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Abstract: Background: Alzheimer's Disease (AD) is associated with impairments in key brain Mitogen-Activated Protein Kinase (MAPK) signaling cascades including the p38, c-Jun N-terminal kinase
(JNK), ERK and Akt pathways. Apolipoprotein E4 (ApoE4) is the most prevalent genetic risk factor of
AD.
Objectives: To investigate the extent to which the MAPK signaling pathway plays a role in mediating
the pathological effects of apoE4 and can be reversed by experimental manipulations.
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Methods: Measurements of total level and activation of MAPK signaling pathway factors, obtained utilizing immunoblot assay of hippocampal tissues from naïve and viral-treated apoE3 and apoE4 targeted
replacement mice.
Results: ApoE4 mice showed robust activation of the stress related p38 and JNK pathways and a corresponding decrease in Akt activity, which is coupled to activation of GSK3β and tau hyperphosphorylation. There was no effect on the ERK pathway. We have previously shown that the apoE4related pathology, namely; accumulation of Aβ, hyper-phosphorylated tau, synaptic impairments and
decreased VEGF levels can be reversed by up-regulation of VEGF level utilizing a VEGF-expressing
adeno-associated virus. Utilizing this approach, we assessed the extent to which the AD-hallmark and
synaptic pathologies of apoE4 are related to the corresponding MAPK signaling effects. This revealed
that the reversal of the apoE4-driven pathology via VEGF treatment was associated with a reversal of
the p38 and Akt related effects.
Conclusion: Taken together, these results suggest that the p38 and Akt pathways play a role in mediating the AD-related pathological effects of apoE4 in the hippocampus.

Keywords: Alzheimer's disease (AD), apolipoprotein E4 (apoE4), VEGF, MAPK, signaling, adeno-associated virus, hippocampus, targeted replacement mice.
1. INTRODUCTION
Alzheimer’s Disease (AD) is the most common cause of
dementia. AD brain pathology is characterized by the occurrence of brain senile plaques and Neuro-Fibrillary Tangles
(NFTs), as well as synaptic and neuronal loss and increased
neuro-inflammation [1-4]. Genetic studies revealed allelic
segregation of the apolipoprotein E gene in families and individuals with a higher risk of late onset and sporadic Alzheimer’s disease [5-7].
Apolipoprotein E (APOE for gene, apoE for protein) expressed in the brain as three common isoforms: apoE2,
apoE3, and apoE4, corresponding to the three APOE alleles:
APOEε2, APOEε3, APOEε4, which differ from one another
by one amino acid substitutions at positions 112 and 158:
*Address correspondence to this author at the Department of Neurobiology,
Sagol School of Neuroscience, The George S. Wise Faculty of Life Sciences, Tel Aviv University, Ramat Aviv 6997801, Tel Aviv, Israel;
Tel: 972-3-6409624; Fax: 972-6406356; E-mail: dmichael@post.tau.ac.il
1875-5828/19 $58.00+.00

apoE2 (Cys-112, Cys-158), apoE3 (Cys-112, Arg-158), and
apoE4 (Arg-112, Arg-158) of which APOEε4 is the most
prevalent genetic risk factor for AD [5, 6]. About half of the
AD patients express APOEε4, whereas only about a quarter
of the population expresses this isoform. ApoE4 increases
the risk for AD by ~3- and 15-fold for apoE4 heterozygotes
and homozygotes, respectively, compared with ApoE3. Interestingly, ApoE2, which is the least prevalent allele, is associated with decreased AD risk [5-8]. ApoE4 is associated
with distinct brain pathologies, including increased neurodegeneration [9], impaired neurite outgrowth, impaired synaptogenesis [10], and impaired neuronal remodeling [11].
ApoE4 is also associated with increased vascular pathology
[12] and increased brain inflammation [13]. The prevalence
of AD in apoE4 carriers is higher in females than in males
[14], Additionally, apoE4-driven pathologies are exacerbated
in the presence of additional risk factors or stressors, such as
old age, environmental factors, female sex and other genetic
modulation. Moreover, Recent findings from our lab suggest
© 2019 Bentham Science Publishers
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that female mice have a more pronounced apoE4-induced
pathological phenotype than the corresponding male mice
[15].
Because of the critical role of the Mitogen-Activated Protein Kinase (MAPK) pathways in regulating cellular function, the importance of MAPKs in AD pathogenesis is being
increasingly recognized. The MAPK signaling pathways,
which include the Extracellular Signal-Regulated Kinase
(ERK), c-Jun N-terminal kinase (JNK), and p38 pathways,
are activated by various types of cellular stress such as oxidative, genotoxic, mitochondrial dysfunction, and osmotic
stress as well as pro-inflammatory cytokines [16, 17]. All of
these MAPK pathways are activated in vulnerable neurons in
patients with AD, suggesting that MAPK pathways are involved in the pathophysiology and pathogenesis of AD [18].
Specifically, p38, which enables cells to respond to stressrelated stimuli from the extracellular environment, has increased activity in human AD brains [19, 20], and mediates
β-amyloid-driven microglial activation [21] and tau hyperphosphorylation [16]. Specifically, p38 plays more than one
role in AD pathophysiology; in microglial p38 MAPK contributes to the inflammation of the AD brains, in astrocytes
the p38 MAPK cascade expands the inflammatory response
and modulates the excitotoxicity, while the neuronal p38
MAPK signaling contributes to tau phosphorylation, NFT
formation and depression of synaptic plasticity [19]. JNK is
activated in response to cellular stress, and regulates various
processes such as brain development and repair, as well as
neuro-inflammation, cell proliferation, and cell death [22].
JNK also mediates the neurotoxic signals driven via Aβ and
contributes to cell death and various processes in AD pathology [23, 24]. Activated JNK and p38 are associated with
cells that contain filamentous tau, suggesting that they may
also contribute to the hyper-phosphorylation of tau and the
formation of paired helical filament and involved in abnormal processes, ranging from tau phosphorylation to neuronal
death [19, 21, 24]. The PI3K/Akt pathway promotes survival
and growth in response to extracellular signals. In normal
brains, the P13K/Akt pathway inactivates GSK3, and prevents apoptosis of confluent cells. In AD, as well as in
ischemia and oxidative stress, Akt is inhibited. This leads to
GSK3β activation and subsequently to tau hyperphosphorylation and the formation of PHF-tau [25, 26].
GSK3β is a pleiotropic enzyme involved in a variety of cell
activities, and has been postulated as a therapeutic target for
AD due to its multiple connections to the pathology of the
disease [27]. The Extracellular signal–Regulated Kinase
(ERK) pathway is activated by many different stimuli, including growth factors, cytokines, and transforming agents.
The ERK cascade is involved in a wide range of processes,
such as metabolism, motility, inflammation, cell death, and
survival [28]. In AD and corresponding transgenic mouse
models, ERK signaling plays a role in mediating the pathological effects of oligomeric Aβ42, in the activation of GSK3 [29], and in impaired mitochondrial fission/fusion events
[30].
Accumulating evidence suggests that apoE4 is associated
with increased cellular stress, specifically oxidative stress,
endoplasmic reticulum stress, as well as with impaired immune function [31]. In some in-vitro studies, this was shown
to be associated with altered MAPK signaling. For example,
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ERK is activated and JNK is inhibited by apoE4 in primary
neurons [23], p38 is activated in primary apoE4 microglial
cultures [32], and apoE4 inhibits the PI3K/Akt pathway in
endothelial cells [33]. ApoE4-driven MAPK signaling was
also observed in vivo, where fasting of apoE4- targeted replacement mice was found to be associated with decreased
Akt activities, whereas p38 activity increased during aging
[34]. A key unresolved issue is the extent to which the effect
of apoE4 on MAPK signaling plays a role in mediating the
pathological effects of apoE4. One way to address this issue
is to determine whether experimental manipulations that
have been found to reverse apoE4 pathological effect, such
as up-regulation of VEGF, can also reverse apoE4- driven
MAPK signaling pathologies. Utilizing apoE4 and apoE3 TR
mice we have recently shown that apoE4 is associated cognitive decline [35] and with marked synaptic and neuronal
effects in the hippocampus (e.g., reduced levels of synaptophysin, the presynaptic transporters VGluT and VGaT, and
the apoE receptor apoER2) and that apoE4 is associated with
elevated levels of brain Aβ and hyper-phosphorylated Tau
[15, 36, 37], as well as with reduced levels of VEGF [38].
Furthermore, reversal of the apoE4-driven reduction in hippocampal VEGF levels by intra-hippocampal injection of
VEGF-expressing-lentivirus reversed the apoE4-driven cognitive deficits and synaptic pathologies [38]. This experimental manipulation is used for investigating the possible
relationship between apoE4-driven brain pathology and the
MAPK signaling pathway. Accordingly, the present study
investigated the effects of apoE4 on MAPK signaling, and
the extent to which VEGF is involved in these signal transduction pathways. This was pursued by measuring the levels
and activation of p38, JNK/c-Jun, ERK, and Akt/GSK-3β in
the hippocampus of apoE4 mice, in which it was shown to
particularly be affected by apoE4. An additional aim was to
investigate the extent to which hippocampal-specific injection of a VEGF-expressing virus reverses the apoE4-driven
MAPK signaling.
2. MATERIALS AND METHODS
2.1. Mice
ApoE-TR mice, in which the endogenous mouse apoE
was replaced by either human apoE3 or apoE4, were created
by gene targeting, as previously described [34]. These mice
were purchased from Taconic (Germantown, NY). In order
to minimize possible genetic drift between the apoE4 and
apoE3 mice, which were offspring of apoE4 and apoE3 homozygous mouse colonies generated by Taconic around
2001, the mice were back-crossed by us with Harlan
C57Bl/6JOlaHsd mice for 10 generations. The present experiments were performed with apoE3 and apoE4 homozygous mice on an α synuclein -/- background in which the
apoE4-driven synaptic and AD-related phenotype are more
pronounced [32]. These mice are referred to in the text as
apoE3 and apoE4 mice, respectively. The apoE genotype of
the mice was confirmed by PCR analysis [35-37]. All experiments were performed on 4-month-old male and female
mice, and were approved by the Tel Aviv University Animal
Care Committee. Following the indicated treatments, the
mice were anesthetized with ketamine and xylazine and were
perfused transcardially with phosphate buffered saline
(PBS). Their brains were then removed and halved, and each
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hemisphere was further processed for either biochemical or
histological analysis, as outlined below. In the current study,
we chose to focus on female mice. This is driven by the literature based findings that females are more susceptible to
AD than males, and that the apoE4 related pathology is more
pronounced in females than in the corresponding males. Furthermore, recent findings from our lab showed that apoE4TR female mice have a more pronounced pathological phenotype than the corresponding male mice. Specifically, the
AD-related pathology (e.g. Aβ and tau phosphorylation),
synaptic deficits (e.g. VGluT1,VGaT and SYP), vascular
pathology (collagen IV) and cognitive impairments were
more robust in female mice compared to male mice [15]. The
results presented correspond to 4 female cohorts. The first 2
female cohorts were used to characterize the effects of apoE4
and apoE3 on MAPK signaling and contained only naïve
non-treated mice (10-12 mice/cohort), whereas the other 2
female cohorts were used to assess the effects of the VEGFexpressing adeno-associated-virus (AAV-VEGF) treatment
on apoE4 pathology and MAPK signaling. These experiments contain 6 groups: 2 genotypes (apoE3 or apoE4) x 3
treatments (naïve mice, mice treated either with a sham GFPlabeled virus or mice treated with the VEGF-expressing virus). These groups are referred to as naïve, sham-treated, and
VEGF-treated mice. Each group consisted of 5-7
mice/cohort. A control assay with corresponding apoE3 and
apoE4 male mice conduct was conducted for both the naïve
and AAV-VEGF experiments.
2.2. Adeno-associated Virus Preparation
Human VEGF and GFP coding sequences were cloned
into the PAAV2-GFAP-OPTOAI-P2A-EYFP backbone,
kindly provided by the Diesseroth lab [39]. The human
VEGF was amplified from pBluescript plasmid (purchased
from Harvard Institute of Proteomics, Boston, USA) by PCR
using restriction enzymes at the ends (VEGF-AGEI-FOR 5'
TAGACCGGTATGAACTTTCTGCTGTCTTGG3' VEGFECORI-REV 5'TCAAGAATTCCAACCGCCTCGGCTTGT
CACAT3'). Both PAAV2-GFAP-OPTOAI-P2A-EYFP and
PLL3.7-GFAP-EGFP plasmids were cut with AGEI and
ECORI. OPTOAI-P2A-EYFP sequence replaced with the
GFP sequence or the VEGF sequence in order to obtain the
final expression constructs. As we described in SalomonZimri et al, 2016, 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/VEGF-WPRE vector plasmid along with
AdenoHelper, Rep-Cap1 and Rep-Cap2 plasmids. Seventytwo 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.
2.3. Intracerebral Administration of Viral Vectors
Four-month-old apoE3 and apoE4-TR mice were anesthetized with a ketamine-xylazine mixture and placed in a
stereotactic apparatus (model 940; David Kopf). Subsequently, 1 μL of the viral preparation was injected bilaterally
into the CA3 region of the hippocampus using the following
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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 μL/min
over a period of 2 min utilizing a Hamilton 10-μL syringe
and a 26-gage needle. The needle was kept in place for ~3
min in order to prevent backflow. The mice were then
stitched and returned to their cages.
2.4. Immunoblot Analysis
Immunoblot analysis was performed as previously described [38, 39]. The following Abs were used: rabbit antiVEGF (1:1000; Calbiochem), rabbit anti-p38 (1:1000, cell
signaling), rabbit anti-pp38 (1:1000, cell signaling), rabbit
anti-Akt (1:1000, cell signaling), rabbit anti-pAkt
(1:1000,cell signaling), rabbit anti-ERK1/2 (1:5000, Santa
Cruz), mouse anti-pERK1/2 (1:10000, Sigma), rabbit antiJNK (1:1000, cell signaling), rabbit anti-pJNK (1:1000, cell
signaling), mouse anti-GSK3β (1:1000, Santa Cruz), mouse
anti-pGSK3β (1:1000, Santa Cruz), and mouse anti-tubulin
(1:1000, Sigma). Membranes were scanned utilizing the
ChemiDoc Touch imaging system (Bio-Rad) and the blot
intensity was then quantified using Image Lab Software
(Bio-Rad). All results were normalized to the naïve-apoE3
group and utilized beta-tubulin as gel-loading control.
2.5. Quantification and Statistical Analysis
The results of the naïve mice, which consisted of nontreated apoE3 and apoE4 mice of each cohort, were normalized relative to apoE3 mice, after which they were analyzed
utilizing Student's t-test. The experimental design of the viral
construct-treated mice consisted of 2 genotypes (apoE3 and
apoE4, and 3 treatments (naïve, VEGF-expressing virus, and
sham GFP-labelled virus; n= 5-7 mice /group in each cohort). Each MAPK-related molecule was assessed utilizing a
general phosphorylation-independent antibody whose immunoreactivity corresponded to the total level of the molecule and by the indicated phosphorylation-dependent molecule whose immunoreactivity relative to the total level was
used as a measure of the kinase activity. The results of each
cohort were normalized relative to apoE3 mice, after which
they were analyzed utilizing 2-way ANOVA using STATISTICA software (Version 8.0 StatSoft, Inc., Tulsa, OK, USA).
Further examination of the specific effect of treatment utilizing 1-way ANOVA, followed by post-hoc Bonferroni correction, was performed to test the specific effect of VEGF
treatment on the apoE4 mouse group. Beta-tubulin whose
levels were similar in the different groups was used as loading controls and all the results were normalized relative to
the apoE3 naïve group standard. All graphs were prepared
and double analyzed via GraphPed prism 5.3 software.
3. RESULTS
The effects of the apoE genotype on the p38 MAPK
pathway were assessed by measuring the effects of apoE4
and apoE3 on the levels of p38 and phospho/activated p38 in
the hippocampus of the corresponding targeted replacement
mice. As can be seen in Fig. (1), the levels of p38 were the
same in apoE3 and apoE4 mice, whereas the extent of activation of p38, as measured by the ratio of phospho-p38 to total
p38, was significantly higher in the apoE4 than in the apoE3
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Fig. (1). The effects of apoE4 on p38 levels and activation. Representative immunoblots of the effects of apoE4 and apoE3 on the total levels
of p38 in the hippocampus and on the corresponding levels of phosphorylated p38. . Hippocampi of 4-month-old female apoE3 and apoE4
TR mice were excised, homogenized, and subjected to p-38 and phosphorylated p-38 immunoblotting , as described in Materials and Methods. Quantitation of the total hippocampal p38 levels and of activated p38, as presented by the ratio of the phosphorylated p38 to its levels,
are presented in the in the central and right panels. ApoE3 mice are depicted in the white bar and the corresponding apoE4 mice are depicted
in the black bars. Beta-tubulin was used as a loading reference and the results presented (2.3 +/- 0.35 and 1+\- 0.08 for the ratio of apoE4 and
apoE3 mice, respectively; n=10-12 per group) are normalized relative to the apoE3 mice ***p<0.001 by Student’s t-test. Similar results were
obtained with a second cohort of mice.

mice (2.3 +/- 0.35 and 1+\- 0.08 ; ***p<0.0001, respectively). The corresponding effects of the apoE genotype on
the JNK MAPK pathway were next examined. As can be
seen in Fig. (2), the total levels of both JNK and c-Jun in the
hippocampus of female apoE3 and apoE4 mice were similar,
whereas the ratios of phosphorylated/activated JNK were
significantly higher in the apoE4 mice (1.6 +\-0.18 vs. 1 +\0.09; *p<0.01, respectively) as were those of the activated cJun (1.4 +/- 0.15 vs. 0.9+\- 0.1; **P<0.01, respectively).
We next focused on the effects of apoE4 on the growth
factor-related MAPK pathways utilizing ERK, Akt, and
GSK3β as markers. As shown in Fig. (3), and unlike the results that were obtained with the p38 and JNK pathways,
apoE4 did not affect either the levels of ERK or the extent of
its activation (1.2 +\- 0.2 relative to 0.938 +/-0.16; respectively). Measurements of the Akt-GSK3β pathway, in which
GSK3β is to be a well-established substrate of Akt and
whose levels of activation correlate inversely with those of
Akt [40, 41], revealed that apoE4 down-regulates the activation of Akt relative to the corresponding apoE3 mice (0.6 +\0.1 relative to 0.93 +/-0.11; **p<0.01, respectively) and in
turn up-regulated GSK3β levels of activation (1.8+\- 0.2
relative to 1 +/-0/03; ***<0.001, respectively) without affecting the total levels of both Akt and GSK3β (Fig. 4; A and
B, respectively). Tau phosphorylation is highly dependent on
GSK3β activity [41], and these results are in accordance with
previous observations that tau is hyper-phosphorylated in
apoE4 mice [15, 36] in a manner similar to that observed in
AD patients.
The possible association of apoE4-driven MAPK signaling with the synaptic and AD pathological effects of apoE4
was examined next. This was performed by intrahippocampal injection of VEGF-expressing virus (AAVVEGF), which was previously shown to elevate the levels of
VEGF and reverse the synaptic and AD-related phenotype of
apoE4 [38]. The extent to which these protective effects are
associated with reversal of the apoE4-driven effects on
MAPK signaling was examined. Accordingly, the effects of

this treatment on the total levels and activation of the p38,
JNK, ERK, and Akt pathways were measured. The resulting
effects on p38 activation are depicted in Fig. (5). As can be
seen, the AAV-VEGF treatment abolished the apoE4-related
p38 activation and rendered it similar to that of apoE3 mice,
which was not affected by this treatment. Quantification of
these results by 2-way ANOVA, revealed significant effects
for group, ***p<0.0001 and *p<0.05 for group and treatment, respectively. Further Bonferroni post-hoc analysis
revealed *p<0.05 for the specific effect of VEGF treatment
on apoE4 mice. In contrast, the total levels of p38, which
were similar in the two control mouse groups (Fig. 1), were
not affected by the VEGF treatment (not shown). Measuring
the effects of the AAV-VEGF treatment on c-Jun and JNK
phosphorylation revealed that they were higher in naïve
apoE4 mice than in the corresponding apoE3 mice and were
not affected by the sham treatment (Fig. 6). However, this
effect was reduced to non-significant levels by the AAVVEGF treatment (Fig. 6). Quantification of these results revealed significant effects for the group. **p<0.01 and treatment *p<0.05 for JNK activation measurements, and
*p<0.05 for the effect of the group for c-Jun activation by 2way ANOVA. The total levels of c-Jun and JNK, which were
the same in the naïve apoE4 and apoE3 mice (Fig. 2), were
also not affected by either the AAV-VEGF or sham treatments. Further examination of the ERK pathway, which was
not affected by the apoE genotype under basal conditions
(Fig. 2), revealed that it was also unaffected by neither the
sham control nor the AAV-VEGF treatment (Fig. 7)
The effects of apoE4 on Akt and GSK3β activations were
also reversed by the AAV-VEGF treatment. Accordingly,
the AAV-VEGF treatment abolished the related apoE4driven decrease in Akt, as depicted in Fig. (4), and rendered
it similar to that of the corresponding apoE3 mice, which
were not affected by this treatment (Fig. 7). Quantification of
these results revealed significant effects for the group,
*p<0.05, by 2-way ANOVA. A complementary effect was
observed in GSK3β activation, in which the elevated activated GSK3β levels of the naïve apoE4 mice (Fig. 4) were
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Fig. (2). The effects of apoE4 on JNK and Cc-Jun levels and activation. Hippocampi of 4-month-old female apoE3 and apoE4 TR mice were
excised, homogenized, and subjected to phosphorylated and total JNK(A) and c-Jun (B) immunoblotting , as described in Materials and
Methods. (A) Representative immunoblots of the effects of apoE4 and apoE3 on the total levels and phosphorylation of JNK in the hippocampus are presented in the left panel. Quantification of the total hippocampal JNK levels in these mice and of activated JNK levels, as presented by the ratio of phosphorylated JNK to its total level, are presented in in the central and right panels (1.6 +/-0.17 and 1+\- 0.09 for the
ratio of apoE4 and apoE3 mice, respectively; n=10-12 per group). (B) Representative immunoblots of the effects of apoE4 and apoE3 on the
total levels and phosphorylation of c-Jun in the hippocampus, as presented by the ratio of phosphorylated c-Jun to its total level, are presented
in the panel on the left. Quantitation of the total hippocampal Cc-Jun levels in these mice and of the ratio of the activated c-Jun to the total cJun levels are presented in the central and right panels (1.5+/-0.15 and 1+\- 0.1 for the ratio of apoE4 and apoE3 mice, respectively). ApoE3
mice are depicted in the white bar and the corresponding apoE4 mice are depicted in the black bars. Beta-tubulin was used as a loading reference and the results presented are normalized relative to the apoE3 **p<0.01 and ***p<0.001 by Student’s t-test. Similar results were obtained with another cohort of such mice.

Fig. (3). The effects of apoE4 on ERK levels and activation. Hippocampi of 4-month-old female apoE3 and apoE4 TR mice were excised,
homogenized, and subjected to phosphorylated and total ERK immunoblotting , as described in Materials and Methods. Representative immunoblots of the effects of apoE4 and apoE3 on the total and on the phosphorylation levels of ERK in the hippocampus are presented in the
panel on the left. Quantification of the total hippocampal ERK levels and activation, as presented by the ratio of phosphorylated JNK to its
total level, are presented in the central and right panels. 0.978 +/-0.16 and 1.2+\- 0.18 for the ratio of apoE4 and apoE3 mice, respectively;
n=10-12 per group). ApoE3 mice are depicted in the white bar and the corresponding apoE4 mice are depicted in the black bars. Beta-tubulin
was used as a loading reference and results presented are normalized relative to the apoE3. Similar results were obtained with another cohort
of such mice.
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Fig. (4). The effects of apoE4 on the Akt and GSK levels and activation. Hippocampi of 4-month-old female apoE3 and apoE4 TR mice were
excised, homogenized, and subjected to phosphorylated and total Akt (A) and GSK-3β(B) immunoblotting , as described in Materials and
Methods. (A) Representative immunoblots of the effects of apoE4 and apoE3 on the total levels and phosphorylation of Akt in the hippocampus are presented in the left panel. Quantification of the total hippocampal Akt levels in these mice and of the activated Akt levels, as presented by the ratio of phosphorylated Akt to its total level, are presented in the central and right panels (0.6 +/-0.1 and 0.93+\- 0.11 for the
ratio of apoE4 and apoE3 mice, respectively). (B) Representative immunoblots of the effects of apoE4 and apoE3 on the total levels and
phosphorylation of GSK3β in the hippocampus, as presented by the ratio of phosphorylated GSK3β to its total level, are presented in the
panel on the left. Quantitation of the total hippocampal c-Jun levels in these mice and of the activated GSK3β to the total GSK3β levels are
presented in in the central and right panels (1.8 +/-0.2 and 1+\- 0.03 for the ratio of apoE4 and apoE3 mice, respectively). ApoE3 mice are
depicted in the white bar and the corresponding apoE4 mice are depicted in the black bars. Beta-tubulin was used as a loading reference and
the results presented are normalized relative to the apoE3 **p<0.01 and ***p<0.001 by student’s t-test. Similar results were obtained with
another cohort of such mice.

Fig. (5). The effects of AAV-VEGF treatment on the p38 activation of apoE4 and apoE3 mice. Hippocampi of 4-month-old naïve, sham, and
AAV-VEGF-treated female apoE3 and apoE4 TR mice were excised, homogenized, and subjected to phosphorylated and total p-38 immunoblotting , as described in Materials and Methods . Representative immunoblots of total p38 and the corresponding phosphorylated p38
of naïve, sham, and AAV-VEGF-treated apoE4 and apoE3 mice, as presented by the ratio of phosphorylated p38 to its total level, are presented in the panel on the left. Quantitation of the activated p38 levels is presented in the right panels. ApoE3 mice are depicted in the white
bar and the corresponding apoE4 mice are depicted in the black bars. Beta-tubulin was used as a loading reference and the results presented
are normalized relative to apoE3 and are presented on the left. Quantification of these results revealed significant effects for the group,
***p<0.0001, and *p<0.05 for group x treatment, by 2-way ANOVA; Further Bonnferoni post-hoc analysis showed #p<0.05 for the specific
effect of VEGF treatment on apoE4 mice. n= 5-7 per group.
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Fig. (6). The effects of AAV-VEGF treatment on JNK and c-Jun activation of apoE4 and apoE3 mice. Hippocampi of 4-month-old naïve,
sham, and AAV-VEGF-treated female apoE3 and apoE4 TR mice were excised, homogenized, and subjected to phosphorylated and total
JNK (A) and (B) c-Jun immunoblotting , as described in Materials and Methods . (A) Representative immunoblots of total JNK and the corresponding phosphorylated JNK of naïve, sham, and AAV-VEGF-treated apoE4 and apoE3 mice in the hippocampus, as presented by the ratio
of phosphorylated JNK to its total level, are presented in the panel on the left. Quantification of these results revealed significant effects for
the group, **p<0.01, and *p<0.05 for treatment, by 2-way ANOVA. (B) Representative hippocampal immunoblots of total c-Jun and the corresponding phosphorylated c-Jun of naïve, sham, and AAV-VEGF-treated apoE4 and apoE3 mice in the hippocampus, as presented by the
ratio of phosphorylated c-Jun to its total level, are presented in the panel on the left. Quantification of these results revealed significant effects
for the group, *p<0.05 by 2-way ANOVA. ApoE3 mice are depicted in the white bar and the corresponding apoE4 mice are depicted in the
black bars. Beta-tubulin was used as a loading reference and the results presented are normalized relative to the apoE3 and are presented on
the left. n= 5-7 per group.

Fig. (7). The effects of AAV-VEGF treatment on ERK activation of apoE4 and apoE3 mice. Hippocampi of 4-month-old naïve, sham, and
AAV-VEGF-treated female apoE3 and apoE4 TR mice were excised, homogenized, and subjected to phosphorylated and total ERK immunoblotting , as described in Materials and Methods .Representative hippocampal immunoblots of total ERK and the corresponding phosphorylated ERK of naïve, sham, and AAV-VEGF-treated apoE4 and apoE3 mice in the hippocampus, as presented by the ratio of phosphorylated c-Jun to its total level, are presented in the panel on the left. Quantification of these results showed no significant effect by 2-way
ANOVA. n= 5-7 per group.
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reduced following AAV-VEGF treatment and became nonsignificant (Fig. 8). Quantification of these results revealed
significant effects for the group, *p<0.05, by 2-way ANOVA.
In conclusion, the present results show that apoE4 is associated with specific activation of the p38 and JNK MAPK
pathways with the corresponding suppression of Akt signaling pathway, and suggest that the p38 and Akt pathways are
associated with the apoE4-driven synaptic pathologies as
well as with the Aβ and tau-related pathological effects in
vivo.
4. DISCUSSION
This study investigated the effects of apoE4 on the activation patterns of different MAPK pathways, and the possible role of these pathways in mediating the pathological effects of apoE4 in vivo. This was pursued by measuring the
total levels and extent of activation of distinct MAPK-related
kinases in the hippocampus of apoE4 and the corresponding
apoE3 TR mice. This revealed significant apoE4-driven activation and enhanced phosphorylation of p38 in the hippocampus of the apoE4 mice. A similar activation pattern was
seen in JNK and its transcription factor c-Jun. These effects
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were accompanied by decreased activation of Akt, followed
by hyperphosphorylation of GSK3β and tau. In contrast, the
ERK pathway was not affected by apoE4. We have previously shown that apoE4 is associated with reduced levels of
hippocampal VEGF, and that reversal of this effect by intrahippocampal injection of an AAV-VEGF virus reverses the
synaptic and AD-related pathological effects of apoE4 [38].
Applying this therapeutic assay to the apoE4-driven effects
on MAPK activities revealed that apoE4-driven activation of
p38 and inhibition of Akt were reversed by AAV-VEGF
treatment. The mechanism by which apoE4 induces the
down-regulation of VEGF is not directly addressed in this
study. However, it should be noted that apoE4 downregulates the levels of numerous different receptors including the NMDA receptor [42], the apoER2 receptor [37], and
the Insulin receptor [43], and targets them for degradation
[43-45]. It is thus possible that the apoE4-related reduction
in VEGF levels is driven by the reduced levels of VEGF
receptors [38]. Additionally, the apoE4 induced effect on the
JNK pathway became non-significant following the AAVVEGF manipulation, and the ERK signaling, which was not
affected by apoE4, was also not affected by the AAV-VEGF
treatment. A schematic summary of these effects is presented

Fig. (8). The effects of AAV-VEGF treatment on Akt and GSK3β activation of apoE4 and apoE3 mice. Hippocampi of 4-month-old naïve,
sham, and AAV-VEGF-treated female apoE3 and apoE4 TR mice were excised, homogenized, and subjected to phosphorylated and total (A)
Akt and (B) GSK-3β immunoblotting , as described in Materials and Methods . (A) Representativeimmunoblots of total Akt and the corresponding phosphorylated Akt of naïve, sham, and AAV-VEGF-treated apoE4 and apoE3 mice in the hippocampus, as presented by the ratio
of phosphorylated Akt to its total level, are presented in the panel on the left. Quantification of these results revealed significant effects for
the group, *p<0.05 by 2-way ANOVA. (B) Representative immunoblots of total GSK3β and the corresponding phosphorylated GSK3β of
naïve, sham, and AAV-VEGF-treated apoE4 and apoE3 mice in the hippocampus, as presented by the ratio of phosphorylated GSK3β to its
total level, are presented in the panel on the left. Quantification of these results revealed significant effects for the group, *p<0.05 by 2-way
ANOVA. ApoE3 mice are depicted in the white bar and the corresponding apoE4 mice are depicted in the black bars. Beta-tubulin was used
as a loading reference and the results presented are normalized relative to the apoE3 and are presented on the left. n= 5-7 per group.
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in (Fig. 9). Similar results were obtained with the
corresponding control experiment using male mice (not
shown). The present findings that apoE4 is associated with
decreased activation of Akt and increased activation of c-Jun
and JNK is in accordance with previous findings obtained
with apoE4 x APP double transgenic mice and with apoEexpressing cells [46].
The specific role of the kinases in the apoE4-related pathology is remained to be determined. Though, it has been
shown that p38 MAPK, could play more than one role in AD
pathophysiology, in microglia p38 MAPK contributes to
brain inflammation in AD, in astrocytes the p38 MAPK cascade also modulates the excitotoxicity, whereas the neuronal
p38 MAPK signaling contributes to tau phosphorylation,
NFT formation and depression of synaptic plasticity [19, 47].
Nevertheless, the specific effects of the apoE genotype on
p38 signaling have not yet been reported. In vitro studies
utilizing primary neurons [48] and astrocytic apoE3 and
apoE4 embryonic stem cells [49] revealed that unlike the
present in vivo findings (Fig. 3), ERK signaling is activated
by apoE4. This may be due to the experimental differences
between the in vivo and in vitro systems.
The mechanisms underlying the present findings will be
addressed by focusing on three questions. Namely, which
mechanisms underlie the effects of apoE4 on MAPK signal-
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ing, what is the process through which VEGF counteracts the
effects of apoE4 on MAPK signaling, and how do the
apoE4-driven effects on the MAPK system lead to the downstream apoE4-driven pathology? The Akt MAPK pathway is
regulated and triggered by growth factors [50, 51]. Accordingly, it is possible that the presently observed downregulation of this pathway in apoE4 brains is driven by the
corresponding reduced levels of brain VEGF [38] or including osmotic shock, inflammatory cytokines, LPS, UV, endoplasmic reticulum stress, mitochondrial dysfunction, and
impaired immune function [16, 17, 46, 52, 53]. Since apoE4
induces numerous pathways of cellular stress including oxidative and endoplasmic reticulum stress [52], it is possible
that the effects of apoE4 on JNK and p38 are indirect and
result from the apoE4-induced stress.
With regard to the second question, the mechanisms by
which VEGF counteracts the effects of apoE4 on MAPK
pathway and the specific cell type involved in the pathology
are not yet known. However, based on the results, we can
hypothesize that VEGF alters apoE4 related signaling by two
mechanisms; a direct mechanism by which the effect of
VEGF is driven by the down-regulation of the downstream
signaling cascade, and an indirect mechanism by which
apoE4 and the decreased levels of VEGF induce cellular
stress that results in activation of p38 and JNK pathways.
Examination of the direct pathway shows that lower levels of

Fig. (9). Summary of the effects of apoE4 on key MAPK signaling pathways. Schematic presentation of the effect of ApoE4 on MAPK and
may play a role in mediating the downstream pathological effects. The figure depicts the four MAPK pathways in which the kinases examined depicted in a filled elliptic cycle. Arrows indicate the proteins whose activation is modulated by apoE4; up for activation and down for
inhibition, whereas an asterisk denotes the signaling molecules that may play a role in mediating the apoE4-driven pathology. This summary
is based on the results shown in Figs. (1-8).
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VEGF are associated with lower Akt phosphorylation, leading to hyper-phosphorylation of GSK-3β which may also
lead in turn to tau phosphorylation. Furthermore, upregulation of this pathway by elevating VEGF levels alters all
detected downstream phenotypes, which leads to reversal of
tau pathology (as observed in Salomon-Zimri et al. 2016)
[36]. The indirect pathway, on the other hand, shows hyperactivation of the stress related markers, namely p-38 and
JNK/c-Jun in apoE4 mice, may be driven by various types of
apoE4-induced cellular stress such as oxidative, genotoxic,
mitochondrial dysfunction and osmotic stress, as well as proinflammatory cytokines and extracellular environment stress
[54]. Up-regulation of VEGF by the AAV-VEGF treatment
which reverses the p38 related pathology and reduces the
apoE4 related effect on the JNK/c-Jun pathway possibly by
the contribution of the up-regulation of VEGF to reduce the
stress related processing. A schematic summary of the direct/indirect hypothesis is presented in (Fig. 10).
The processes through which apoE4 reduces Akt levels
and increases p38 activity, mediating the synaptic and ADrelated pathological effects of apoE, are not fully understood.
The finding that the apoE4-driven inhibition of Akt is associated with increased activation of GSKβ (Fig. 8) and tau
hyperphosphorylation, as obtained previously by SalomonZimri et al. [38], is in accordance with findings obtained
with young AD apoE4 carriers at lower Braak stages [55].
These findings suggest that the cytoskeletal and tau pathology observed in the apoE4 mice [36] may be driven via the
inhibition of Akt. Since Akt signaling has been implicated in
numerous other cellular activities such as growth, survival,
and migration [56], it is also possible that the Akt-related
pathological effects of apoE4 are mediated by these systems.
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Increased p38 activation has been reported in human AD
brain tissue, as well as in AD-relevant animal models and the
corresponding cell culture systems [18, 19, 47, 57]. Furthermore, p38 activation has been linked to increased production
of pro-inflammatory cytokines by glia activated with human
amyloid-beta (Aβ), as well as other diverse AD-related
events such as neurotoxicity and synaptic dysfunction [19,
58]. It is thus possible that the apoE4-driven increase in p38
plays a role in the apoE4-driven synaptic impairments and in
the accumulation of intra-neuronal Aβ as well as astrocytic
activation [15, 36]. The finding that the apoE4-driven activation of JNK pathway is not reversed by VEGF treatment,
whereas the synaptic and AD-related pathological effects of
apoE4 are, suggest that this signaling pathway does not play
a major role in the apoE4 phenotypes identified to date. The
extent to which JNK mediates yet to be identified pathological effects of apoE4 remains to be determined.
Overall, the present study suggests a possible role of
MAPK's related signaling in mediating the apoE4 pathology.
The fact that diverse treatments such as ABCA1 agonist,
AAV-VEGF virus, and an anti-apoE4 Ab, all reversed both
the cognitive impairments and synaptic loss, suggest that
there may be correlation between the two [38, 59, 60]. This
observation, together with previous in-vitro studies, in which
a causal effect of apoE4 and synapse function has been
shown, suggest that the pathological effect of apoE4 on cognitive impairment may be related to synaptic loss [61, 62].
Since the MAPK pathways were shown to be involved in the
pathophysiology and pathogenesis of AD [18, 19, 24] and
specifically in synaptic dysfunction [27], we have strong
reason to assume that the MAPKs are involve in the apoE4related AD-like pathology.

Fig. (10). The direct/indirect hypothesis. A model of the direct/indirect mechanisms underling the role of VEGF in mediating the pathological effects of apoE4.
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CONCLUSION
The present study shows that apoE4 is associated with
the specific activation of the stress-related p38 and JNK
MAPK pathways, and the inhibition of the corresponding
growth factor-related Akt pathways in the hippocampus. The
synaptic and AD-related pathological effects of apoE4 are
counteracted by reversal of the p38 and Akt-related signaling
effects of apoE4, suggesting that these MAPK pathways
could serve as possible apoE4-related therapeutic targets.
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