1443

Journal of Alzheimer’s Disease 53 (2016) 1443–1458
DOI 10.3233/JAD-160182
IOS Press

Reversal of ApoE4-Driven Brain Pathology
by Vascular Endothelial Growth Factor
Treatment
Shiran Salomon-Zimria , Micaela Johanna Glatb , Yael Barhumb , Ishai Luza , Anat Boehm-Cagana ,
Ori Liraza , Tali Ben-Zurb , Daniel Offenb and Daniel M. Michaelsona,∗
a Department

of Neurobiology, The George S. Wise Faculty of Life Sciences, The Sagol School of Neuroscience,
Tel Aviv University, Tel Aviv, Israel
b Sackler School of Medicine, Sagol School of Neuroscience, Tel Aviv University, Tel Aviv, Israel
Handling Associate Editor: Debomoy Lahiri

Accepted 10 May 2016

Abstract. Apolipoprotein E4 (ApoE4), the most prevalent genetic risk factor for Alzheimer’s disease (AD), is associated with
increased neurodegeneration and vascular impairments. Vascular endothelial growth factor (VEGF), originally described as
a key angiogenic factor, has recently been shown to play a crucial role in the nervous system. The objective of this research
is to examine the role of VEGF in mediating the apoE4-driven pathologies. We show that hippocampal VEGF levels are
lower in apoE4 targeted replacement mice compared to the corresponding apoE3 mice. This effect was accompanied by a
specific decrease in both VEGF receptor-2 and HIF1-␣. We next set to examine whether upregulation of VEGF can reverse
apoE4-driven pathologies, namely the accumulation of hyperphosphorylated tau (AT8) and A␤42 , and reduced levels of the
pre-synaptic marker, VGluT1, and of the ApoE receptor, ApoER2. This was first performed utilizing intra-hippocampal
injection of VEGF-expressing-lentivirus (LV-VEGF). This revealed that LV-VEGF treatment reversed the apoE4-driven
cognitive deficits and synaptic pathologies. The levels of A␤42 and AT8, however, were increased in apoE3 mice, masking any
potential effects of this treatment on the apoE4 mice. Follow-up experiments utilizing VEGF-expressing adeno-associatedvirus (AAV-VEGF), which expresses VEGF specifically under the GFAP astrocytic promoter, prevented this effects on
apoE3 mice, and reversed the apoE4-related increase in A␤42 and AT8. Taken together, these results suggest that apoE4driven pathologies are mediated by a VEGF-dependent pathway, resulting in cognitive impairments and brain pathology.
These animal model findings suggest that the VEGF system is a promising target for the treatment of apoE4 carriers in AD.
Keywords: Alzheimer’s disease, apolipoprotein E4, behavior, hippocampus, lentivirus, Morris water maze, object recognition,
targeted replacement mice, vascular endothelial growth factor

INTRODUCTION
Alzheimer’s disease (AD), the most common form
of dementia in the elderly, is characterized by cognitive decline and by the occurrence of brain senile
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plaques and neurofibrillary tangles, as well as synapse
and neuronal loss in the brain [1–3]. Genetic studies of familial AD revealed that mutations in APP,
PSEN1, and PSEN2 results in elevated levels of A␤
[4, 5]. Further sporadic AD genetic studies revealed
allelic segregation of the apolipoprotein E (apoE)
gene to families and individuals with a higher risk
of late onset AD and to sporadic AD [6–8]. There
are three major alleles of apoE, termed E2, E3, and
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E4, of which apoE4 is a risk factor for AD. ApoE4 is
the most prevalent genetic risk factor for AD; about
half of AD patients express apoE4, which increases
the risk for AD by lowering the age of onset of
the disease by 7 to 9 years per allele copy. Interestingly the prevalence of apoE4 is somewhat higher
in North America and northern Europe (∼60%) and
lower in Asian and Mediterranean countries (∼40%)
[7, 9, 10] and is also higher in females than in males
[11]. ApoE4 is associated with distinct brain pathologies. These include impaired neurite outgrowth and
synaptogenesis [12], impairments in plastic neuronal
remodeling [13], and increased neurodegeneration
[14]. In neuropsychological tests, apoE4 has been
associated with cognitive decline in subjects with
cognitive impairment, but not in cognitively normal
individuals [15]. ApoE4 carriers were also found
to have more pronounced vascular pathologies than
non-apoE4 carriers [16]. Vascular endothelial growth
factor-A (referred to here as VEGF) is the founding
member of a family of homodimeric glycoproteins.
Emerging evidence suggests that VEGF plays important roles in neurogenesis and neuroprotection and
that it affects neuronal and synaptic plasticity and
potentiation [17, 18]. Specifically, VEGF was found
to stimulate axonal outgrowth and improve the survival of cultured superior cervical and dorsal root
ganglion neurons, thus enhancing the survival of
mesencephalic neurons, and protecting mouse hippocampal neurons from death induced by serum
withdrawal [19]. In addition, it was found to reduce
the hypoxic death of cerebral cortical neurons, and
to protect cultured hippocampal and cortical neurons
from apoptosis [20]. VEGF is also a key angiogenic
factor that regulates neovascularization in different
tissues. It is a heparin-binding growth factor specific for vascular endothelial cells, and is able to
induce angiogenesis in vivo [21]. VEGF is regulated
by hypoxia-inducible factor 1␣ (HIF-1 ␣) which is
involved in cell survival [22] and induced angiogenesis [23]. Although significant interactions between
VEGF and the APOE4 allele in both AD and MCI
patients have been reported [24, 25], the specific
mechanism underlying this crosstalk and its role in
mediating the effects of apoE4 are still unknown and
remain to be determined.
We have previously shown that young (4-monthold) apoE4-targeted replacement (TR) mice exhibit
reduced levels of the presynaptic glutamatergic vesicular transporter VGlut1 in hippocampal neurons [26],
elevated levels of the neurogenesis marker doublecortin (DCX) [27], and reduced levels of apoE

receptor 2 (apoER2) [28] as well as the accumulation of A␤42 and of hyperphosphorylated tau in
hippocampal neurons [26]. These biochemical findings were accompanied by cognitive impairment, as
shown by numerous hippocampal-related behavioral
tests (e.g., novel object recognition test, the Morris
water maze, and the fear conditioning test) [29].
In view of the major role of VEGF in both the neuronal and vascular systems and its association with
AD pathology, we presently investigated the extent
to which apoE4 affects the levels and expression
of VEGF and VEGF-related molecules in targeted
replacement mice which express apoE4 and the
possible role of VEGF in mediating the pathological effects of apoE4. This revealed that the levels
of VEGF and of VEGF-receptor 2 (VEGFR2) and
HIF1␣ in the hippocampus were lower in the apoE4
TR mice than in corresponding mice, which express
the AD benign isoform, apoE3. Further experiments
revealed that the apoE4-related downregulation of the
VEGF system can be reversed by intra-hippocampal
injection of VEGF expressing viruses and that importantly this treatment results in reversal of the apoE4
driven brain pathology and cognitive impairments.
MATERIALS AND METHODS
Mice
ApoE-TR mice, in which the endogenous mouse
apoE was replaced by either human apoE3 or apoE4,
were created by gene targeting [30], and were purchased from Taconic (Germantown, NY). Mice were
back-crossed to wild-type C57BL/6J mice (Harlan
2BL/610) for ten generations and were homozygous
for the apoE3 (3/3) or apoE4 (4/4) alleles. These
mice are referred to here as apoE3 and apoE4 mice,
respectively. The apoE genotype of the mice was confirmed by PCR analysis, as described previously [31,
32]. Wild-type C57BL/6J male mice were used for
comparison of VEGF levels in human-apoE apoE3
and mouse-apoE. All experiments were performed
on age-matched male animals (4 months of age), and
were approved by the Tel Aviv University animal
care committee. Every effort was made to reduce animal stress and to minimize animal usage. Following
treatment, the mice were anesthetized with ketamine
and xylazine and were perfused transcardially with
phosphate buffer saline (PBS). Their brains were
then removed and halved, and each hemisphere was
further processed for either biochemical or histological analysis, as outlined below. Results presented
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correspond to five cohorts. The first two cohorts were
used in the histological and biochemical studies of the
effects of the apoE genotype on VEGF family in naı̈ve
non-treated apoE4 and apoE3 mice. The next two
cohorts were used respectively for the histological
and behavioral assessment of the effects of the VEGF
expressing lentivirus (LV-VEGF), whereas the mice
of the last cohort were subjected to histological analysis following treatment with the VEGF expressing
adeno associated virus (AAV-VEGF). All experiments were performed with age-matched young male
TR mice. The virus experiments (cohorts 3–5) each
contained 6 groups: 2 genotypes (apoE3 or apoE4) x
3 treatments (naı̈ve mice and mice treated either with
a sham GFP labeled virus or with the VEGF expressing virus). The groups will be address here as naı̈ve
and LV-GFP or AAV-GFP for the control groups and
LV-VEGF or AAV-VEGF for the treated groups. Each
group consisted of 8–12 mice.
Lentivirus preparation
The human VEGF gene (mouse is one amino
acid shorter [33]) was amplified from a pBluescript plasmid purchased from Harvard Institute
of Proteomics, Boston, MA, USA, and cloned
into pLenti6/R4R2/V5-DEST (Invitrogen) using the
ViralPower Promoterless Lentiviral Gateway Kit
(Invitrogen). For the lentiviral production, the VEGF
vector or a pLL3.7-CMV-EGFP control plasmid
were co-transfected with the packaging plasmids
pLP1, pLP2, and pLP/VSVG into the 293T producer
cell line using Lipofectamine 2000 (Invitrogen).
The supernatant was collected 48 and 72 h post
transfection and was subsequently deposited using
ultracentrifugation at 25,000 RPM for 2 h. The
virus-containing pellet was aspirated using HBSS,
aliquoted, and stored at –80◦ C until use. Lentiviral
titer was determined using the Lenti-X p24 Rapid
Titer Kit, following the manufacturer’s recommended
procedure (Clontech Laboratories). The titer was estimated to be 108 .
Adeno-associated virus preparation
VEGF and GFP coding sequences were cloned
into the AAV2-GFAP-WPRE backbone, kindly provided by the Diesseroth lab. Concentrated AAV2/1
mosaic particles were produced by the Tel Aviv University’s vector core facility. Briefly, HEK293 cells
were transfected with the AAV2-GFAP-GFP/VEGFWPRE vector plasmid along with AdenoHelper,
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Rep-Cap1 and Rep-Cap2 plasmids. Seventy-two
hours post transfection the cells were harvested, lysed
using three freeze-thaw cycles and incubated with
Benzonase for 90 min. The lysate was purified using
a heparin-agarose binding column and subsequently
concentrated and desalinated using an Amicon filter.
Intracerebral administration of viral vectors
Four-month-old apoE3 and apoE4-TR mice were
anesthetized with a mixture of ketamine-xylazine
and placed in a stereotactic apparatus (model 940;
David Kopf). Subsequently, 1 L of the viral preparation was injected bilaterally into the CA3 region
of the hippocampus using the following coordinates:
±2.3 mm medial/lateral, –2.1 mm anterior/posterior,
and –2.2 mm dorsal/ventral from the bregma. The
preparation was injected with a speed of 0.5 L/min
over a period of 2 min utilizing a Hamilton 10-L
syringe and a 26 gage needle. The mice were stitched
and then returned to their cages.
Behavioral testing
The behavioral tests were initiated 20 days after the
lentivirus injection. The mice were first subjected to
the novel object recognition test for 3 days and then,
after a 4-day interval, to the Morris water maze for 5
days.
Novel object recognition test
This was performed as previously described [29].
In brief, the mice were first placed in an arena
(60 × 60 cm with 50 cm walls) in the absence of
objects, after which two identical objects were added
(control test). Either 2 h (short-term memory test,
STM) or 24 h later (long-term memory test, LTM),
the mice were re-introduced to the arena in which
one of the objects was replaced by a novel one. The
behavior of the mice was then monitored utilizing the
EthoVision XT 11 program for 5 min, and the time
and frequency that the mice visited each of the objects
were measured. The results are presented as the ratio
of the number of visits to the novel object relative to
the total visits to both new and old objects.
Morris water maze
This was performed as previously described [29].
Accordingly, the mice were placed in a 140 cm circular pool with the water rendered opaque with milk
powder and a 10 cm circular platform, submerged
1 cm below the surface of the water, was placed at
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a fixed position. The mice were subjected to 4 trials per day for 5 days, such that for each trial the
mice were placed in one of equally spaced locations
along the perimeter of the pool. The inter-trial interval was 30 min and the location of the platform was
unchanged between days. The mice were introduced
to the arena from four random locations, whose order
was unchanged between days. The performance of
the mice was monitored by measuring the time they
took to reach the platform. Measurements of the time
to reach the platform were performed using the EthoVision XT 11 program.
Immunohistochemistry and immunoﬂuorescence
confocal microscopy
One brain hemisphere was fixed overnight with
4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4, and then placed in 30% sucrose for 48 h.
Frozen coronal sections (30 m) were then cut on
a sliding microtome, collected serially, placed in
200 l of cryoprotectant (containing glycerin, ethylene glycol, and 0.1 M sodium-phosphate buffer,
pH 7.4), and stored at –20◦ C until use. Immunohistochemistry and innunofluorescence analysis was
performed as previously described [26]. VEGF was
visualized utilizing an anti-VEGF antibody directed
against the human VEGF-A165, which is the most
abundant isoform of VEGF-A and which cross reacts
strongly with the corresponding mouse VEGF-A164
isoform. The pathological effects of apoE4 were
monitored utilizing the following primary antibodies
(Abs): mouse anti-neuN (1:500; Chemicon), rabbit anti-VEGF (1:1000, Calbiochem), guinea-pig
anti-vesicular glutamatergic transporter 1 (VGluT1;
1:2000; Millipore), rabbit anti-Collagen IV (1:1000,
Abcam), rabbit anti-apoER2 (␣CT kindly provided
by J. Herz lab; 1:1000), rabbit anti-doublecortin
(DCX; 1:200; Santa Cruz), rabbit anti-A␤42 (1:500;
Chemicon, Temecula, CA), rabbit anti-202/205 phosphorylated tau (AT8; 1:200, Innogenetics). All the
groups were stained together and the results presented correspond to the mean ± SEM of the percent
area stained normalized relative to the young control
apoE3 mice.
The immunostained sections were viewed using a
Zeiss light microscope (Axioskop, Oberkochen, Germany) interfaced with a CCD video camera (Kodak
Megaplus, Rochester, NY, USA). Pictures of stained
brains were obtained at X10 magnification. The
staining was analyzed and quantified using the ImagePro plus system for image analysis (v. 5.1, Media

Cybernetics, Silver Spring, MD, USA). The images
were analyzed by marking the area of interest and
setting a threshold for all sections subjected to the
same staining. The stained area above the threshold
relative to the total area was then determined for each
section. All the groups were stained together and the
results presented correspond to the mean ± SEM of
the percent area stained normalized relative to the
young control apoE3 mice.
Sections stained for immunofluorescence were
visualized using a confocal scanning laser microscope (Zeiss, LSM 510). Images (1024 × 1024 pixels,
12 bit) were acquired by averaging eight scans. Control experiments revealed no staining in sections
lacking the first Ab. The intensities of immunofluorescence staining were calculated utilizing the
Image-Pro Plus system (version 5.1, Media Cybernetics) as previously described [26]. All images for
each immunostaining were obtained under identical conditions, and their quantitative analyses were
performed with no further handling. Moderate adjustments for contrast and brightness were performed
similarly on all the presented images of the different
mouse groups. The images were analyzed by setting
a threshold for all sections having a specific labeling.
The area of staining over the threshold relative to the
total area of interest was determined and averaged for
each mouse and each group, and was normalized to
the apoE3 naı̈ve group.
Immunoblot analysis
Immunoblot analysis was performed as previously
described [34, 35]. The following Abs were used:
rabbit anti-VEGF (1:1000; Calbiochem), rabbit antiVEGFR2 (1:500, Cell Signaling), rabbit HIF-1␣
(1:100, Santa Cruz), mouse anti-VGluT1 (1:1000;
Millipore), rabbit anti-Collagen IV (1:1000, Abcam),
goat anti-apoE (1:10000; Chemicon), and mouse
anti-GAPDH (1:1000; Abcam). The immunoblot
bands were visualized utilizing the ECL chemiluminescent substrate (Pierce), after which their
intensity was quantified using EZQuantGel software
(EZQuant, Tel Aviv, Israel). All results were normalized to naı̈ve-apoE3 group and were employed by
GAPDH as gel-loading control.
qRT-PCR analysis
TaqMan qRT-PCR analysis was performed as
previously described [28]. Assays were conducted according to the manufacturer’s specifications
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(Applied Biosystems). VEGF, VEGFR2, VEGFR1,
HIF1␣, and HIF2␣ gene expression levels were determined utilizing TaqMan RT-PCR specific primers
(Applied Biosystems). Analysis and quantification
were conducted using 7300 system software and compared to the expression of the housekeeping HPRT-1
gene.
Statistical analysis
The results of the naı̈ve mice experiment, which
consisted of non-treated apoE3 and apoE4 mice (n =
9–15 mice /group), were normalized relative to apoE3
and were analyzed utilizing Student’s t-test. The
experimental design of the viral constructs treated
mice consisted of two genotypes (apoE3 and apoE4)
and three treatments (naı̈ve, VEGF expressing virus,
and sham GFP labeled virus). The results for each
of the viruses experiments (e.g., lentivirus and
adenovirus associated virus; n = 8–11 mice/group)
were analyzed using STATISTICA software (Version 8.0 StatSoft, Inc., Tulsa, USA). Specifically,
2-way ANOVA was performed for all tested group
together followed by the appropriate post hoc analysis
(marked here in asterisks). When significant effects
of treatment were obtained this was followed by 1way ANOVA on the relevant for the specific effect of
the VEGF treatment on apoE4 mice compared to the
corresponded sham treated group.
RESULTS
The effects of apoE4 on VEGF levels in the CNS
of young naı̈ve TR mice
The extent to which apoE4 affects the levels of
VEGF in the hippocampus was first examined histologically. As can be seen in Fig. 1A, apoE4 mice
exhibited lower levels of VEGF than the corresponding apoE3 mice. These results were obtained
both in the CA1 and CA3 regions (results presented
for CA1, p < 0.05 by Student’s t-test), however, no
effect was observed in the dentate gyrus (DG) subregion of the hippocampus. Moreover, these results
were verified utilizing an immunoblot assay of the
total level of VEGF in the hippocampus. As can be
seen in Fig. 1B, the levels of VEGF were lower
in the apoE4 mice compared to the apoE3 mice
(p < 0.01 by Student’s t-test). These effects were
accompanied by a similar reduction in mRNA levels, as presented in Fig. 1C (p < 0.05 by Student’s
t-test), suggesting that the apoE4-related decrease in
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VEGF is driven by gene expression. Interestingly,
comparison of hippocampal VEGF protein levels in
C57BL/6J Wild type mice expressing mouse apoE
and apoE3 and apoE4 targeted replacement mice
expressing human apoE utilizing immunoblot analysis showed similar VEGF levels for both apoE3
TR mice and the C57BL/6J Wild type mice which
were higher than the corresponding appoE4 TR mice
(not shown).
Examination of VEGF receptors showed lower
levels of VEGF receptor 2 (VEGF-R2) both in protein and mRNA levels (Fig. 1D and E, respectively,
p < 0.05 by Student’s t-test). In contrast, the levels of
VEGF receptor 1 were not significantly affected by
apoE4 in both the protein and mRNA levels (data not
shown).
The apoE4-induced reduction in VEGF levels was
accompanied by reduced levels of HIF1␣ both protein and mRNA levels (Fig. 1F and G, respectively;
p < 0.05 by Student’s t-test), however, no effect was
observed on the HIF2␣ levels in the hippocampus (not
shown), suggesting that the effects of VEGF in the
apoE4 mice are associated with specific stress-related
conditions.
The effect of LV-VEGF treatment on VEGF
expression in young naı̈ve mice
We next examined whether the apoE4-related
decrease in VEGF is associated with other pathological effects of apoE4, and whether it can be
counteracted by a lentivirus-expressing VEGF construct (LV-VEGF). This was pursued, as described in
Materials and Methods, by intra-hippocampal injection into the CA3 sub-region of VEGF or the GFP
construct as a control, (Fig. 2A). As depicted in
Fig. 2B, this resulted in a specific elevation of VEGF
levels in CA3 sub-region of the LV-VEGF treated
apoE4 group compared with the matched control LVGFP group. Quantification of the results revealed
p < 0.05 for the post-hoc analysis of the specific effect
of LV-VEGF on apoE4 mice compared with the
matched control LV-GFP group. Similar results were
obtained for the CA1 sub-region (data not shown).
These findings were reinforced by immunoblot analysis, as depicted in Fig. 1C. Quantification of the
results revealed p < 0.05 for the post-hoc analysis
of the specific effect of LV-VEGF on apoE4 mice
compared with the matched control LV-GFP group.
Complementary measurement of VEGF mRNA levels showed similar effect to those obtained in naı̈ve
mice (data not shown).
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Fig. 1. The effect of apoE4 on VEGF expression in naı̈ve CNS of young naı̈ve mice. A) VEGF immunohistochemistry of the CA1 hippocampal
sub-region. Representative sections are depicted on the left panel. Quantification is shown on the right panel. ∗ p < 0.05 by Student’s t-test.
B) Immunoblot analysis of hippocampal VEGF. Representative immunoblots are depicted on the left panel. Quantification is shown on the
right panel. ∗∗ p < 0.01 by Student’s t-test. C) VEGF-A hippocampal qRT-PCR measurements. ∗ p < 0.05 by Student’s t-test. D) Immunoblot
analysis of VEGF-R2. Representative sections are depicted on the left panel. Quantification is shown on the right panel. ∗ p < 0.05 by Student’s
t-test. E) qRT-PCR hippocampal measurements. ∗ p < 0.05 by Student’s t-test. F) Immunoblot analysis of HIF-1␣. Representative sections
are depicted on the left panel. Quantification is shown on the right panel. ∗ p < 0.05 by Student’s t-test. G) HIF-1␣ qRT-PCR hippocampal
measurements. ∗∗∗ p < 0.001 by Student’s t-test. ApoE3 mice are depicted in white bars, whereas apoE4 mice are depicted in black bars. All
results represent the mean ± SEM; n = 8–15 per group.

The effects of the elevation of VEGF were also
associated with a corresponding effect on the VEGFR2 protein level, as shown in Fig. 2D. Quantification
of these results revealed p < 0.001 for the post-hoc
analysis of the specific effect of LV-VEGF on apoE4
mice compared with the matched control LV-GFP
group. A corresponding mRNA analysis revealed
similar results to those obtained in naı̈ve mice (data
not shown).

Examination of the apoE4-driven effect on
hypoxia-inducible factors showed that expectedly,
the levels of HIF-1␣, which is upstream to VEGF
in the VEGF cascade, were not affected by the LVVEGF treatment; however, the total HIF-1␣ levels
specifically decreased in apoE3 following the injection procedure (Fig. 2E). Measurements of mRNA
levels showed a similar effect (not shown). The levels of the corresponding HIF 2␣, however, were not
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Fig. 2. Elevating VEGF levels via lentivirus treatment. A) The lentivirus injection paradigm. Representative sections of staining for NeuN
in naı̈ve and GFP-injected mice. B) VEGF immunohistology staining of the hippocampal CA3 sub-region of naı̈ve, LV-GFP, and LV-VEGF
treated mice. p < 0.05 for genotype and p < 0.01 for the effects of treatment by 2-way ANOVA; p < 0.05 for further analysis of the effect of
treatment utilizing 1-way ANOVA and ∗ p < 0.05 for the post-hoc analysis of the specific effect of LV-VEGF on apoE4 mice compared with
the matched control LV-GFP group. C) Immunoblot analysis of hippocampal VEGF in naı̈ve, LV-GFP, and VEGF treated mice. p < 0.05 for
genotype and p < 0.001 for the effect of treatment by 2-way ANOVA; p < 0.05 for further analysis of the effect of treatment utilizing 1-way
ANOVA and ∗ p < 0.05 for the post-hoc analysis of the specific effect of LV-VEGF on apoE4 mice compared with the matched control LV-GFP
group. D) Immunoblot analysis of VEGF-R2 in naı̈ve, LV-GFP, and LV-VEGF treated mice p < 0.05 for the genotype and p < 0.001 for the
effects of treatment by 2-way ANOVA; p < 0.01 for further analysis of the effect of treatment utilizing 1-way ANOVA and ∗∗∗ p < 0.001 for
the post-hoc analysis of the specific effect of LV-VEGF on apoE4 mice compared with the matched control LV-GFP group. E) Immunoblot
analysis of HIF-1␣ in naı̈ve, LV-GFP, and LV-VEGF treated mice. p < 0.05 for genotype effects by 2-way ANOVA. All representative sections
and blots are depicted in the left panel whereas quantification is shown on the right panel. ApoE3 mice are depicted in white bars, whereas
apoE4 mice are depicted in black bars. All results represent the mean ± SEM; n = 6–10 per group.

affected by neither genotype nor treatment (data not
shown).
The effects of LV-VEGF treatment
on apoE4-driven cognitive deﬁcits
ApoE4 mice were shown to be cognitively
impaired at the age of 4 months in two hippocampaldependent learning and memory tests; the Morris
water maze and the novel object recognition tests
[29]. The extent to which LV-VEGF treatment can
counteract these apoE4-driven behavioral deficits
was next examined. The behavioral results thus
obtained are depicted in Fig. 3. As can be seen in
Fig. 3A, in the Morris water maze test all mouse
groups (e.g., naı̈ve, LV-GFP, and LV-VEGF-treated
mice) improved their performance over time and
reached similar plateau levels on day 5, as measured
by the latency to reach the hidden platform. However, both naı̈ve and LV-GFP treated apoE4 mice

showed a deficit in the learning curve. These apoE4dependent deficits were counteracted by the VEGF
treatment. None of the treatments affected the apoE3
mice. Quantification of the results by 2-way ANOVA
revealed p < 0.001 for post hoc analysis of the specific effect of LV-VEGF treatment on apoE4 mice
compared with the matched control LV-GFP group
(Fig. 3A). Additional examination of the cognitive
performance was pursued utilizing the novel object
recognition test in which, as previously described
[29], the apoE3 mice paid more visits to the novel
object compared to the familiar one. In contrast, the
apoE4 mice paid the same number of visits to the
familiar and novel objects, indicating a deficit in
the memory of the familiar object. This deficit was
abolished by LV-VEGF treatment (Fig. 3B). Quantification of the results revealed p < 0.01 for the post-hoc
analysis of the specific effect of LV-VEGF treatment
on apoE4 mice compared with the matched control
LV-GFP group.
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Fig. 3. The effects of LV-VEGF treatment on apoE4-driven behavioral deficits. A) Morris water maze. The latency of time to reach the
hidden platform was measured utilizing the ANOVA multiple comparison. p < 0.05 for the effect of genotype X treatment by 2-way ANOVA
and ∗∗∗ p < 0.001 for the post-hoc analysis of the specific effect of LV-VEGF on apoE4 mice compared with the matched control LV-GFP
group on day 3. Squares  and  correspond to control apoE3 and apoE4 mice, respectively, whereas triangles,  and  correspond to
LV-GFP apoE3 and apoE4 mice, dots ◦ and • correspond to LV-VEGF apoE3 and apoE4 mice, respectively. n = 9–12 per group. B) Novel
object recognition test. The ratio of the number of visits to the novel object to the sum of visits to both old and novel objects was measured.
∗∗ p < 0.001 for the post-hoc analysis of the specific effect of LV-VEGF on apoE4 mice compared with the matched control LV-GFP group.
ApoE3 mice are depicted in white bars, whereas apoE4 mice are depicted in black bars. Mean ± SEM; n = 9–12 per group.

The effect of LV-VEGF treatment
on apoE4-driven brain pathology
The extent to which up-regulation of VEGF utilizing lentivirus injection reversed apoE4-related brain
pathology was next examined. The results of this
battery of measurements will be divided into three
groups of parameters:
Synaptic and neuronal pathology parameters
We first focused on the apoE4-induced deficit in
the pre-synaptic marker VGluT1 [26]. Immunohistocemical examinations of the CA3 hippocampal
sub-region, in which the pathology of apoE4 is most
pronounced. As can been seen, and consistent with
previous findings [26] the level of VGluT1 were lower
in apoE4 mice than those observed in the corresponding apoE3 in both control groups (e.g., naı̈ve
and LV-GFP apoE4 mice). Examination of the effect
of LV-VEGF on VGluT1 revealed that LV-VEGF
treatment markedly elevated VGluT1 levels in the
apoE4 mice, thus reversing the pathological effects
of apoE4. The upper panel of Fig. 4A depicts the
immunohistological analysis of these results, which
revealed p < 0.05 for the post-hoc analysis of the specific effect of LV-VEGF treatment on apoE4 mice
compared with the matched control LV-GFP group.
This was confirmed by complementary immunoblot
analysis (Fig. 4B, lower panel). Quantification of
these results revealed p < 0.001 for the specific effect
of LV-VEGF treatment on apoE4 mice compared with
the matched control LV-GFP group.

Neurogenesis in the hippocampus, as measured by
the marker Doublecortin (DCX), is upregulated in
apoE4 mice compared with apoE3 [27]. We therefore examined the effects of LV-VEGF treatment on
this parameter (Fig. 4C). This revealed, in accordance
with previous findings [27], that the levels of DCX
were higher in apoE4 mice than those observed in
the corresponding apoE3 in naı̈ve treated groups.
The sham treatment (LV-GFP) decreased the levels of DCX in apoE4 mice compared to the apoE3
mice, whereas upregulation of VEGF, utilizing LVVEGF treatment, resulted in specific elevation of
DCX in the apoE4 mice up to the levels of the corresponding apoE3 mice, thus abolishing the apoE
genotype-related differences. Quantification of the
results revealed the significant effect of p < 0.001 for
post-hoc analysis of the specific effect of LV-VEGF
treatment on apoE4 mice compared with the matched
control LV-GFP group.
We next examined the effects of LV-VEGF treatment on the levels of apoER2, which serves as both
an apoE receptor and a modulator of synaptic transmission. As previously shown [28], the levels of
apoER2 are lower in apoE4 mice compared to the corresponding apoE3 mice for both naı̈ve and LV-GFP
control groups. However, this effect was reversed by
LV-VEGF treatment, as can be seen in the immunohistology staining depicted in Fig. 4C. Quantification
of these results revealed p < 0.05 for the post-hoc
analysis of the specific effect of LV-VEGF treatment
on apoE4 mice compared with the matched control
LV-GFP group.
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Fig. 4. The effects of LV-VEGF treatment on apoE4-driven synaptic and neuronal parameters. A) Upper panel: VGluT1 immunohistological
staining of CA3 hippocampal subregions in naı̈ve, LV-GFP, and LV-VEGF treated mice. p < 0.05 for genotype X treatment by 2-way ANOVA
and ∗ p < 0.05 for post-hoc analysis for the specific effect of LV-VEGF treatment on apoE4 mice compared with the matched control LVGFP group. Lower panel: VGluT1 immunoreactivity measurements in naı̈ve, LV-GFP, and LV-VEGF treated mice. p < 0.05 for genotype X
treatment by 2-way ANOVA and ∗∗∗ p < 0.001 for post-hoc analysis of the specific effect of LV-VEGF treatment on apoE4 mice compared
with the matched control LV-GFP group. B) DCX immunohistology staining of the CA3 hippocampal subregion in naı̈ve, LV-GFP, and
LV-VEGF treated mice. p < 0.05 for genotype X treatment by 2-way ANOVA. C) ApoER2 immunohistology staining of CA3 hippocampal
subregions in naı̈ve, LV-GFP, and LV-VEGF treated mice. ∗ p < 0.05 for genotype X treatment by 2-way ANOVA and p < 0.05 for post-hoc
analysis of the specific effect of LV-VEGF treatment on apoE4 mice compared with the matched control LV-GFP group. All representative
sections and blots are depicted in the left panels whereas quantification is shown on the right panel. ApoE3 mice are depicted in white bars,
whereas apoE4 mice are depicted in black bars. All results represent the mean ± SEM; n = 6–10 per group.

Brain vascularization
ApoE4 is associated with vascular pathology [36],
and VEGF is known as a vascular permeability factor
which induces angiogenic activity, and vascular survival activity [17]. We therefore next examined the
effects of LV-VEGF on the pan vascular marker collagen IV. Immunohistochemical examination of the
CA3 hippocampal sub-region in naı̈ve mice revealed
no significant apoE4-driven effects (Fig. 5A). Similar effects were observed in other hippocampal
sub-regions (not shown). This was reinforced by
corresponding immunoblot analysis (Fig. 5B). Moreover, following LV-VEGF treatment, there was no
significant effect on collagen IV levels, suggesting
that increasing the levels of VEGF via LV-VEGF does
not affect vascularization in mature mice.
The effect of LV-VEGF treatment
on apoE4-driven brain pathology
The extent to which LV-VEGF can reverse the
apoE4-driven accumulation of A␤42 and hyperphosphorylated tau in CA3 neurons, which is the
hippocampal subfield in which these pathologies

were most pronounced [26], was next examined.
This was executed immunohistochemically in order
to examine a specific hippocampal location, in which
the apoE4-driven effects were most robust. As can
be seen in Fig. 6A, and consistently with previous
findings [26], the levels of immunohistochemically
determined A␤42 were higher in the apoE4 mice
than in the apoE3 mice for both control groups (e.g.,
naı̈ve and LV-GFP groups). Similar effects obtained
for the levels of tau phosphorylation using the AT8
mAb (Fig. 6B). Examination of the LV-VEGF treated
group revealed that in contrast to the effect of LVVEGF treatment in correcting the apoE4-related
cognitive, neuronal, and apoE-receptor pathologies
by elevating the levels of apoE4 and rendering
them to the levels of the corresponding apoE3, the
apoE4-driven effect on both A␤42 (Fig. 5A) and tau
phosphorylation (AT8; Fig. 5B), showed no significant effect on apoE4, but elevated the levels of apoE3.
ApoE levels are known to be downregulated by
apoE4 [37]. As can be seen in Fig. 6C, and in
accordance with previous findings [26], apoE levels
were lower in the apoE4 mice than in the observed

1452

S. Salomon-Zimri et al. / VEGF Treatment for ApoE4-Driven Pathology

Fig. 5. The effects of LV-VEGF treatment on vascularization. A) Collagen IV immunohistological staining of the CA3 hippocampal subregion
in naı̈ve, LV-GFP, and LV-VEGF treated mice. Representative sections are depicted in the left panel. Quantification of the results is shown
in the right panel. B) Collagen IV immunoreactivity measurements. Representative blots are depicted in the left panel. ApoE3 mice are
depicted in white bars, whereas apoE4 mice are depicted in black bars. All results represent the mean ± SEM; n = 7–10 per group.

corresponding apoE3 mice in all the mice groups
suggesting that upregulation of VEGF levels had no
effect on the levels of apoE.
The effect of AAV-VEGF treatment
on apoE4-driven brain pathology
The expression of VEGF in the lentivirus constructs is driven by the strong CMV promoter whose
expression is and cell type specific [38]. We therefore
turned to an adeno-associated virus (AAV), which
expresses VEGF under the regulation of the GFAP
promoter, and examined the extent to which the
pathological effects of apoE4 on A␤ and tau hyperphosphorylation can be reversed by this cell type
specific treatment. The treatment with AAV-VEGF,
like that with LV-VEGF reversed the decrease in
VEGF of the hippocampus of the apoE4 mice but had
no effect on the corresponding apoE3 mice (Fig. 7A).
Quantification of these results revealed p < 0.01 for
the effect of genotype by 2-way ANOVA. However,
in contrast to the LV-VEGF treatment (Fig. 6A), the
AAV-VEGF treatment lowered the levels of A␤42 in
apoE4 mice and rendered them similar to those of
the apoE3 mice (Fig. 7B). Quantification of these
results revealed p < 0.05 for the post-hoc analysis of
the specific effect of AAV-VEGF treatment on apoE4
mice compared with the matched control AAV-GFP
group. Furthermore, measurements of tau phosphorylation (AT8; Fig. 7C) revealed a decrease and partial
reversal of the hyperphosphorylation of the AAVVEGF treated apoE4 mice. Quantification of these
results revealed p < 0.05 for the effect of genotype
by 2-way ANOVA. Additional experiments revealed
that the pathological effects of apoE4 on VGluT1,
apoER2, and DCX which were reversed by LV-VEGF
(Fig. 3A-C) were also reversed by AAV-VEGF (not
shown).

DISCUSSION
ApoE4, the most prevalent genetic risk factor
for AD, is associated with numerous brain pathologies which include impaired neurite outgrowth and
synaptogenesis [12], impairments in plastic neuronal
remodeling [13], and increased neurodegeneration
[14]. ApoE4 is also associated with more pronounced
vascular risk factors than non-carriers [16]. In view
of the important role of VEGF in both the neuronal
and vascular systems, and of its suggested therapeutic potential in AD [39], we presently examined
the possibility that VEGF plays a role in meditating the brain’s pathological effects of apoE4 and
the associated cognitive deficits. This was performed
in vivo by examining young apoE3 and apoE4-TR
mice in two successive stages. The first stage investigated the extent to which apoE4-related brain and
cognitive pathologies are associated with changes in
VEGF and key factors of the VEGF cascade. This was
then followed by assessment of the extent to which
upregulation of VEGF levels and expression in the
hippocampus of the apoE4 mice by viral administration of VEGF can reverse the brain and cognitive
pathological effects of apoE4.
This revealed that the protein levels of VEGF and
its receptor, VEGF-R2, which is implicated in mediating the neuronal effects of VEGF [40] and the
corresponding messenger RNA levels, are lower in
the hippocampi of apoE4-TR mice than in the corresponding apoE3 mice. This was associated with a
reduction in the protein and mRNA levels of HIF1␣,
the transcription factor that regulates the expression of VEGF in the hippocampus of the apoE4
mice relative to that of the apoE3 mice. Injection
of lentivirus-expressing VEGF into the hippocampus elevated the levels of VEGF and VEGF-R2 in
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Fig. 6. The effects of LV-VEGF treatment on apoE4-driven AD hallmark parameters. A) A␤ immunohistological staining of CA3 hippocampal subregions in naı̈ve, LV-GFP, and LV-VEGF treated mice. p < 0.05 for the effect of the genotype and p < 0.01 for the effect of treatment
by 2-way ANOVA. Further analysis of the effect of treatment showed p < 0.01 by 1-way ANOVA. B) AT8 immunohistological staining of
CA3 hippocampal subregions in naı̈ve, LV-GFP, and LV-VEGF treated mice. p < 0.05 for the effect of genotype by 2-way ANOVA. C) ApoE
immunoreactivity measurements. p < 0.05 for the effect of genotype X treatment by 2-way ANOVA. ∗∗∗ p < 0.001 for post-hoc analysis of the
effects of LV-VEGF treatment in apoE4 mice shown for the corresponding apoE3 mice in all groups. All representative sections and blots
are depicted in the left panel whereas quantification is shown on the right panel. ApoE3 mice are depicted in white bars, whereas apoE4
mice are depicted in black bars. All results represent the mean ± SEM; n = 6–10 per group.
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Fig. 7. The effects of AAV-VEGF treatment on VEGF levels and on apoE4-driven AD hallmark parameters. ApoE3 and apoE4 mice were
treated with AA-VEGF and its sham construct AA-GFP as described in Materials and Methods. A) VEGF immunohistology staining of the
hippocampal CA3 sub-region of naı̈ve, AAV-GFP, and AAV-VEGF treated mice. p < 0.01 for the effect of genotype by 2-way ANOVA. B)
A␤ immunohistological staining of CA3 hippocampal subregions in naı̈ve, AAV-GFP, and AAV-VEGF treated mice. p < 0.05 for the effect
of genotype X treatment by 2-way ANOVA and p < 0.01 for the effect of treatment by 2-way ANOVA. C) AT8 immunohistological staining
of CA3 hippocampal subregions in naı̈ve, LV-GFP, and LV-VEGF treated mice. p < 0.05 for the effect of the genotype by 2-way ANOVA. All
representative sections and blots are depicted in the left panel whereas quantification is shown on the right panel. ApoE3 mice are depicted
in white bars, whereas apoE4 mice are depicted in black bars. All results represent the mean ± SEM; n = 6–10 per group.
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the apoE4 mice and rendered them similar to those
of the apoE3 mice, whose corresponding VEGF and
VEGF-R2 levels were not affected by the VEGF
treatment. In contrast, the apoE4-driven reduction of
HIF1␣ was not affected by the LV-VEGF treatment;
however, total HIF1␣ levels were reduced following
the injection procedure specifically in apoE3 mice.
Examination of the effects of this treatment on the
apoE4-driven cognitive and brain pathology revealed
that the cognitive deficits of the apoE4 mice in the
novel object recognition and in the Morris water maze
tests were reversed by LV-VEGF treatment and that
this was associated with reversal of the apoE4-driven
reduction in the levels of VGluT1 and apoER2 in
hippocampal neurons and a corresponding effect on
DCX-positive neurons and neurogenesis. In contrast,
the apoE4-driven accumulation of A␤ and hyperphosphorylated tau was not reversed by the LV-VEGF
treatment but was associated with increased levels of A␤ and hyperphosphorylated in hippocampal
neurons of the apoE3 mice (Fig. 6). Additional experiments utilizing an adeno associated virus construct
which expresses VFGF under the regulation of the
astrocytic promotor GFAP revealed that the increased
expression of VEGF via this, more specific, construct had no effect on A␤ and hyperphosphorylated
in hippocampal neurons of the apoE3 mice and that it
abolished the apoE4 driven accumulation of A␤ and
partially reversed the corresponding increased levels
of tau hyperphosphorylation (Fig. 7B and C, respectively). Taken together, these findings suggest that the
cognitive, neuronal, A␤, and tau related pathological
effects of apoE4 are driven via a VEGF-dependent
mechanism which can be reversed by upregulation
of the expression of VEGF. Importantly, there were
no significant differences in the overall vascular density in the hippocampus of non-treated apoE4 and
apoE3 mice, as assessed utilizing collagen IV as a
marker, which were not affected by the viral upregulation of the VEGF levels (Fig. 5). These findings are
consistent with previous observations showing that
in the adult brains blood vessels are relatively independent of VEGF [17] and that under steady-state
conditions VEGF does not play an important role in
the maintenance of mature vessels [41].
Next, we will discuss the mechanism underlying the effects of apoE4 on the levels of VEGF
and the putative mechanisms that mediate the VEGF
dependent mechanisms. HIF is an essential transcription factor that protects from hypoxic damage and
is known to be neuroprotective [42–44]. It is composed of constituently expressed HIF1␣␤ subunits
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and the HIF-1␣ subunit, which is regulated at multiple
levels [45, 46]. Elevated levels of HIF are neuroprotective and are associated with increased expression
of VEGF and of other genes [45]. Although the
exact mechanisms by which apoE4 reduces the
levels of HIF-1␣ remain to be determined, the
apoE4-associated decrease in HIF-1␣ and the related
reduction in VEGF levels suggest that the apoE4driven effect on VEGF is mediated by HIF-1␣ and
that this leads to the apoE4-driven pathology. It is
interesting to note that the control construct, namely,
LV-GFP, reduces the levels of HIF-1␣ in the apoE3
mouse group without affecting the HIF-1␣-related
pathology. The underlying mechanism is unknown
and remains to be determined.
The finding that the apoE4-driven decrease in
VEGF in the hippocampus results in reduced levels of
the presynaptic glutamate receptor is consistent with
previous observations that excitatory synaptic transmitters in the hippocampus are enhanced by VEGF
[47] and that the NMDA glutamate receptors are
activated by VEGF [48]. Furthermore, since VEGF
induces phosphorylation and activation of Dab1,
which is an adaptor protein associated with apoER2
and the NMDA receptor [49], the low levels of VEGF
in the apoE4 mice could account for the reduction in
the apoER2 levels of these mice. Moreover, previous
publication showed a robust increase in VEGF-R2
- ApoER2 interaction following VEGF treatment
[49]. These results, together with our current findings
showing elevated levels of VEGF-R2 and ApoER2
following LV-VEGF treatment suggest that VEGF
and apoER2 acts via a common mechanism.
We have previously shown that neurogenesis in
the hippocampus of apoE4 mice is elevated, presumably as a compensatory response, relative to apoE3
mice and that stressing the mice reduces the levels
of neurogenesis (shown by the marker DCX) in the
apoE4 mice to levels below the corresponding levels in apoE3 mice, which were not affected by this
stress [40]. It is thus possible that the presently shown
decrease in neurogenesis in the apoE4 mice, following treatment with LV-GFP, which had no effect on
the VEGF levels (Fig. 2A, B), is due to the general response to injection of the viral construct into
the hippocampus. The finding that the injection of
LV-VEGF elevates both the VEGF and neurogenesis levels in apoE4 mice to levels similar to those of
the LV-GFP apoE3 mice, which were not affected by
the treatment, is in accordance with previous findings that neurogenesis is activated by VEGF [20, 39,
50–52]. Note that under steady-state conditions, the
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vascular density of the adult brain is relatively independent of VEGF [17] and therefore apoE4 had no
significant effect on the overall hippocampal vascular
density (see Fig. 5). It is expected, however, that following injury or under more plastic conditions where
the vasculature and the associated angiogenesis are
dependent of VEGF, apoE4 will also be associated
with a more pronounced vascular phenotype.
The findings that the A␤ and tau hyperphosphorylation are reversed by the AAV-VEGF treatment (Fig. 7)
and not by the corresponding LV–VEGF treatment
(Fig. 6) related to the observation that LV-VEGF treatment increases the levels of these AD pathological
markers in the apoE3 mice whereas the AAV-VEGF
did not. This outcome may be due to the fact that the
VEGF in the AAV-VEGF construct is expressed under
the regulation of the GFAP promoter specifically in
astrocytes whereas in the corresponding LV-VEGF
construct, VEGF is expressed under the powerful
CMC promoter in a non-cell specific manner.
In conclusion, these findings show that apoE4driven brain pathology and cognitive impairments
in young apoE4 TR mice are associated with down
regulation of the VEGF system and can be reversed
by upregulation of the expression of VEGF in the
hippocampus. Examination of the long term VEGF
treatment and the extents to which such treatment can
also reverse the pathological effects of apoE4 in aged
mice remain to be determined. These animal model
findings suggest that VEGF is a promising target for
treatment of apoE4 carriers in AD.
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