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Human Vascular Endothelial Growth Factor Protects
Axotomized Retinal Ganglion Cells In Vivo by Activating
ERK-1/2 and Akt Pathways
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Based on its trophic effects on neurons and vascular cells, vascular endothelial growth factor (VEGF) is a promising candidate for the
treatment of neurodegenerative diseases. To evaluate the therapeutic potential of VEGF, we here examined effects of this growth factor on
the degeneration of axotomized retinal ganglion cells (RGCs), which, as CNS-derived neurons, offer themselves in an excellent way to
study neuroprotection in vivo. Making use of a transgenic mouse line that constitutively expresses human VEGF under a neuron-specific
enolase promoter, we show that (1) the VEGF-transgenic retina overexpresses human VEGF, (2) RGCs carry the VEGF receptor-2, and (3)
vascular networks in normal and axotomized VEGF-transgenic (tg) retinas do not differ from control animals. After axotomy, RGCs of
VEGF-tg mice were protected against delayed degeneration, as compared with wild-type littermates. Western blots revealed increased
phosphorylated ERK-1/2 and Akt and reduced phosphorylated p38 and activated caspase-3 levels in axotomized VEGF-transgenic
retinas. Intravitreous injections of pharmacological ERK-1/2 (PD98059) or Akt (LY294002) inhibitors showed that VEGF exerts neuro-
protection by dual activation of ERK-1/2 and Akt pathways. In view that axotomy-induced RGC death occurs slowly and considering that
RGCs are CNS-derived neurons, we predict the clinical implementation of VEGF in neurodegenerative diseases of both brain and retina.
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Introduction
In view of its trophic influence on neurons and vascular cells,
vascular endothelial growth factor (VEGF) has previously at-
tracted strong interest in brain diseases (Sun et al., 2003; Storke-
baum and Carmeliet, 2004; Wang et al., 2005). VEGF is constitu-
tively expressed in the brain and upregulated during hypoxia as
part of an endogenous adaptive response (Marti and Risau, 1998;
Cramer and Chopp, 2000). VEGF exhibits neuroprotective activ-
ity in vitro (Jin et al., 2000; Matsuzaki et al., 2001; Wick et al.,
2002) and protects degenerating motoneurons in rodent models
of amyotrophic lateral sclerosis (ALS), the SOD1 G93A mouse (Az-
zouz et al., 2004) and rat (Storkebaum et al., 2005). Based on
these findings, VEGF is now considered as therapeutic against
ALS, raising hopes that this severely devastating disease may
someday be cured.

In the pathogenesis of ALS, VEGF deficiency may play a caus-
ative role. As such, low VEGF levels are capable of inducing an
ALS-like state in gene-targeted mice in which the hypoxia-
responsible element is deleted from the VEGF promoter (Oost-
huyse et al., 2001), and may also confer an elevated risk for de-
veloping ALS in humans (Lambrechts et al., 2003). Despite their
only mildly reduced VEGF levels under physiological conditions,
chronically decreased blood flow levels were noted in the spinal
cords of VEGF deficient mice (Oosthuyse et al., 2001) and motor
cortex of ALS patients (Waldemar et al., 1992; Kobari et al.,
1996), which were suggested to be causatively involved in the
process of motoneuron injury.

Are the neuroprotective properties of VEGF in vivo linked to
its ability to promote vascular remodeling in hemodynamically
compromised tissue, or does VEGF also confer protection when
blood supply is intact? To elucidate this question, we here exam-
ined effects of transgenic VEGF in a model of retinal ganglion cell
(RGC) axotomy induced by optic nerve (ON) transection. ON
transection is a highly reproducible model of subacute neuronal
degeneration (Garcia-Valenzuela et al., 1994; Isenmann et al.,
1997; Ü. Kilic et al., 2005). Ontogenetically, RGCs are CNS-
derived neurons that, because of their accessibility outside the
cranial cavity, offer themselves in an excellent way to study mech-
anisms of neuronal injury and neuroprotection in vivo. After
axotomy close to the eye, RGCs exhibit a stereotypic pattern of
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gene responses resulting in apoptotic death of almost 80% of
ganglion cells within 2 weeks after trauma. There is no collateral
damage in this model, because the ON is cut at distance to the
degenerating RGCs.

We studied a mouse line constitutively expressing human
VEGF165 under the control of a neuron-specific enolase (NSE)
promoter [transgenic V1 (V1tg) mouse] (Vogel et al., 2004). This
mouse expresses elevated levels of human VEGF in the brain and,
as we now show, retina. We first analyzed vascular networks in
the normal and axotomized V1tg retina. We then examined the
expression and/or activation of VEGF receptor-2 (VEGFR-2), of
the signal factors extracellular-regulated kinase (ERK)-1/2, Akt
and p38, and of caspase-3 (E. Kilic et al., 2005). Finally, we mod-
ulated the activity of two of these factors, ERK-1/2 and Akt, by
delivering pharmacological inhibitors into the animals’ vitreous
space, studying the role of ERK-1/2 and phosphatidylinositol-3
kinase (PI3K)/Akt pathways in the neuroprotection of VEGF.

Materials and Methods
Animals. Animal experiments were performed according to National
Institutes of Health guidelines for the care and use of laboratory animals
with government approval (Cantonal Veterinary Office, ZH102/2003).
NSE-VEGF V1tg mice, which were produced on a C57BL/6 background
(Vogel et al., 2004; Wang et al., 2005), were used. Nontransgenic (ntg)
wild-type littermates of V1tg mice served as controls. For all experiments,
male mice aged 12–16 weeks were used.

In situ hybridization histochemistry of VEGF mRNA. ntg and V1tg an-
imals were deeply anesthetized with chloral hydrate and killed (n � 3
animals per mouse line). Both eyes were removed, fresh-frozen, and cut
on a cryostat into 10 �m sections. On these sections, VEGF mRNA was
detected by in situ hybridization using [ 35S]-UTP-labeled RNA probes
recognizing both human and mouse VEGF mRNA, as described previ-
ously (Marti and Risau, 1998).

ELISA of human VEGF protein. From additional eyes of ntg and V1tg
mice (n � 6 animals per mouse line), protein lysates were obtained. In
the supernatants, human VEGF was quantified using a commercially
available immunoassay kit specific for human VEGF (Quantikine; R & D
Systems, Minneapolis, MN) (Marti et al., 2000).

Immunocytochemistry for VEGFR-2. Fresh-frozen ntg and V1tg retinas
(n � 6/mouse line) were cut on a cryostat into 18 �m sections. After fixation
in acetone and blocking in 0.1 M PBS containing 0.3% Triton-X100/10%
normal goat serum, sections were labeled overnight at 4°C with monoclonal
rat anti-mouse VEGFR-2 (Flk-1) antibody (Marti et al., 2000), diluted 1:100,
that was detected with a cyanine 3-labeled secondary antibody. Sections were
counterstained with 4�,6-diamidino-2-phenylindole (DAPI) and cover-
slipped. Sections were evaluated by counting the number of VEGFR-2(�)
RGCs in sectors of the retina of 200 �m length.

Retrograde labeling of RGCs. ntg and V1tg mice were anesthetized with
1% halothane (30% O2, remainder N2O). After placing the animals in a
stereotactic frame, a bur hole was drilled into the pericranium overlying
the superior colliculi (0.7 mm lateral to sagittal suture, 3 mm posterior to
bregma). For retrograde labeling of RGCs, a Hamilton syringe was in-
serted 2.0 mm beneath the brain surface, and 0.7 �l of fluorogold (Flu-
orochrome, Denver, CO) was injected stereotactically into both superior
colliculi (infusion rate, 0.7 �l/min) (Ü. Kilic et al., 2005). After infusion,
the injection needle remained inside the brain for 2 min to prevent flu-
orogold diffusion along the needle track. The syringe was then with-
drawn and wounds were carefully sutured.

ON transection. Three days after RGC labeling, ntg and V1tg mice were
re-anesthetized with 1% halothane. After skin incision close to the supe-
rior orbital rim, the right orbita was opened, leaving the supraorbital vein
intact, and the lacrimal gland was resected subtotally. After spreading the
superior extraocular muscles, the right ON was transected under micro-
scopical control �0.5 mm distant to the posterior pole of the eye, taking
care not to damage retinal blood vessels (Ü. Kilic et al., 2005). The
wounds were sutured, and retinal blood supply was verified by fundos-
copy, which was performed microscopically while flattening the cornea

with a glass slide. Fundoscopies revealed intact filling of blood vessels
around the optic disc. In three animals that were not used for additional
studies, laser Doppler flow (LDF) during axotomy was monitored with a
flexible fiberoptic probe (Perimed, Stockholm, Sweden) that was in-
serted into the eye through a small incision close to the cornea–sclera
junction. LDF did not show any major changes during axotomy (LDF 2
min after ON transection, 96 � 24% of preaxotomy levels).

Tissue processing. Fourteen days after axotomy, mice were killed by an
overdose of chloral hydrate and both eyes were removed. Retinas were
dissected, flat-mounted on glass slides, and fixed in 4% paraformalde-
hyde/0.1 M PBS for 30 min (n � 6 animals per mouse line for evaluation
of RGC survival). Retinal flat-mounts were evaluated by one of the in-
vestigators blinded for the experimental conditions (Ü.K.) by fluores-
cence microscopy. RGC densities were determined by counting tracer-
labeled RGCs in 12 distinct areas of 62,500 �m 2 each (three areas per
retinal quadrant at 1/6, 3/6, and 5/6 of the retinal radius, respectively)
both on the axotomized and contralateral nonaxotomized side, subse-
quently calculating mean values for all three eccentricities as well as over
the whole retina (Ü. Kilic et al., 2005).

In vivo angiography with FITC-labeled dextran. Additional ntg and
V1tg mice were axotomized (n � 5 animals each). Fourteen days later,
animals were deeply anesthetized with 3% halothane. The left heart ven-
tricle was cannulated, and animals were transcardially perfused with 10
ml of 0.1 M PBS, followed by 1 ml of fluorescein isothiocyanate (FITC)-
dextran (10 mg/ml, molecular weight 2 � 10 6; Sigma, Deisenhofen,
Germany), dissolved in 0.1 M PBS. Both eyes were then removed. Retinas
were dissected, flat-mounted, and fixed with 4% paraformaldehyde. Ret-
inal flat mounts were evaluated by one investigator blinded for the ex-
perimental conditions (Z.G.) by fluorescence microscopy. The diameter
of four main retinal arterioles was determined at various retinal eccen-
tricities (at 1/6, 3/6, and 5/6 of the retinal radius) both in the axotomized
and nonaxotomized eye (the four largest branches of the central artery
were analyzed in all flat mounts). In addition, the density of retinal cap-
illaries was evaluated at the same three eccentricities by counting the
number of vessels crossing a straight 250 �m line. For all measurements
taken, mean values were calculated for all three eccentricities. This pro-
cedure allowed us to obtain detailed information on the retinal vascular
network both surrounding and at distance to the posterior eye pole.

Western blots. Additional ntg and V1tg animals were deeply anesthe-
tized 14 d after ON transection and killed (n � 5– 6 each). Eyes were
removed and retinas dissected. Protein lysates were obtained from the
axotomized and nonaxotomized retinas. Lysates were pooled, resolved
by SDS-PAGE, and transferred onto polyvinylidene fluoride mem-
branes. Membranes were dried, incubated in blocking solution, and im-
mersed with rabbit anti-total (equally detecting both the unphosphory-
lated and phosphorylated forms) ERK-1/2 (9102; Cell Signaling,
Allschwil, Switzerland), mouse anti-phospho-ERK-1/2 (M8159; Sigma),
rabbit anti-total Akt (9272; Cell Signaling), rabbit anti-phospho-Akt
(9271; Cell Signaling), rabbit anti-total p38 (9212; Cell Signaling), rabbit
anti-phospho-p38 (9211; Cell Signaling), and rabbit anti-activated
caspase-3 (CM-1; BD Biosciences, Basel, Switzerland) antibodies, each
diluted 1:500 (E. Kilic et al., 2005). Membranes were rinsed, incubated in
secondary antibodies, and exposed. Protein loading was controlled using
a mouse anti-�-actin antibody (A5316; Sigma). Blots were performed
three times to confirm data reproducibility. Protein levels were analyzed
densitometrically, corrected with values determined on �-actin blots,
and expressed as relative values compared with ntg mice.

Inhibition of ERK-1/2 and PI3K/Akt pathways. In additional
fluorogold-prelabeled V1tg animals subjected to ON transection, 0.5 �l
of either (1) 100% dimethylsulfoxide (DMSO; n � 6 animals), (2) the
mitogen-activated protein (MAP) kinase/ERK kinase-1 inhibitor
PD98059 (50 mM, dissolved in 100% DMSO; New England Biolabs,
Schwalbach, Germany; n � 3), or (3) the PI3K/Akt inhibitor LY294002
(100 mM, dissolved in 100% DMSO; Sigma; n � 6), was carefully injected
into the vitreous space by means of a glass microelectrode (tip diameter,
50 �m), puncturing the eye at the cornea–sclera junction. The injections
were done on days 0, 4, 7, and 10 after axotomy. This strategy has been
used previously by others (Klöcker et al., 2000) and us (Ü. Kilic et al.,
2005) without complications to characterize the role of the ERK-1/2 and
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PI3K/Akt pathways in RGC survival. Animals were killed 14 d after axotomy,
retinas removed, flat-mounted, and evaluated microscopically, as described
above. In control experiments, 0.5 �l DMSO, DMSO/PD98059 (50 mM), or
DMSO/LY294002 (100 mM) were intravitreously injected in nonaxotomized
mice on days 0, 4, 7, and 10 that were killed on day 14 (n � 3 animals per
group). Retinas were removed, flat-mounted, and evaluated under the fluo-
rescence microscope, as above. In nonaxotomized ntg animals, DMSO,
DMSO/PD98059, and DMSO/LY294002 delivery did not influence RGC
survival (DMSO, 4823 � 398 cells/mm2; DMSO/PD98059, 4908 � 457/
mm2; DMSO/LY294002, 4727 � 240/mm2).

To characterize the effects of ERK-1/2 and Akt inhibitors on VEGF
mRNA expression as well as on ERK-1/2 and Akt phosphorylation, nonaxo-
tomized V1tg eyes of additional animals were injected intravitreously with
0.5 �l DMSO, DMSO/PD98059 (50 mM), or DMSO/LY294002 (100 mM) on
days 0, 4, 7, and 10 (VEGF mRNA, n � 2 animals per group; ERK-1/2, Akt,
n � 3 per group). Animals were killed at 6 h (VEGF mRNA) or 1 h (ERK-1/2,
Akt) after the last injection. Retinas were cut on a cryostat and processed by
in situ hybridization histochemistry (VEGF mRNA) or homogenized and
processed for Western blots (ERK-1/2, Akt).

Statistics. For statistical analysis, a standard software package (SPSS for
Windows 12.0.1) was used. Differences between groups were compared
by using one-way ANOVA, followed by least significant differences
(LSD) tests (comparisons between at least three groups: analysis of RGC
survival, vascular anatomy, Western blots) or two-tailed t tests (compar-
isons between two groups: analysis of VEGFR-2 expression, Western
blots in nonaxotomized mice, in which PD98059 and LY294002 were
tested). Values are given as means � SD. Values of p � 0.05 were con-
sidered significant.

Results
Human VEGF is expressed in the V1tg mouse retina
To define as whether our V1tg mouse retina expresses human
VEGF, we combined in situ hybridization techniques with ELISA.
In situ hybridization exhibited weak VEGF mRNA signals in the
retinal outer (ONL) and inner (INL) nuclear layers as well as very
weak signals in the RGC layer (GCL) of ntg mice (Fig. 1). Com-
pared with ntg animals, expression of VEGF mRNA was clearly
increased in V1tg mice, particularly in the RGC layer (Fig. 1). In
control experiments using a VEGF sense probe, in situ hybridiza-
tion signals were absent in RGCs (Fig. 1). Quantitative analysis of
the VEGF protein in whole eye extracts by ELISA showed that
human VEGF was present in V1tg animals (1.09 � 2.07 ng/g
protein), but not detectable in ntg mice.

VEGFR-2 (Flk-1) is expressed on RGCs of ntg and V1tg mice
To elucidate whether VEGFR-2, which has been suggested to
mediate the neuroprotective function of VEGF in vitro (Jin et al.,

2000), is expressed on RGCs in vivo, we prepared immunocyto-
chemical stainings of mouse retinas. These stainings reproduc-
ibly revealed VEGFR-2 expression on RGCs (Fig. 2). The density
of VEGFR-2� RGCs did not differ between ntg and V1tg mice
(19.0 � 2.2 vs 18.8 � 1.7 cells/250 �m sector).

Vascular networks in V1tg mice do not exhibit any
structural abnormalities
In view of the known angiogenic effects of VEGF, we character-
ized the vasculature of ntg and V1tg retinas using angiographies
with FITC-dextran, analyzing the size of the main retinal arterioles
and capillary densities at various retinal eccentricities. In ntg mice,

Figure 1. Increased VEGF mRNA levels in the retina of V1tg mice. a–f, Retinal expression was studied by in situ hybridization analysis in ntg littermates (a, b) and V1tg mice (c–f ) using a
35S-labeled riboprobe recognizing both mouse and human VEGF mRNA. Anatomical (a, c, e) and dark-field (b, d, f ) images labeled with antisense (a– d) and sense (e, f ) probes are shown. Specific
hybridization signals are present in the ONL, the INL, and GCL. Note the stronger expression of VEGF mRNA in the GCL in V1tg (c, d) as compared with ntg (a, b) mice. No specific signal is detectable
with the VEGF mRNA sense probe (e, f ). PE, pigment epithelium. Scale bar, 50 �m.

Figure 2. Mouse RGCs express the VEGFR-2. a–f, Immunohistochemistries revealing
VEGFR-2 in the retina of ntg (a, c, e) and V1tg (b, d, f ) mice, counterstained with DAPI. Note that
VEGFR-2 is expressed to a similar extent on RGCs of both ntg and V1tg mice. Scale bar, 40 �m.
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the main arterioles of the retina revealed a gradient of their vessel
diameter, which continuously decreased from the posterior eye pole
toward the eye periphery (Fig. 3, center). This observation is in line
with the fact that the retina is perfused through the central artery in
direction of the outer eye segments. This pattern of vascularization
was still present in axotomized animals and it was not influenced by
human VEGF (Fig. 3, top, center).

Similar to the arteriole size, the density of capillaries was slightly
higher close to the posterior eye pole than in the eye periphery in
nonaxotomized ntg retinas (Fig. 3, bottom). The capillary density
was not altered by ON transection and remained unchanged also in

response to VEGF (Fig. 3, top, bottom). Our data indicate (1) the
absence of major hemodynamic abnormalities in the axotomized
mouse retina, which should have resulted in vascular remodeling,
and (2) no evidence for vascular abnormalities in the V1tg retina,
both in its physiological and axotomized states.

Human VEGF promotes the survival of axotomized RGCs
To find out whether VEGF protects axotomized RGCs from de-
layed degeneration, we evaluated the density of fluorogold-
labeled RGCs in mouse retinas by stereological analysis. Assess-
ment of RGC densities in nonaxotomized eyes revealed no
difference between ntg and V1tg mice (5028 � 930 vs 5089 � 378
cells/mm 2; not significant). After axotomy, RGC density de-
creased to 26.8 � 9.2% of contralateral in ntg mice. VEGF signif-
icantly increased the percentage of surviving RGCs to 40.1 �
7.7% (Fig. 4 top, center) ( p � 0.05). Neuroprotection was simi-
larly seen in all retinal eccentricities (Fig. 4, bottom), both close to
the posterior pole of the eye and distant to it.

VEGF stimulates ERK-1/2 and Akt and inhibits p38 and
caspase-3 pathways
To characterize signaling pathways underlying the neuroprotec-
tive function of VEGF, we prepared Western blots from tissue
lysates obtained from axotomized and contralateral nonaxoto-
mized retinas. In nonaxotomized retinas in V1tg mice, phos-
phorylated (but not total) ERK-1/2 and Akt levels were signifi-
cantly higher than in ntg mice (Fig. 5). Phosphorylated p38,
however, was lower in V1tg than ntg mice (Fig. 5). After axotomy,
phosphorylated ERK-1/2 levels remained elevated in V1tg mice
(Fig. 5). Phosphorylated Akt further increased above levels in
nonaxotomized mice, whereas phosphorylated p38 and activated
caspase-3, which were both high in ntg mice, were attenuated by
transgenic VEGF (Fig. 5).

The ERK-1/2 and PI3K/Akt inhibitors PD98059 and
LY294002 reverse the neuroprotective function of VEGF
To clarify whether the ERK-1/2 and PI3K/Akt pathways are in-
volved in the survival-promoting activities of VEGF, we injected
the solvent DMSO or DMSO containing the signal inhibitors
PD98059 or LY294002 into the vitreous space of mice submitted
to ON transection. Control experiments confirmed that
PD98059 and LY294002 delivery inhibited ERK-1/2 and Akt
phosphorylation (Fig. 6), without influencing VEGF mRNA ex-
pression (data not shown). Inhibition of either ERK-1/2 or PI3K/
Akt pathways completely abolished the neuroprotection of VEGF
in axotomized V1tg animals, RGC survival rates being reversed to
levels in ntg mice (Fig. 4). Our data confirmed that the neuropro-
tectivity of VEGF in vivo depends on the dual activation of ERK-
1/2 and Akt pathways.

Discussion
We demonstrate that human VEGF protects axotomized RGCs
from delayed degeneration by activating ERK-1/2 and PI3K/Akt
pathways. Our data were obtained using a transgenic mouse line
that expresses human VEGF under an NSE promoter (Vogel et
al., 2004), which we submitted to ON transection, a well defined
in vivo model of CNS neuronal injury (Ü. Kilic et al., 2005). In
previous studies, we showed that human VEGF is expressed in the
brains of V1tg mice (Wang et al., 2005). We now expand our
previous findings to the eye, providing evidence that the VEGF
transgene is also present in RGCs of V1tg mice. As CNS-derived
neurons, RGCs carry molecular biological printings of brain neu-

Figure 3. Vascular networks in the mouse retina are not influenced by ON transection and
transgenic VEGF. Angiographies with FITC-dextran in ntg and V1tg mice of axotomized and
nonaxotomized retinas 14 d after ON transection. Note the gradient of the diameter of the main
arterioles and the capillary density, which continuously decreases from the posterior eye pole
toward the eye periphery, in line with the fact that perfusion takes place through the central
artery in direction of the outer eye segments. This gradient is maintained after ON transection
and it is still present in response to VEGF, indicating the absence of major vascular abnormalities
in the V1tg retina. Data are mean � SD values. No differences were detected between groups
(one-way ANOVA). Scale bar, 30 �m.
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rons and, as such, the NSE promoter is active in this cell type
(Bernard et al., 1998), explaining the expression of the VEGF
transgene in NSE-V1tg RGCs.

VEGF protects RGC in vivo without influencing the
retinal vasculature
Survival-promoting properties of VEGF have been demonstrated
previously in animal models of ALS (Azzouz et al., 2004; Storke-

baum et al., 2005). In ALS, hemodynamic disturbances have been
observed that were made responsible for motoneuron vulnera-
bility (Oosthuyse et al., 2001; Lambrechts et al., 2003). For this
reason, it was speculated that VEGF may exert its protection by
stimulating vascular remodeling. Unlike in ALS, where VEGF
deficiency resulted in spinal perfusion deficits related to the re-
duced angiogenesis (Oosthuyse et al., 2001), we could not detect
any vascular abnormalities in the retinas of V1tg mice. Indeed,
both the size of the main arterioles and capillary density were
identical in nonaxotomized and axotomized ntg and V1tg reti-
nas, ruling out major hemodynamic abnormalities induced by
axotomy (which would invariably have resulted in vascular re-
modeling) and an enhanced angiogenesis induced by VEGF.

The absence of vascular abnormalities in the V1tg retina is
noteworthy, as we previously observed an increased capillary
density in the brains of V1tg mice (Vogel et al., 2004; Wang et al.,
2005). The lack of an increased vessel density may be explained by
the fact that VEGF levels were considerably lower in the V1tg
retina compared with brain (human VEGF, 21.7 � 1.4 ng/g pro-
tein) (Wang et al., 2005). Lower VEGF levels in the retinas of V1tg
mice, conversely, are explained by transgenic VEGF being over-
expressed mainly by RGCs, which represent only a small sub-
population of cells in the retina.

We did not perform studies on vascular function in the mouse
retina. Yet, in our previous studies in the brain, unaltered blood
flow values were observed in V1tg animals compared with ntg
mice (Vogel et al., 2004). The absence of major hemodynamic
alterations in the V1tg brain, which exhibit increased capillary
densities, together with lack of vascular abnormalities in the V1tg
retina strongly argues against major hemodynamic alterations
induced by human VEGF. Instead, direct neuroprotective effects
of this growth factor are much more likely.

We already demonstrated in a model of middle cerebral artery
occlusion that VEGF protects the brain against ischemia even
under conditions in which cerebral blood flow is not improved by
the enhanced capillary growth (Wang et al., 2005). Because VEGF
inhibited caspase-3 activity (Wang et al., 2005), we concluded
that anti-apoptotic effects were responsible for tissue survival.
Using ON transection, a model of traumatically induced neuro-
nal injury that clearly lacks vascular abnormalities, we now con-
firm that VEGF protects CNS neurons in vivo in a caspase-3-
dependent way.

Role of vascular abnormalities in other VEGF-transgenic
mouse lines
By means of another mouse line overexpressing human VEGF un-
der control of a truncated rhodopsin promoter, vascular abnormal-
ities similar to those in diabetic retinopathy (including neovascular-
ization, microaneurysms) have been reported previously in the
retina (Lai et al., 2005; van Eeden et al., 2006; Shen et al., 2006).
Compared with V1tg animals, VEGF levels were much higher in the
retina of these rhodopsin-VEGF transgenic mice (35.5 � 13.8 ng/g
protein) (Lai et al., 2005), suggesting that the development of vascu-
lar changes depends on the VEGF level. Indeed, when analyzing two
other muse lines with even higher VEGF levels (410.6 � 52.6 and
375.8 � 49.0 ng/g protein), Lai et al. (2005) found even more severe
vascular pathologies including hemorrhages, retinal detachment,
and cataracts. We could not observe vascular abnormalities in the
retina of V1tg mice. The absence of vascular changes allowed us to
study neuroprotective effects of VEGF.

Figure 4. Human VEGF protects against the delayed degeneration of axotomized RGCs by
activating ERK-1/2 and Akt pathways. Mean percentage values of surviving RGCs (as compared
with the contralateral nonaxotomized eye) averaged over the whole retina (center) as well as
mean values of surviving RGCs in various retinal eccentricities (1/6, 3/6, 5/6) in ntg and V1tg
mice (bottom). Animals receiving intravitreous injections of the solvent DMSO, the ERK-1/2
inhibitor PD98059, or the PI3K/Akt inhibitor LY294002 are shown, in addition to animals not
receiving pharmacological treatments. Microphotographs of fluorogold-labeled RGCs in flat-
mounted retinas are also depicted (top). Note that the survival-promoting effect of VEGF is
completely reversed both by the ERK-1/2 and PI3K/Akt inhibitors. Data are mean � SD values.
Center, *p � 0.05, **p � 0.01 compared with ntg mice; †p � 0.05, ††p � 0.01 compared with
DMSO-treated V1tg mice. Bottom, *p � 0.05 for comparison of V1tg with ntg mice; ‡p � 0.05
for comparison of DMSO/PD98059 and DMSO/LY294002 with DMSO-treated V1tg mice (one-
way ANOVA, followed by LSD tests). Scale bar, 50 �m.
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Role of ERK-1/2 and PI3K/Akt pathways in the
neuroprotective function of VEGF
To elucidate pathways upstream of caspase-3 mediating the neu-
roprotective properties of VEGF, we made use of histochemical
studies that we combined with pharmacological experiments. We
show that VEGFR-2 is expressed on RGCs and that VEGF stim-
ulates ERK-1/2 and Akt pathways, at the same time inhibiting
MAP kinase/p38. Because pharmacological inhibition of ERK-
1/2 (PD98059) and Akt (LY294002) abolished neuroprotection
of VEGF, we conclude that the survival-promoting effect of
VEGF depends on the dual activation of both ERK-1/2 and Akt
pathways. It has been shown previously in vitro that VEGF pro-
tects cultured neurons by activating VEGFR-2, ERK-1/2, and Akt
(Jin et al., 2000; Matsuzaki et al., 2001; Wick et al., 2002). Until
now, no evidence existed that VEGFR-2 expression takes place on
CNS neurons under physiological conditions in vivo. We now
show that VEGFR-2 is expressed, at least on RGCs.

The ERK-1/2 and Akt pathways have been implicated previ-
ously in neuroprotection in case of other growth factors, such as
brain-derived neurotrophic factor (Han and Holtzman, 2000)
and erythropoietin (E. Kilic et al., 2005). ERK-1/2 acts as a tran-
scriptional regulator in injured neurons (Irving and Bamford,
2002), whereas Akt stabilizes mitochondrial function by phos-

phorylating Bad that consecutively releases Bcl-XL inside mito-
chondria (Kilic et al., 2002). Once released, Bcl-XL prevents the
formation of the mitochondrial permeability transition pore, de-
creases cytochrome c release into the cytosol, and inhibits
caspase-3 activity (Kilic et al., 2002).

VEGF inhibits MAP kinase/p38
In view of previous findings that VEGF stimulates MAP kinase/
p38 after brain hypoxia (Issbrücker et al., 2003), we were rather
surprised to see that VEGF inhibits the p38 pathway after RGC
axotomy. In brain hypoxia, p38 was previously identified as a
marker reflecting blood brain barrier disturbances (Issbrücker et
al., 2003). Because the blood–retina barrier remains intact after
ON transection, differences in the experimental model may ex-
plain the low p38 phosphorylation level. In the injured CNS, p38
acts as stress-inducible kinase (Irving and Bamford, 2002).
Hence, the reduced p38 phosphorylation state in V1tg retinas
may reflect an attenuated stress response of protected RGCs.

VEGF as therapeutic in degenerative brain diseases?
Based on our observation that VEGF protects axotomized RGCs,
which are CNS-derived neurons, from delayed degeneration, we

Figure 5. VEGF stimulates ERK-1/2 and Akt and inhibits p38 and caspase-3 pathways after RGC axotomy. Western blots with protein lysates of axotomized and contralateral nonaxotomized
retinas of ntg and V1tg mice. Antibodies detecting both total (i.e., nonphosphorylated and phosphorylated) and phosphorylated signal factors were used. Note that VEGF increases phosphorylated
(but not total) ERK-1/2 levels both in nonaxotomized and axotomized V1tg retinas. After axotomy, VEGF elevates phosphorylated Akt levels and furthermore reduces phosphorylated p38 and
activated caspase-3. C, Nonaxotomized eye; A, axotomized eye. Data are mean � SD values (n � 3 different samples per group), normalized with corresponding blots for �-actin. *p � 0.05
compared with nonaxotomized ntg mice; †p � 0.05 compared with nonaxotomized V1tg mice (one-way ANOVA, followed by LSD tests).
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predict the clinical implementation of VEGF not only in ALS, but
also in other neurodegenerative diseases of both brain and retina.
The delivery of VEGF in humans is supported by clinical studies
in patients with ischemic heart disease (Hendel et al., 2000; Henry
et al., 2003) or limb ischemia (Baumgartner et al., 1998), in which
VEGF was safely applied in the past. When considering VEGF as
therapeutic, long-term side-effects must be taken into account,
among which the enhanced angiogenesis and blood– brain bar-
rier permeability deserve attention (Schoch et al., 2002; Wang et
al., 2005). In addition to exogenous VEGF delivery, strategies
upregulating VEGF expression may be considered. As such, st-
atins have been shown to stimulate VEGF release in a very potent
way (Cheng et al., 2005). Upregulating VEGF expression and
release by pharmacological tools may allow us to make use of the
beneficial effects of VEGF without risking its unfavorable actions
under clinical conditions.
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Kilic E, Dietz GP, Hermann DM, Bähr M (2002) Intravenous TAT-Bcl-XL is
protective after middle cerebral artery occlusion in mice. Ann Neurol
52:617– 622.
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