aktl and Akt2 were
differentially expressed in all blood vessels examined, and Akt3
was below the limits of detection.

Akt1 is critical for ischemia-mediated blood flow recovery and angiogen-
esis. Both in vivo and in vitro data suggest that Akt is critical for
angiogenesis since Akt is a key signaling intermediate in response
to many angiogenic factors including VEGF (1-3), angiopoietins
(4), sphingosine-1-phosphate (5, 6), and statin-based drugs (7)
despite the lack of defect in embryonic vasculogenesis (8-11). In
order to determine whether Akt influences postnatal angiogenesis,
we induced limb ischemia in Akt~ and Akt2/~ mice and examined
blood flow, clinical outcome, and indices of angiogenesis. In this
2120
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model, arteriectomy of the femoral artery diverts blood flow into
the internal iliac circulation and elsewhere, which induces arte-
rialization of collateral vessels (arteriogenesis) of the upper limb
and increases capillary to skeletal muscle fiber ratio (angiogenesis)
in the lower limb. As shown in Figure 2A, the ratio of gastrocne-
mius blood flow (measured using a deep penetrating laser Doppler
probe that determines mean flow of the entire muscle group) of
the left limb relative to the right limb before surgery was 1. Follow-
ing surgery to the left limb, blood flow ratios dropped by 80% in all
groups and, in WT and Akt27~ mice, recovered in a time-dependent
manner consistent with robust vascularization. However, the loss
of Akt1 dramatically impaired lower-limb blood flow recovery at 2
and 4 weeks after surgery, suggesting that Akt1 is essential for post-
natal ischemic vascularization. More importantly, the loss of Akt1
was associated with marked limb necrosis as shown in Figure 2B,
consistent with a defective recovery in blood flow. Using a clini-
cal scoring system to assess lower-limb function and tissue salvage
after surgery (Figure 2C), we determined that the loss of Aktl was
associated with severe tissue ischemia. Next we assessed baseline
and ischemia-mediated angiogenesis in the gastrocnemius mus-
cle by quantifying capillary density per muscle fiber. As shown in
Number 8
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Akt1-- mice have impaired ischemia-initiated blood flow recovery. (A) Blood flow in the gastrocnemius muscle was measured before, immediately
after, and at 2 and 4 weeks after left femoral artery resection. Data are expressed as a ratio of the left (ischemic) to right (control) limb perfusion.
WT, n = 14; Akt1--, n = 12; Akt2--, n = 6. (B) Akt1-- mice developed necrotic toes at 1 week to 2 weeks after left femoral artery resection while
Akt2--and WT littermate mice did not. (C) Clinical score at 4 weeks after femoral arteriectomy as an index of severity of limb ischemia: 0, normal;
1, pale foot or gait abnormalities; 2, less than half of foot necrotic; 3, more than half of foot necrotic without lower limb necrosis; 4, more than half
of foot necrotic with some lower limb necrosis; 5, necrosis or autoamputation of entire lower limb. WT, n = 14; Akt1--, n = 12; Akt27-, n = 6. (D)
Representative lectin staining of capillaries from sections of the gastrocnemius/soleus muscles 4 weeks after femoral ligation in WT, Akt1--, and
Akt2-- mice. Magnification, x200. (E) Quantification of capillary density, calculated as the number of capillaries per muscle fiber. For each animal,
6-8 randomly selected fields (x200) from 3—4 sections were counted; n = 5. **P < 0.01; ***P < 0.001.

Figure 2, D and E, baseline capillary densities were identical in
WT, Akt17/~, and Akt27/~ mice. After ischemia, WT and Akt27/~ mice
showed increased capillary densities whereas Akt17~ mice exhib-
ited reduced angiogenesis (Figure 2E). Thus, despite both Aktl
and Akt2 being present in all vessels examined, we determined
that Aktl, but not Ake2, is critical for ischemia-initiated arterio-
genesis and angiogenesis.

Ischemia-induced mobilization of endothelial progenitor cells is defective
in Akt1~/~ mice. There is increasing evidence that tissue ischemia
induces the emigration of endothelial progenitor cells (EPCs)
from the bone marrow into the circulation. These EPCs may
home to ischemic tissue and participate in postnatal angiogenesis
or remodeling directly by incorporation into the growing vascu-
lature or indirectly through cytokine production (12-14). There-
fore we examined ischemia-induced mobilization of EPCs into
the circulation from WT or Akt/~ mice. As shown in Figure 3B,
baseline EPCs, as isolated from cultured peripheral blood mono-
nuclear cells, were not different in Akt~ compared with WT
mice. Induction of hindlimb ischemia resulted in an increase in
EPC mobilization in WT mice, an effect markedly diminished in
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mice deficient in Aktl (Figure 3, A and B). Thus, defective EPC
mobilization in response to tissue ischemia may contribute to
impaired peripheral vascularization and angiogenesis in Akt17~
mice. Next we determined whether EPC-derived Aktl was criti-
cal rescuing limb ischemia. WT mice were rendered ischemic and
injected with culture medium or EPCs cultured from the spleens
of WT and AktI7/~ mice, and blood flow recovery was examined
after 2 weeks. As shown in Figure 3C and quantified in Figure 3D,
EPCs from WT mice, but not medium or EPCs isolated from
Akt1~/~ mice, improved flow recovery after ischemia. Collectively,
these data show that Akt1 is important for both ischemia-induced
mobilization and functional responsiveness of EPCs.
VEGF-induced permeability and angiogenesis are impaired in mice lack-
ing Akt1. VEGF is an important angiogenic cytokine that signals
via its receptors to activate Akt. VEGF activation of Akt is critical
for vessel patterning in zebra fish (15) and vascular development
of the chorioallantois in chick embryos (16) and is important
for VEGF-mediated survival signals, cell migration and prolif-
eration, and NO release in cultured ECs (3, 17, 18). In order to
determine whether Akt1 is necessary for VEGF functions in vivo,
Volume 115 Number 8
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perfusion; n = 4. **P < 0.01.

we examined VEGF-induced vascular leakage and angiogenesis,
robust bioassays for VEGF action in vivo. For assessment of vas-
cular leakage, WT and Akt17~ mice were intravenously injected
with Evans blue, a dye that tightly binds to plasma albumin,
and VEGF or saline administered intradermally into the ear. As
shown in Figure 4A, WT and AktI~~ mice exhibited similar base-
line endothelial barrier function. In contrast, VEGF in WT mice
markedly induced vascular leakage after 30 minutes, an effect
absent in Akt17~ mice. Next we assessed VEGF-induced angio-
genesis, using an intradermal injection of an adenovirus express-
ing murine VEGF 164 (Ad-VEGF) or a control virus expressing
B-gal (Ad-PB-gal) into the ears of WT and Akt1~7~ mice. As shown in
Figure 4B, Ad-VEGF increased the number of angiogenic struc-
tures (quantified by PECAM-1-positive vascular structures) after 5
days whereas injection of Ad-f-gal did not. In contrast, Ad-VEGF
did not promote angiogenesis in AktI7~ mice (Figure 4C). These
data demonstrate that AktI7~ mice are resistant to the properme-
ability and proangiogenic actions of exogenously administered
VEGF. Collectively, the above data show that Ake1 is critical for
ischemia and VEGF-mediated vascular functions in vivo.

Akt1 vegulation of cellular substrates and functions. In order to
directly examine cellular and molecular mechanisms that may
explain the impaired angiogenic phenotype of the Akt~ mice,
we isolated mouse lung ECs (MLECs) and mouse lung fibro-
blasts (MLFs) from WT, Aktl, and Akt27/~ mice. In addition, we
reconstituted Akt17/~ cells with retroviruses expressing HA-tagged
Aktl or GFP. As shown in Figure 5A, isolated MLECs expressed
endothelial markers PECAM-1 and eNOS, and both MLECs and
MLFs (Figure 5, A and B) expressed all 3 Akt isoforms using iso-
form-selective antibodies. Moreover, the loss of Aktl or Akt2
2122
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did not modulate the expression of the remaining isoforms. As
shown in Figure 5C, semiquantitative Western blot analysis of
Akt isoform protein expression (using recombinant murine Akel,
Akt2, and Akt3 as standards) in MLECs and mouse aortic smooth
muscle cells (MASMCs) showed that Aktl is the predominant
isoform expressed, whereas in MLFs, Aktl and Akt2 were equally
expressed. In all cell types, Akt3 was the least expressed of the Akt
isoforms. Comparing data in intact vessels (Figure 1E) and these
data from cultured cells, we surmise that Akt1 is the primary iso-
form in ECs and MASMCs and that Akt2 is the primary isoform
in adventitial fibroblasts.

Next, we used phosphospecific antisera to examine the basal
phosphorylation of 4 known Akt substrates: eNOS, glycogen syn-
thase kinase 3f (GSK3), mouse double minute 2 (MDM2), and
Forkhead in rhabdomyosarcoma (FKHR; also known as FOXO1).
Due to the immortalization procedure using middle T antigen,
we could only reliably measure the basal levels of substrate phos-
phorylation. Middle T antigen strongly activates the PI3K/Akt
pathway, making it difficult to reduce basal phosphorylation
of Akt substrates with prolonged serum withdrawal (19). As
shown in Figure 5D and quantified in Figure SE, all substrates
were basally phosphorylated on their respective Akt phosphory-
lation sites. The relative increase in FKHR S256 phosphoryla-
tion could not be compared to total levels of FKHR since several
commercially available antibodies did not detect total FKHR in
these cells. The loss of Aktl, but not Akt2, markedly reduced the
phosphorylation of eNOS, GSK3f, and FKHR but not MDM2.
The reduction in substrate phosphorylation was rescued by the
reintroduction of Aktl, which proved that a majority of the basal
phosphorylation of eNOS, GSK3f, and FKHR on the respective
Volume 115
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residues examined is via Aktl. Interestingly, MDM2 phosphory-
lation increased with Aktl deficiency and decreased with reintro-
duction of Aktl, which suggests that Aktl may negatively regu-
late an additional kinase to phosphorylate S166.

Since Akt is important for cell migration in many cell types,
we examined the migration of MLECs and MLFs in a modified
Boyden chamber assay. Sphingosine-1-phosphate is a potent
chemoattractant for ECs that utilizes a PI3K/Akt pathway (5, 6). As
shown in Figure 6A, sphingosine-1-phosphate-induced migration
was reduced in Akt17/~ MLECs and in Akt1/~ MLECs reconstituted
with GFP (Akt17-rcGFP), and the reintroduction of Aktl in AktI7/~
MLECs rescued the defective migratory phenotype (Akt17rcAkel).
Next we measured serum-induced migration in MLFs. As shown in
Figure 6B, the basal migration was similar in WT, AktI~/~, Akt27/~,
and Akt17/-rcGFP cells whereas Akt17-rcAktl cells exhibited higher
basal migration consistent with overexpression of Akt promoting
chemokinesis (17). However, consistent with data in MLECs, the
loss of Aktl, but not Akt2, reduced serum-induced migration of
fibroblasts, an effect rescued by the reintroduction of Aketl.

eNOS is an Akt substrate in ECs that produces the second mes-
senger gas, NO. Phosphorylation of eNOS on S1176 in mice (equiv-
alent to S1179 and S1177 for bovine and human, respectively) by
Akt increases the rate of electron flux through NOS, changes its cal-
cium sensitivity, and augments NO release (18,20, 21). NO, in turn,
can regulate blood flow and aspects of angiogenesis, including cell
migration, cell proliferation, and tube formation (22). Interestingly,
mice deficient in eNOS exhibit defects in ischemia, VEGF-induced
angiogenesis, vascular permeability, and EPC mobilization akin to
that seen in AktI7/~ mice (23-26). To determine whether the loss of
Aktl influences eNOS activation, we measured NO release from ECs
isolated from WT, Aktl, and Akt27~ mice. As shown in Figure 6C,
the basal accumulation of NO (over 24 hours) is similar in MLECs
cultured from WT, Akt27/-, and Akt17/~ ECs reconstituted with Aketl;
however, the loss of Aktl markedly reduced NO accumulation
(Figure 6C). Similar trends were seen in ECs acutely stimulated
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with the angiogenic cytokine VEGF (Figure 6D). VEGF promoted
the release of NO from WT, Aks2~~, and Akt17/~ ECs reconstituted
with Aktl; however, the loss of Akt1l markedly reduced VEGF-stim-
ulated NO accumulation. In contrast, ionomycin-stimulated NO
release was not different among the groups (ionophore-stimulated
NO release was 1.29 + 0.51, 1.36 £ 0.01, and 1.51 + 0.13 nmol/mg
protein in WT, Akt17~, and Akt27/~ ECs, respectively; n = 3 repeated
twice). These data are consistent with the diminution of VEGF cou-
pling to eNOS by inhibition of PI3K, dominant-negative Akt, or
p-defective mutants of eNOS lacking the serine phosphorylation site
(3,17,18,22). Therefore, the postnatal angiogenic defects in Akt17/~
mice, i.e, the loss of ischemia and VEGF-induced angiogenesis as
well as a reduction in EPC mobilization and function in response to
tissue ischemia, can be explained in part by defects in Akt substrate
phosphorylation, cell migration, and NO release, all mechanisms
important for the assembly of stable angiogenic vessels.

Discussion
Our study provides in vivo genetic data supporting a role for Akel
in regulating ischemic and VEGF-initiated postnatal angiogenesis
and has broad implications for understanding the physiology and
importance of Akt in vivo. First, the lack of arteriogenesis and
angiogenesis secondary to ischemia and the blunted response to
VEGF in mice deficient in Aktl clearly indicates that the genes
critically involved in postnatal angiogenesis are different from
those important during vascular development or parturition. For
example, the genetic loss of VEGF and its receptors results in early
embryonic lethality (27-30) whereas the loss of eNOS, Aktl, or
placenta-derived growth factor does not influence vascular devel-
opment. However, in response to tissue injury or exogenous angio-
genic factors, the loss of eNOS (23, 25), Akt (this study), and placen-
ta-derived growth factor (31) results in severe peripheral vascular
disease and, in the case of eNOS and Akg, limb loss. Thus, permis-
sive signaling pathways not important for vascular development
may exert profound actions postnatally after stressful challenge
Volume 115 Number 8

August 2005 2123



research article

R D D Figure 5
¥ rﬁ /\Ao@? /\,\c?\‘{~ v o /\/,\o‘?\& ggarac;efribzattilcm of( ;’-\\)kt(-;geficient
X NN X s and fibroblasts. aracter-
A é\ V\é V\é ?\*‘l\ ?\*‘l\ WB: D $& V\é ?\*‘l\ V\é : ization of MLECs. Lung ECs were
— =— — — — PECAM-i e —— Y S isolated from Akt1--, Akt2--, and
- e S8 == mm cNOS i - : e-GSKSBSQ WT littermates. Some Akt1-- ECs
== == — Akt e —— %SK3B were reconstituted with a retrovirus
-~~~ - p-MDM2S166 expressing HA-tagged Akt1 (Akt1--
S———————— MDM2 rcAkt1) or with GFP (Akt1--rcGFP).
E=mmnsmmn== p-FKHRS256 WB, Western blot. (B) Characteriza-
e — - AKtS473 tion of mouse lung fibroblasts. (C)
KL & A p-AktT308 Relative expression of Akt isoforms
. /\,@0 /\,«c?“ :— —: Akt i in mouse cells. Lysates from MLECs,
& & \& & & - B-actin MLFs, and MASMCs were analyzed
B NS A A T by SDS-PAGE and quantitative West-
- T —  Aktl ern blot. Relative protein amounts of
E==—T=1= A Akt1, Akt2, and Akt3 in the cells were
— — e Akt2 quantified using standard curves
—— - —— AKL3 - obtained by running recombinant
— — — —— (-aCtin E el 108 mouse Akt1, Akt2, and Akt3 proteins.
140 = Akt1-TcAkt1 (D) Basal phosphorylation of Akt and
0100 > 120 Akt substrates in MLECs. Cells were
= B _ 100 serum-starved for 48 hours and cell
= 80 3 AKES 8 E 80 lysates subjected to SDS-PAGE and
< 60 -QE) 5 Western blot using the indicated anti-
S 4 2 90 bodies. (E) Densitometric quantitation
S5 % =~ 40 of p-protein to total protein for eNOS,
X 20 o 20 GSK3p, and MDM2. For p-FKHR,
0 data is expressed relative to f-actin

0
MLECs MASMCs MLFs

or exogenous angiogenic factor administration. Secondly, our data
imply that although Aktl, Akt2, and, to a lesser extent, Akt3, were
expressed in the vascular cells examined, Aktl exerts a nonredun-
dant effect in modulating substrate phosphorylation, angiogen-
esis, EPC mobilization, cell migration, and cell coupling to eNOS.
These data are consistent with earlier studies documenting disor-
dered vasculature and impaired eNOS phosphorylation in placen-
tas of Akt17~ mice (11). The high abundance of Ake2 in the vessel
walls, likely reflecting the fibroblast population of the adventitia
(based on the expression of Akt2 in isolated fibroblasts), suggests
that Akt2 may be involved in other functions related to the adven-
titia such as injury-evoked vascular remodeling.

The defects in ischemia and VEGF-mediated angiogenesis
exhibited in Akt17~ mice are indeed multifaceted. Secondary to
tissue ischemia, macrophage-derived cytokines, changes in shear
stress, and metalloproteinase activity are thought to initiate
arteriogenesis and lower-limb angiogenesis (32, 33). In addition
to local regulation of arteriogenesis and angiogenesis, there is
increasing evidence that paracrine regulation of these process-
es may occur via EPCs. Indeed, ischemia or VEGF induces the
mobilization of EPCs into the circulation that may contribute
to ischemic arteriogenesis and angiogenesis (34, 35); however,
this view is not accepted by all (36, 37). The inefficient mobili-
zation of EPCs from Akt1/~ mice and the lack of improvement
in blood flow recovery after injection of Akt17/~ EPCs is consis-
tent with our cell culture data showing a critical role for Akel
in mediating chemotaxis and NO release. This is consistent
with impaired ischemic responses, EPC mobilization, and EPC
function in eNOS knockout mice (25). However, in the present
study we have not explored the ability of AktI7/~ cells to integrate
into existing vasculature, fuse, or release cytokines implicated
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in arteriogenesis/angiogenesis. In the context of cell migration,
our data clearly show that Akt1 is necessary for mammalian cell
migration (both ECs and fibroblasts), thus providing genetic
evidence for the similar requirement of Akt for polarized cell
migration in Dictyostelium discoideum (38). The role of Akt in EC
migration is supported by previous studies showing that inhibi-
tion of PI3K, expression of dominant-negative Akt, and block-
age of eNOS all reduce chemokinesis (17, 39), which confirms
that a PI3K/Akt/eNOS module is important for coupling to
chemotactic signaling in ECs.

Another salient feature of this study is that we provide the first
direct in vivo evidence to our knowledge that VEGF-induced
changes in vascular leakage require Aktl, supporting previous
work using dominant-negative and constitutively active Akt (40).
Previous genetic data have shown that cellular src (c-src; ref. 41) and
eNOS (24, 26) are both downstream mediators of VEGF-induced
changes in vascular permeability. Since c-src may lie upstream of
Akt activation (42) and upstream or downstream of eNOS activa-
tion (42-44), it is feasible that blockage of c-src reduces VEGF-
induced vascular permeability by reducing Akt phosphorylation
and eNOS activation. Finally, our data suggest that inhibition
of Aktl signaling may be an effective strategy to block not only
tumor growth but also pathological angiogenesis mediated by
VEGF. However, this strategy may also worsen peripheral vascular
disease secondary to atherosclerosis, diabetes, or aging.

Methods
Animals. Akt17/- and Akt27/~ mice were generated as previously described (8,9).
F2 and F3 generation, male, 8- to 14-week-old knockout mice and their WT
littermates were used. All experiments were approved by the Institutional
Animal Care and Use Committee of Yale University.
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Hindlimb ischemia model. Mice were anesthetized with a mixture of
ketamine (80 mg/kg) and xylazine (10 mg/kg). The left femoral artery was
ligated at the point of entry through the inguinal ligament, at the origin
of the popliteal artery, and at midway through the saphenous artery.
Small branches were cauterized, and the portion of the artery between
the ligatures was removed. Blood flow was measured using a deep pen-
etrating laser Doppler probe (Perimed) placed directly on the gastrocne-
mius muscle. Flow measurements were made just before, immediately
after, and at 2 and 4 weeks after femoral arteriectomy. At 4 weeks after
femoral resection, gastrocnemius and soleus muscles from the ischemic
and control limbs were fixed with methanol and embedded in paraffin.
Five-micron sections were stained with TRITC-labeled lectin (Bandeiraea
simplicifolia 1; Sigma-Aldrich).

Ear angiogenesis. Adenoviruses encoding murine VEGF-A164 (7 x 108 viral
particles) were injected intradermally into the left ears of Akt~ or WT
littermate mice. The right ears were injected with a control virus express-
ing B-gal. After 5 days, animals were euthanized and the ears removed and
embedded in OCT compound (Tissue-Tek; Sakura). Frozen sections (7 um
thick) were immunostained with monoclonal anti-mouse PECAM-1 pri-
mary (BD Biosciences — Pharmingen) and Alexa 488-conjugated second-
ary antibodies. PECAM-1-positive staining was quantified using Openlab
software (version 4.0.2; Improvision).

Modified Miles assay. Under anesthesia, mice were injected with Evans blue
(30 mg/kg; Sigma-Aldrich). VEGF (300 ng in 15 ul) or saline was injected
subcutaneously into the dorsal surface of the right and left ears, respec-
tively. After 30 minutes, mice were euthanized and the ears were removed,
oven-dried at 55°C, and weighed. Evans blue was then extracted from the
ears using 500 ul of formamide for 24 hours at 55°C. Evans blue extravasa-
tion into the ear was measured spectrophotometrically at 630 nm using a
standard curve of Evans blue in formamide.

Isolation of mononuclear cells and EPC culture. Mice were anesthetized with

Avertin (2.5%), and blood was drawn by cardiac puncture. Mononuclear
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Figure 6

Impaired cell migration and NO release
in Akt1-- cells. (A) Migration of MLECs
was examined in modified Boyden cham-
bers using sphingosine-1-phosphate
(S-1-P) as a chemoattractant. Migration
of Akt1-- cells was reduced at all doses
examined. Data are mean = SEM;
n = 4 from 3 independent experiments.
(B) Migration of lung fibroblasts was
examined in the modified Boyden cham-
ber using serum-free DMEM (Basal) or
10% FBS as agonist. (C) Basal pro-
duction of NO in MLECs (assayed as
NO: in the media) over a 24-hour peri-
od was determined by chemilumines-
cence. Levels of NO,~ in media alone
were subtracted out. (D) Cells were
stimulated with VEGF (50 ng/ml) for
30 minutes, and NO release was quanti-
fied by chemiluminescence. For stimu-
lated NO;~ release, values were calcu-
lated by subtracting out levels obtained
with nonstimulated cells. Data are
mean = SEM; n = 9—12 from 3 indepen-
dent experiments. *P < 0.05; **P < 0.01;
***P < 0.001.
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cells were isolated by a density gradient method using Histopaque-1077
(Sigma-Aldrich). Heparinized blood (500 ul) was mixed with 2 ml PBS, gen-
tly added to 2 ml Histopaque-1077, and centrifuged at 400 g for 30 min-
utes. The mononuclear fraction was collected and washed in PBS; following
red cell lysis with ammonium chloride solution (StemCell Technologies),
1 x 109 cells/cm? were seeded on fibronectin-coated slides (Biocoat). Cells
were allowed to differentiate in endothelial growth medium-2 (EGM-2)
SingleQuots medium (Clonetics) containing VEGF-A, FGF, IGF-1, EGF,
hydrocortisone, ascorbic acid, gentamicin and amphotericin-B, heparin,
1% gentamicin/streptomycin (Invitrogen Corp.), and 5% FBS. Medium was
changed every other day. After 5 days of in vitro culture, cells were incubat-
ed in 10 ug/ml dioctadecyl-3,3,3',3'-tetrametylindocarbocyanine perchlo-
rate-labeled acetylated LDL (Ac-Dil-LDL; Biomedical Technologies Inc.)
for 5 hours, and Ac-Dil-LDL-positive cells were photographed at 560 nm
on a Nikon Eclipse Fluorescence microscope (Nikon). Ac-Dil-LDL-positive
cells in 10 low-power fields were counted for each animal.

In the EPC reconstitution experiments, EPCs were isolated from splenic
cell homogenates as previously described (25). The mononuclear cells iso-
lated by density centrifugation were plated on fibronectin-coated plates
and incubated in the above medium for 4 days. EPCs were collected by
trypsin treatment and dissolved in EGM-2 media. WT mice underwent
hindlimb ischemia as described above. On the day of surgery, WT mice
received an intravenous infusion of 2 x 105 EPCs isolated from WT or Akt1
knockout mice. Control mice were injected with growth factor-free EGM-2
media alone. Revascularization was assessed by laser Doppler blood-flow
analysis at 14 days after surgery as previously described (45).

MLEC isolation. MLECs were isolated from 3-week-old Aktl7/~-, Aks2~-,
and WT mice. Briefly, mice were euthanized with an overdose of ketamine/
xylazine and the lungs were excised, minced, and digested with 0.1% colla-
genase in RPMI medium. The digest was homogenized by passing multiple
times through a 14-gauge needle. It was then filtered through a 150-um tis-
sue sieve, and the cell suspension was plated on 0.1 % gelatin-coated dishes.
Volume 115 2125
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After 2 to 3 days, cells were immortalized by 2 rounds of infection with
retrovirus encoding the middle T antigen. Cells were allowed to recover for
24 hours, and then ECs were isolated by immunoselection with PECAM-1-
and ICAM-2-conjugated magnetic beads. When cells reached confluency, a
second round of immunoisolation was performed. Cells were propagated in
EGM-2 media supplemented with EGM-2 microvascular (MV) SingleQuots
(Cambrex). For Akt17/- reconstitution, cells were infected twice with a retro-
virus encoding either HA-tagged murine Aktl or GFP.

Cell migration assay. Cell migration assays were performed using a modified
Boyden chamber with Costar Transwell inserts (Corning). The inserts were
coated with a solution of 0.1% gelatin. Subconfluent MLECs or MLFs were
serum-starved overnight. Solutions of sphingosine-1-phosphate (10-500 nm)
or 10% FBS were prepared in DMEM containing 0.1% BSA and added to the
bottom chambers. MLECs or MLFs (2 x 10° cells) were added to the upper
chambers. After 4 hours incubation at 37°C, cells on both sides of the mem-
brane were fixed and stained with the DiffQuik staining kit (Baxter). Cells
on the upper side of the membrane were removed with a cotton swab. The
average number of cells per field on the lower side of the membrane from 4
high-power (x400) fields was counted.

NO release from cells. MLECs (passage 4 to 10) were used for NO release
experiments. Basal and VEGF-stimulated NO,™ release were assessed in the
medium as previously described (18).

Western blot analysis. Tissues were snap frozen in liquid nitrogen, pulver-
ized, and resuspended in lysis buffer: 50 mM Tris-Hcl, pH 7.4, 0.1 mM
EDTA, 0.1 mM EGTA, 1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS,
100 mM NaCl, 10 mM NaF, 1 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, 1 mM Pefabloc SC, and 2 mg/ml protease inhibitor cock-
tail (Roche Diagnostics Corp.). Cells were lysed on ice with lysis buffer as
noted above. Protein concentrations were determined using the D¢ Protein
assay kit (Bio-Rad Laboratories). Lysates containing 80 ug (tissue) or 30 ug
(cells) of protein were analyzed by SDS-PAGE and immunoblotting. Prima-
ry antibodies used include the following: Akt1 mAb (Upstate), Akt2 p-Ab
(46), eNOS mADb, heat shock protein 90 (Hsp90), mAb (BD Transduction
Laboratories; BD Biosciences — Pharmingen), anti-HA mAb (Roche Diag-
nostics Corp.), PECAM-1 p-Ab (Santa Cruz Biotechnology Inc.), f-actin
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.Mazure, N.M., Chen, E.Y., Laderoute, K.R., and

terolemic animals. Nat. Med. 6:1004-1010.

mADb (Sigma-Aldrich), and p-eNOS S1179 p-Ab (Zymed Laboratories Inc.).
Secondary antibodies were fluorescent-labeled antibodies (LI-COR Bio-
technology). Bands were visualized using the Odyssey Infrared Imaging
System (LI-COR Biotechnology).

Quantitative Western blots. For quantification of Akt isoform expression,
recombinant Aktl, Akt2, and Akt3 proteins were purchased from Upstate
and the concentration of each recombinant protein determined by analy-
sis of a Coomassie-stained gel using the Odyssey system (LI-COR Biotech-
nology) and a bovine serum albumin standard. A standard curve of each
recombinant Akt protein and dilutions of cell lysate were resolved on 10%
SDS-PAGE, transferred to nitrocellulose, and probed with isoform-specific
antibodies (Akt1: Upstate; Akt2: ref. 46; Akt3: ref. 47). Secondary antibodies
were labeled with IRDye 800 (Rockland Immunochemicals) for quantifica-
tion by the Odyssey system. The total Akt protein was determined as the
sum of the individual isoforms; the amount of each isoform is expressed
as a percentage of the total Akt protein.

Statistics. Data are expressed as mean + SEM. Comparisons between groups
were made using a 2-tailed Student’s ¢ test or ANOVA with the Bonferroni
post hoc test. Differences were considered to be significant at P < 0.05.
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