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The canonical role of Apolipoprotein E (ApoE) is related to lipid and cholesterol metabo-
lism, however, additional functions of this protein have not been fully described. Given
the association of ApoE with diseases such as Alzheimer’s Disease (AD), it is clear that fur-
ther characterisation of its roles, especially within the brain, is needed.
Therefore, using protein and gene expression analyses of neonatal and 6-month old brain

tissues from an ApoE knockout mouse model, we examined ApoE’s contribution to several
CNS pathways, with an emphasis on those linked to AD. Early neonatal changes associated
with ApoE�/� were observed, with decreased soluble phosphorylated tau (p-tau, –40 %),
increased synaptophysin (+36 %) and microglial Iba1 protein levels (+25 %) vs controls.
Progression of the phenotype was evident upon analysis of 6-month-old tissue, where
decreased p-tau was also confirmed in the insoluble fraction, alongside reduced synaptic
and increased amyloid precursor protein (APP) protein levels. An age comparison further
underlined deviations fromWT animals and thus the impact of ApoE loss on neuronal mat-
uration.
Taken together, our data implicate ApoE modulation of multiple CNS roles. Loss of func-

tion is associated with alterations from birth, and include synaptic deficits, neuroinflam-
mation, and changes to key AD pathologies, amyloid-b and tau.
� 2022 The Authors. Published by Elsevier Inc. This is anopen access article under theCCBY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Apolipoprotein E forms a vital component of lipopro-
teins and helps facilitate the transport of lipids and choles-
terol around the body. In humans, the ApoE gene is
polymorphic such that this protein can be expressed as
three different isoforms: ApoE2, ApoE3 and ApoE4. These
isoforms, produced primarily by hepatocytes in the periph-
ery and astrocytes in the central nervous system (CNS), not
only differentially affect the structure and function of ApoE
physiologically, but also confer risk for various diseases
[29]. For instance, ApoE2 and ApoE4 are linked to the
development of dysbetalipoproteinemia and atherosclero-
sis, respectively. ApoE4 has been identified as the greatest
genetic risk factor for sporadic Alzheimer’s disease (AD);
while ApoE2 has been shown to protect against AD, and
those who are homozygous for ApoE4 are up to 15 times
more likely to develop the disease, and at a younger age
[10,11,17]. Though cardiovascular diseases may be attribu-
ted to the well documented role for ApoE in lipid metabo-
lism and cholesterol homeostasis, it is far less clear how
ApoE affects the CNS. Indeed, the striking nature of its
influence on neurological disease has highlighted signifi-
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cant gaps in our understanding of functions it may hold
beyond its canonical role, especially within the CNS.

Research investigating ApoE in the brain has so far lar-
gely been conducted in an AD-related context. This has
benefited from the generation of ApoE transgenic models
such as the targeted replacement mice, in which the
endogenous ApoE gene has been replaced by a human iso-
form [28,63,62]. This has allowed a more thorough investi-
gation into the pleiotropic functions of this protein and a
large body of literature now exists highlighting the effect
of ApoE isoforms, and in particular, ApoE4 on amyloid-b
(Ab) deposition [3,75], neuroinflammation [71,77] and
synaptic function [13,56] to name a few. Importantly, this
research has not only provided insight into pathophysio-
logical mechanisms but also provided an indication of the
extent to which ApoE plays a role in normal CNS physiol-
ogy and in different cellular contexts. As an appealing drug
target for AD (see Williams et al. [73] for a review of ApoE-
related therapeutics), it is therefore of the utmost impor-
tance to answer unresolved questions regarding how this
protein influences brain physiology and development.

One model which can offer further insight is the ApoE
knockout (ApoE�/�) model [49,51]. This model, which is
globally deficient for the ApoE protein, presents with ele-
vated levels of plasma cholesterol and triglycerides [51]
and has been used extensively as a model of atherosclero-
sis. Despite the apparent roles of ApoE on both sides of the
BBB, there has been little convergence between the fields,
and surprisingly, this loss-of-function model has not been
widely explored for brain-related research, even though
it provides the unique opportunity to examine the neu-
ronal consequences of ApoE deficiency.

Few CNS-related studies have implicated ApoE�/� in
BBB impairment [20], vascular dysfunction [2], and
increased susceptibility to oxidative stress [59,69]. Given
ApoE’s role in AD, it is of particular interest that cholinergic
deficits [24,60] and an enhanced neuroinflammatory pro-
file [27,68] have been commonly observed in its absence.
Significant synaptic dysfunction and impaired ability to
recover following brain injury [9,40,68] were also reported,
suggesting that ApoE is required for normal synaptic and
neuronal health and its loss may result in neurodegenera-
tion. Additionally, ApoE�/� has been linked to tau hyper-
phosphorylation [22,23] and cognitive deficits, especially
with regards to spatial learning and memory [19,47].

Nevertheless, a more comprehensive characterisation of
the ApoE�/� brain is required since there are several con-
trasting reports to the above-mentioned findings. For
example, synaptic dysfunction [1] and tau hyperphospho-
rylation [43,55] have been disputed. Furthermore, in rela-
tion to AD, it is not yet clear whether ApoE loss of
function is linked to amyloid precursor protein (APP) pro-
cessing and Ab pathology. It is also noteworthy that exist-
ing CNS studies in this model have been conducted at an
age when the prominent peripheral atherogenic phenotype
was fully developed. While this allows analyses of comor-
bidities associated with disease, the CNS phenotypes previ-
ously observed may thus be consequential to and/or
affected by confounding peripheral factors.

The main objective of this study was therefore to exam-
ine the contribution of ApoE to neuronal function and
2

specifically to AD-associated pathways and mechanisms.
Using the ApoE�/� mouse model offers advantages as it
1) allows detailed investigation into the physiological role
of ApoE, and 2) offers an opportunity to investigate spo-
radic risk factors of AD and 3) may uncover novel thera-
peutic targets in pathological states relevant to the
disease. Markers were here examined in neonatal tissue
to establish early emerging phenotypes in the absence of
extensive peripheral pathology, and in adult (6 months of
age) mice. We report that loss of ApoE altered a wide range
of pathways, with emergence of phenotypic profiles
already occurring from birth. Together, our findings
emphasise the importance of this protein in neuronal
physiology and implicate ApoE in the maintenance or
modulation of multiple CNS processes relevant to disease.
2. Materials & methods

2.1. Animals

All animal procedures were performed in accordance
with European (FELASA) and UK Home Office regulations
under the EU Directive 63/2010EU and Animal (Scientific
Procedures) Act 1986. Six-month old female ApoE�/�
mice on a C57BL/6J background [49] and all neonatal
(post-natal day 1–5, male and female) mice were derived
from mice purchased from the Jackson Labs and then bred
in-house at our facility while C57BL/6J wild-type (here-
after, WT) controls were supplied by a commercial vendor
(Charles River). Mice were group housed with ad libitum
access to food and water in a climate-controlled environ-
ment (20–21 �C, 60–65 % humidity) and standard 12-hour
day/ night cycle. Animals were sacrificed by cervical dislo-
cation and brain tissue was snap frozen in liquid nitrogen
and stored at �80 �C until needed. Experimental protocols
were not blinded or randomised.
2.2. Tissue preparation and Western blotting

Western blots were carried out as described previously
[7,30]. In brief, brain tissue was homogenised in NP40 lysis
buffer supplemented with protease and phosphatase inhi-
bitors (Roche Life Science, Burgess Hill, UK). Homogenates
were centrifuged (12,000 rpm, 4 �C, 20 min) and the sol-
uble supernatant was collected and stored at �80 �C. Heat
stable fractions for tau analysis were isolated by further
heating the NP40 lysate to 90 �C for 10 min followed by
centrifugation (14,000 rpm, 4 �C, 10 min) and supernatant
collection. Total tau (AT5) levels were investigated using
IgG depleted samples whereby IgGs were removed by
incubating the soluble NP40 supernatant with an equal
volume of DynabeadsTM Protein G (Fisher Scientific, Lough-
borough, UK) overnight at 4 �C. Insoluble tau fractions
were obtained by resuspending and incubating the soluble
NP40 pellet 1:1 in 70 % formic acid with agitation at 4 �C
overnight. The formic acid suspension was then cen-
trifuged (14,000 rpm, 4 �C, 20 min) prior to collection of
the supernatant the following day. Prior to use, formic acid
samples were neutralised with 4 parts neutralising buffer
(2 M Tris, 2 M NaH2P04).
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Samples were normalised to 3 lg/ll in lithium dodecyl
sulphate. Due to the strong denaturing conditions of formic
acid, which prevented protein concentration determina-
tion, a set volume of insoluble neutralised samples was
used. For APP and Ab analysis, samples were assessed in
non-denatured conditions. Proteins were separated on
4–12 % Bis-Tris gels and transferred onto nitrocellulose
membranes using either wet or dry standard transfer con-
ditions. Membranes were blocked in Tris-buffered saline
with Tween (TBST) containing 5 % milk powder for 1 h at
RT and then incubated with primary antibody overnight
at 4 �C. For full details of antibodies used see Table S1.
The following day, membranes were treated with sec-
ondary antibody and then visualised using enhanced
chemiluminescence and captured with a Vilber-Fusion-SL
camera (Vilber, Eberhardzell, Germany). Membranes were
either re-probed for total protein (for phospho-markers)
or subsequently stained with Coomassie Blue total protein.

Immunoreactivity was quantified using ImageJ (V1.47,
NIH, USA) software according to area under the curve
(AUC) measurements. Values were either adjusted to
respective total protein values (in the case of phospho-
markers) or to the loading control, Coomassie Blue total
protein stain [50]. Adjusted values were then expressed
relative to control groups within blots.

Note, the effect of genotype was probed per age group,
while age-dependent changes were determined within
each genotype, based on independent blots.

2.3. Quantitative polymerase chain reaction (qPCR)

RNA from brain tissue was isolated using TRI reagent�

(Sigma, Dorset, UK)) according to the manufacturers’
instructions. cDNA was synthesis from 1 lg of RNA using
a Tetro cDNA synthesis kit (Bioline, London, UK) and a
GS-1 G-Storm thermocycler (Labtech International, Sussex,
UK). Genes of interest (see Table S1 for primer sequences)
were quantified using quantitative PCR (qPCR). Target
genes were amplified using a GoTaq qPCRMaster Mix (Pro-
mega, Southampton, UK) run in a Roche LightCycler� 480
System (Roche Life Science). Gene expression was deter-
mined by the Pfaffl method [48] and normalised to the geo-
metric mean of the three most stable reference genes (from
Y-Whaz, NoNo, 18S, GAPDH or b-Actin). Values were then
expressed relative to control groups.

2.4. Statistics

Statistical analysis was conducted using GraphPad
Prism (V7). Normal distribution was probed for (Shapiro-
Wilk normality test), prior to analysis via either a Student’s
unpaired two-tailed t-test, with Welsh correction if appro-
priate, or a Mann Whitney U test. For all data, the level of
significance was set as p � 0.05.
3. Results

The global knockout of mouse ApoE (see Fig. S1 for con-
firmation of brain ApoE knockout) has so far been primar-
ily used to study atherosclerosis. In line with the
3

physiological role of ApoE and the published phenotype,
we first confirmed highly elevated levels of plasma choles-
terol and an altered lipoprotein profile but noted that these
differences were limited to the periphery, as brain choles-
terol was found unchanged (Fig. S2).

3.1. Tau species in ApoE�/� mice

3.1.1. Soluble tau
In order to determine whether ApoE loss was associated

with AD-relevant primary pathologies, tau markers were
assessed in brain tissue from ApoE�/� andWTmice, firstly
in the soluble fraction [30]. Using immunoblotting, PHF-1
phosphorylated tau (p-tau; epitope: Ser396/ 404) and total
tau protein levels (AT5 antibody) were found unaffected by
ApoE�/� at the neonatal age (Fig. 1A & B). In contrast,
early changes were established upon analysis of CP-13 p-
tau reactive species (epitope: Ser202) with significantly
decreased levels being detected in ApoE�/� compared to
WT neonatal mice (Fig. 1B; p = 0.0002, �40 %). At 6 month
of age, the opposite trend was seen with significantly
decreased PHF-1 labelled p-tau being detected for all but
the 55 kDa p-tau isoform (Fig. 1C; 50 kDa, p = 0.0054;
60 kDa, p = 0.0003; total, p = 0.0011, �41 %), while CP-13
labelled species were unchanged (Fig. 1D). AT5 total tau
was also found comparable between groups (Fig. 1E).
Therefore, an epitope-specific decrease in soluble p-tau
was established in ApoE�/� mice compared to WT con-
trols in both neonatal and 6-month old brain tissue.

Next, to assess age-related changes relevant for devel-
opment and maturation, protein levels were examined on
separate blots using 6-month old WT and ApoE�/� tissue
(Fig. 1F), here compared and normalised to their respective
neonatal controls, with changes in WT levels taken as a ref-
erence (control). As expected, an age-dependent shift in
the molecular weight of tau species was observed, likely
a reflection of age-specific isoform expression. As tau is
developmentally regulated, at the neonatal age the pre-
dominant form of murine tau detected is 3R, whereas by
6-month old, the major isoform present is 4R [64]. Thus,
to measure overall (total) tau levels, the sum of all tau
immunoreactivity was analysed. Western blot analysis of
PHF-1 soluble phosphorylation levels found no changes
across ageing in WT mice (Fig. 1G), however, ApoE�/�
mice displayed significantly decreased levels at 6-month
old compared to their respective neonatal controls
(Fig. 1G; p = 0.0472, �22 %). P-tau detected by CP-13, on
the other hand, revealed a similar decline in phosphoryla-
tion over ageing for both genotypes (Fig. 1G; WT,
p < 0.0001, �67 %; ApoE�/�, p = 0.001, �60 %). Analysis
of AT5 total tau levels found that protein levels were unaf-
fected by age in WT mice, while levels declined in
ApoE�/� mice (Fig. 1G, p = 0.015, �29 %). Taken together,
these data confirm an overall, general age-dependent
decrease in soluble tau levels for both genotypes, with
specific p-tau levels (PHF-1) declining more dramatically
in ApoE�/� mice.

3.1.2. Insoluble tau
Tau levels in the insoluble fraction were explored

next. No neonatal differences between genotypes were



Fig. 1. Decreased soluble tau levels in ApoE-/- vs. WT mice.
(A) RepresentativeWestern blots of neonate and 6-month oldWT and ApoE-/- (A) brain tissue withmolecular weights shown. (B) Quantification of ApoE-/- (Ap
KO; n = 8) neonatal tissue probed for soluble phosphorylated (PHF-1, CP-13) and total (AT5) tau according to WT (n = 7) groups. 6-month old WT (n = 8) and
ApoE-/- (n = 7) (C, D) phospho-tau (p-tau; 50kDa, 55kDa, 60kDa, total) and (E) total tau analysis. (F) RepresentativeWestern blots ofWT (N: n = 6, M: n = 8) and
ApoE-/- (N: n = 4, M: n = 6) mice assessed over ageing using both neonatal (N) and 6-month old (mature, M) samples. (G)WT and ApoE-/- age-related changes
in tau protein levels according to neonatal levels. Phospho markers were normalised to total tau (AT5) and total tau was quantified from an IgG depleted
fraction and adjusted to Coomassie total protein stain. Data are presented as scatter as well as mean + SEM. * = p < 0.05, ** = p < 0.01, *** = p < 0.001.
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observed for protein levels of PHF-1 and CP-13 reactive
p-tau (Fig. 2A & B). Nonetheless, by 6 months of age, sig-
nificantly lower levels were detected in the brains of
ApoE�/� vs WT mice for both p-tau markers (Fig. 2B;
PHF-1, p = 0.0002, �48 %; CP-13, p = 0.0039, �54 %), thus
confirming that ApoE deficiency resulted in an age-
dependent decrease in insoluble p-tau levels compared
to controls.

We further assessed age-related changes in 6-month
old mice compared to respective neonatal controls (inde-
pendent blots). Similar to the soluble fraction, distinct
immunoreactive banding was seen between the two age
groups. Immunoblotting analysis also detected similar
developmental and ageing profiles for both groups, with
a marked decrease in PHF-1 (Fig. 2C; WT, p = 0.0007,
�60 %; ApoE�/�, p < 0.0001, �54 %) and CP-13 (Fig. 2C;
WT, p = 0.0002, �86 %; ApoE�/�, p < 0.0001, �77 %). These
age-related changes were also confirmed with additional
qPCR analysis of tau gene expression, i.e. reduced expres-
sion was detected at 6 month compared to younger con-
trols for both genotypes (Fig. 2D; WT, p = 0.0099, �71 %;
ApoE�/�, p = 0.0011, �50 %).
4

3.2. Ab-related markers in ApoE�/� mice

Following on from our investigation of tau levels, we
subsequently explored the impact of ApoE loss on Ab-
related markers. Using immunoblotting, basal alterations
in these markers were assessed in neonatal ApoE�/� and
WT brain tissue. No differences in full length APP, as anal-
ysed by 6E10, or sAPPa were observed between ApoE�/�
and WT mice (Fig. 3A & B). Notably, monomeric Ab species
were also probed for, however, no signal was detected in
this age group. In contrast, levels of full length APP were
found significantly increased in 6-month old ApoE�/�
groups compared to controls (Fig. 3B; p = 0.0251, +
116 %), although these changes were found without alter-
ations to monomeric Ab levels as measured by MOAB-2
or sAPPa which remained consistent across genotypes
(Fig. 3B).

Furthermore, we used immunoblotting to assess age-
related changes in protein levels of Ab-related markers,
again in 6-month old animals compared to their respective
neonatal controls. In line with our finding that APP levels
were increased in 6-month old ApoE�/� animals, full-



Fig. 2. Decreased insoluble tau levels in 6-month old ApoE-/- compared to WT mice.
(A) RepresentativeWestern blots of insoluble tau assessed in neonate (WT, n = 7; ApoE-/- (A), n = 8) and 6-month old (WT, n = 8; A, n = 7) brain tissue and across
both ages (neonate (N), n = 7; 6-month old (mature, M), n = 8) in an age comparison. (B) Insoluble tau phosphorylation (p-tau; PHF-1, CP-13) levels in ApoE-/-
(Ap KO) neonate and 6-month old tissue compared to WT controls. (C) Changes in WT and ApoE -/- p-tau at 6-months old quantified according to neonatal
controls. P-tau levels were normalised to total tau (AT5) protein. (D) Tau gene expression over ageing with quantification at 6-months old compared to neonatal
groups for both WT and Ap KO mice (n = 5 for all). Data are illustrated as scatter plus mean+ SEM. ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

H. Buchanan, C. Hull, M. Cacho Barraza et al. Aging Brain 2 (2022) 100055
length APP (measured by 6E10) was significantly increased
at the older age in ApoE�/� animals compared to their
neonatal controls, but not for WT groups (Fig. 3C;
p = 0.0014, + 195 %). Protein levels of sAPPa, on the other
hand, were unchanged for both WT and ApoE�/� mice
(Fig. 3C). Monomeric Ab species were also examined across
ageing for both genotypes. However, immunoreactivity
was only detected at the older age, therefore, the increase
in protein levels at 6 months of age was not quantified and
has been plotted as adjusted raw values for visual refer-
ence only (Fig. 3C). Age-related changes in APP gene
expression, explored using qPCR analysis, revealed an
increased expression at 6 months for both WT (Fig. 3D;
p < 0.0001, + 174 %) and ApoE�/� (Fig. 3D; p < 0.0001, +
192 %) groups. Thus, taken together our results indicate
that while Ab-related markers were unchanged at birth,
ApoE deficiency promoted levels of full length APP at 6
months of age.
3.3. Synaptic protein levels in ApoE�/� mice

To examine the association of ApoE and synaptic
changes, we next assessed levels of two markers: the
presynaptic vesicular marker, synaptophysin (SYP), and
the postsynaptic scaffolding protein, PSD95. Surprisingly,
in neonatal brain tissue, while there was no difference in
5

protein levels of PSD95 across genotypes (Fig. 4A & B),
levels of SYP were found to be significantly higher in
ApoE�/� mice (Fig. 4B; p = 0.0059, + 36 %). In contrast,
by 6 months of age, reduction of SYP levels approached sig-
nificance (Fig. 4B; p = 0.0544); here, PSD95 levels were also
lower in ApoE�/� compared to WT controls (Fig. 4B;
p = 0.0114, �15 %). Hence, our data are in agreement with
previous suggestions of an age-dependent synaptic reduc-
tion in KO vs WT mice [32,41]. Further investigations of
age-related changes in synaptic markers (by measuring
6-month protein levels compared to their respective
neonatal controls in separate blots), indicated higher pro-
tein levels of presynaptic SYP at 6 months for both
ApoE�/� (Fig. 4C; p < 0.0001, +593 %) and WT (Fig. 4C;
p = 0.0006, +761 %) mice. This developmental adjustment
also coincided with increasing protein levels of PSD95 in
WT brain tissue (Fig. 4C; p = 0.0005, +227 %). Interestingly,
however, this was not seen in ApoE�/� tissue, where
PSD95 levels remained constant across neonatal and 6-
month old groups (Fig. 4C), further indicative of synaptic
adjustments in ApoE�/� animals.
3.4. Neuroinflammation in ApoE�/� mice

Neuroinflammation is another well-characterised fea-
ture of neurodegeneration, and loss of ApoE has previously



Fig. 3. ApoE-/- mice have increased full length APP levels at 6 months.
(A) Representative Western blots of WT and ApoE-/- (A) neonate and 6-month old brain tissue with molecular weights indicated. WT and ApoE-/-
examination over ageing using neonate (N) and 6-month (mature, M) old samples is also shown. (B) Quantification of ApoE-/- (Ap KO) neonate and 6-month
old samples probed for full-length APP (APP, 6E10), sAPP a and monomeric (mono) A b (MOAB-2), expressed relative to WT controls. (C) Age-dependent
changes assessed in WT and ApoE KO mice at 6-month were quantified according to respective neonatal levels. All markers were normalised and adjusted
to the loading control (Coomassie Blue total protein stain). For reference, age-related changes in monomeric A b (MOAB-2) were plotted as Coomassie
adjusted raw values. N = 8 for all. (D) Analysis of APP gene expression across ageing and development in 6-month old compared to neonatal WT and Ap KO
mice (n = 5). Individual data are shown as scatter, plus mean+ SEM. * = p < 0.05, ** = p < 0.01, **** = p < 0.0001.
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been associated with neuroinflammatory pathologies
[27,70]. To explore respective markers in our cohorts, WT
and ApoE�/� brain tissue was probed for Iba1, a marker
of microglia, and GFAP, a marker of astrogliosis. Early phe-
notypic changes were firstly assessed using brain tissue
from neonatal mice, where Iba1 protein levels, measured
by immunoblotting, were significantly elevated in
ApoE�/� compared to WT controls (Fig. 5A & B;
p = 0.0395, +25 %). At this age, total levels of GFAP and its
isoforms remained unchanged across groups (Fig. 5B). Sim-
ilarly, by 6-months of age, an increase in Iba1 protein levels
in ApoE�/� brains approached significance (Fig. 5C;
p = 0.055), again alongside unaltered GFAP levels
(Fig. 5C). Collectively, our data determined that ApoE�/�
mice present with an inflammatory phenotype, specifically
related to microglia, and that this inflammatory profile
emerged at birth.

Subsequent immunoblots to specifically confirm age-
related adjustments in neuro-inflammatory markers were
assessed in ApoE�/� and WT brain tissue. As expected,
analysis of 6-month old WTs revealed a significant decline
in Iba1 compared to their neonatal controls (Fig. 5D;
p = 0.0001, �49 %), a likely reflection of glial numbers
which are high during the first weeks of postnatal develop-
ment and then decline and plateau [39,46]. Similar
changes were not seen in ApoE�/� groups; microglial
levels remained constant between birth and adulthood
6

(Fig. 5D). For the astrocytic marker, GFAP, lower levels of
the 45 kDa isoform were confirmed for both WT (Fig. 5E;
p < 0.0001, �82 %) and ApoE�/� (Fig. 5E; p = 0.0031,
�76 %) at 6-months old vs neonates. Yet, only WTmice dis-
played alterations in the 50 kDa isoform, here, levels signif-
icantly decreased at 6 months compared to neonatal
controls (Fig. 5E; p = 0.0275, �57 %). Consequently, reliably
decreased total GFAP protein levels at 6 months old vs
younger controls were only confirmed for WT (Fig. 5E;
p < 0.0001, �77 %) mice, while the ApoE�/� group
remained unchanged (Fig. 5E). Taken together, these find-
ings demonstrate an enhanced inflammatory profile, and
also altered age-related adjustments in inflammatory pro-
teins, in ApoE�/� mice.

3.5. Tau kinases and protein translation in ApoE�/� mice

Lastly, in order to investigate whether post-
translational changes in kinase activity could account for
differences seen in p-tau status, or if protein translation
was overall affected by the loss of ApoE, immunoblotting
analysis for these markers was conducted (Fig. 6A). Neona-
tal tissue was firstly assessed to determine whether early
changes were occurring. Levels of phospho-JNK (the active
form of the kinase) were significantly increased in
ApoE�/� animals compared to controls (Fig. 6B;
p = 0.0289, + 46 %). ApoE absence was confirmed to only



Fig. 4. ApoE-/- mice present with an age-related synaptic decline.
(A) Representative Western blots of WT and ApoE-/- (A) neonatal (WT, n = 7; A, n = 8) and 6-month old (WT, n = 8; A, n = 7) brain tissue. Western blots of
neonate (N) and 6-month old (mature, M) samples for an age comparison analysis are also presented. (B) Quantification of synaptophysin (SYP) and PSD95
protein levels in WT and ApoE-/- (Ap KO) neonate and 6-month old mice. (C) SYP and PSD95 protein levels in 6-month old WT and Ap KO brain tissue
expressed according to respective neonatal controls. All markers were normalised to Coomassie-stained total protein. Data are shown as scatter, plus mean
+ SEM. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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affect phosphorylation status, as total JNK levels were
unchanged (Fig. 6B). On the other hand, analysis of GSK3b,
the major tau kinase, revealed that levels of phospho-
GSK3b (the inactive form) and total GSK3bwere unaffected
by genotype (Fig. 6B).

Furthermore, we also analysed protein levels of riboso-
mal S6 (rpS6). While the exact details of rpS6‘s role is lar-
gely unknown, the phosphorylated and active form of this
protein is associated with increased protein translation
[6,12] and can therefore be used as an indicator of protein
synthesis. We report that ApoE�/� neonatal animals pre-
sented with lower levels of p-rpS6 compared to WT mice;
this decrease occurred in the absence of a difference in
total levels (Fig. 6B; p = 0.0497, �11 %). Thus, altered
kinase activity and reduced protein synthesis rates may
be an early occurring phenotype in the absence of ApoE.

Analysis of 6-month old tissue, however, revealed that
in contrast to the younger tissue, phosphorylation levels
of JNK, and thus the active isoform of JNK, were markedly
decreased in ApoE�/� mice compared to WTs (Fig. 6C;
p = 0.0274, �34 %). Additionally, analysis of GSK3b sug-
gested an increase in its activity due to the decline of inac-
tive p-GSK3b (Fig. 6C; p = 0.015, �78 %). For both kinases,
total levels of the protein were consistent across ApoE�/�
and WT tissue, confirming the effect of ApoE loss on phos-
phorylation only (Fig. 6C). Analysis of rpS6 (both phospho-
rylated and total) also yielded no statistical difference
between analytical groups (Fig. 6C). Together, these data
demonstrate comparable protein translation at the older
age with alterations to tau-associated kinases.
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4. Discussion

This study used ApoE�/� mice to examine the impact
of ApoE loss on CNS markers of brain physiology and
pathology. Several pathways relevant to AD states (tau,
Ab species, synaptic pathways, neuroinflammation and
protein turnover activity) were interrogated in neonatal
and 6-month old tissues. Collectively, our findings high-
light the importance of this protein to brain maturation
and function and demonstrate that absence of ApoE, or loss
of its function, causes alterations in several key processes
with phenotypic manifestations already emerging in early
development.

Abnormal phosphorylation of the microtubule binding
protein, tau, is a key event in tauopathies. While ApoE
has been associated with its stabilisation and the forma-
tion of microtubules [61], previous studies remained con-
flicted on whether tau phosphorylation is increased [22],
2000) or unchanged [43,55]. We here provide evidence
that phosphorylation is in fact reduced in ApoE�/� mice,
largely in an age-dependent manner. ApoE interaction with
cytoskeletal proteins is not limited to tau, but also includes
proteins such as microtubule associated protein 2 (MAP2),
actin and tubulin [18,25]. ApoE3 binding of tau in vitro has
been proposed to prevent its self-assembly / phosphoryla-
tion [61]. Hence, we suggest that the decreased phosphory-
lation observed here may be related to a broader role for
ApoE in maintaining the cytoskeleton. Indeed, Veinbergs
et al. [68] observed reduced levels of the dendritic marker,
MAP2, in the frontal cortex and hippocampus of ApoE�/�



Fig. 5. Increased inflammatory protein levels and altered age-related changes in ApoE-/- compared to WT mice.
(A) Representative Western blots of ApoE-/- andWT neonatal (WT, n = 7; A, n = 8) and 6-month (WT, n = 8; A, n = 7) old brain tissue with molecular weights
shown. Western blots of neonatal (N) and 6-month (mature, M) samples used for an age-comparison are also included. Quantification of ApoE-/- (Ap KO)
Iba1 and GFAP (45kDa, 50kDa, total) protein levels in (B) neonate and (C) 6-month old brain tissue compared to WT levels. Age-related changes in WT and
ApoE-/- (D) Iba1 and (E) GFAP protein levels expressed relative to respective neonatal levels. All markers were normalised to Coomassie total protein stain.
Data are displayed as scatter and mean+SEM. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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mice, while extensive disruption to the dendritic compart-
ments and reduced levels of a and b tubulin have also been
seen [40]. Together, these data suggest that ApoE is
required to maintain the stability of the somatodendritic
apparatus. While tau phosphorylation is physiologically
essential for e.g. axonal transport [58], this is subject to a
continuous and dynamic regulation. Abnormally low or
ineffective ApoE levels could therefore alter cytoskeletal
integrity [35]. It is noteworthy that p-tau differences were
already prominent at the neonatal age. Tau phosphoryla-
tion is linked to neurogenesis and is highest during early
development [21], while ApoE3 can promote neurite
extension, linked to microtubule stability [14,45]. In view
of our observations, reduced p-tau levels are indicative of
deficits in these processes caused by absence of ApoE at
birth, which consequently could have wide-ranging dam-
aging as well as compensatory implications.

In light of the alterations to tau, we also examined tau-
associated kinases. The active isoform of JNK was indeed
decreased in 6-month old ApoE deficient mice, yet analysis
of GSK3b, the major tau kinase, indirectly pointed towards
elevated levels of the active kinase isoform. Increased tau
kinase activity has been shown previously, with enhanced
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activation of JNK and GSK3b detected in ApoE�/� mice on
high cholesterol diet; the authors suggested this to con-
tribute to diet-induced tau hyper-phosphorylation [55].
Therefore, similarly to previous studies, we here identify
a close link between ApoE and altered kinase activation
although it is unlikely that the alterations seen here are
directly responsible for the observed decrease in tau phos-
phorylation. Nevertheless, the mechanisms behind these
differences require further examination as JNK and GSK3b
have numerous other neuronal functions [5,76].

In relation to the other hallmark of AD, Ab, the conse-
quence of global ApoE�/� on brain pathology is less clear.
Previous studies utilising ApoE�/� animals crossed with
Ab-transgenic models suggested that ApoE facilitates
[4,66] but is not required [15] for Ab fibrillization and
deposition. In the present study, we found that lack of
ApoE at 6 months of age and across ageing is sufficient to
promote an increase in full length APP, the precursor of
Ab. We note that these changes were without alterations
to levels of soluble sAPPa and monomeric Ab, however,
given the observed age-dependent increase in APP it is
plausible that downstream effects may not be apparent
yet at 6 months. In view of the notion that ApoE deficiency



Fig. 6. ApoE-/- mice display altered kinase activity and protein translation.
(A) Representative Western blots of neonate (WT, n = 7; A, n = 8) and 6-month old (WT, n = 8; A, n = 7) brain tissue with molecular weights shown.
Quantification of p-JNK, JNK, p-GSK3 b, GSK3 b, p-rpS6 and rpS6 protein levels in (B) neonate and (C) 6-month old ApoE-/- (Ap KO) tissue according to WT
controls. Phospho (p) proteins were normalised to their respective total protein levels and total proteins were adjusted to Coomassie blue total protein
stain. Data are presented as scatter plus mean+ SEM. * = p < 0.05.
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can be considered to some extent similar to a loss of func-
tion caused by ApoE4, it is of interest that Huang et al. [26]
discovered that ApoE was able to increase APP mRNA
levels in an isoform-dependent (ApoE4 > ApoE3 > ApoE2)
manner resulting in corresponding increases in Ab species.
Similarly, Lee et al. [34] reported that levels of APP were
increased in neuronal human iPSCs when cultured in con-
ditioned media from ApoE4 compared to ApoE3 astrocytes.
A recent study has also connected ApoE and neuronal APP
via a shared mechanism whereby ApoE employs astrocyte-
derived cholesterol to shuttle APP in and out of lipid clus-
ters [72]. Taken together, there are clear implications for
ApoE in the regulation of APP, and we posit that the
ApoE�/� model may provide valuable insights that could
be followed up regarding ApoE4-mediated loss of function
diseased states.

The impact of ApoE�/� on synaptic function has not
been conclusively determined with data of both an age-
related decline [32,41] and no change reported [1]. Our
results offer agreement for age-associated synaptic adjust-
ments, with increased synaptophysin levels observed in
neonates as a potential manifestation of early compen-
satory mechanisms to sustain synaptic function. Some-
what in line with this, we also found reduced p-rpS6
levels in younger mice, suggestive of a lower protein syn-
thesis and translational activity in neonates. Notably, in
support of ApoE’s absence affecting the somatodendritic
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compartment to a larger extent [41,40,68], we found a
greater decline in postsynaptic compared to presynaptic
protein levels in 6-month old animals. When examining
age-related developmental changes, we also showed that
ApoE�/� PSD95 levels remained constant across matura-
tion, highly indicative of a postsynaptic deficit since WT
showed a substantial increase with age. Thus, we concur
with the existing literature which strongly implies that
CNS ApoE is required to maintain synaptic morphology,
and its loss is detrimental to neuronal function. What
causes this synaptic deficit remains to be answered, and
functional and behavioural tests should determine the ulti-
mate impact on neuronal communication. Importantly,
ApoE is a vital carrier of cholesterol that is required for nor-
mal neuronal physiology, including axonal growth, synap-
tic formation, synaptic re-modelling [42,57] and neuronal
reinnervation following injury [9,53], which may underlie
the changes observed here.

Furthermore, ApoE�/� animals also exhibited neuroin-
flammatory changes (neonatal mice displaying increased
Iba1 levels and 6-month old animals demonstrating a
strong trend), indicative of microgliosis. This phenotype
was evident here upon assessing age-related changes and
align with the consistently documented neuroinflamma-
tion in this model [27,68], as well as the observation that
these mice display an increased glial and cytokine
response following immune stimulation [36,77]. Early
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studies have described that ApoE-mimetic peptides
derived from the receptor-binding region of ApoE can sup-
press microglia and astrocytic responses [33,37]. There-
fore, together these data highlight the anti-inflammatory
nature of ApoE, with loss of this protein assumably associ-
ated with loss of its protective effect. The mechanism
behind ApoE’s long assumed role in immunomodulation
is not clear but inhibition of JNK [52], modulation of micro-
glial phagocytosis via TREM2 interaction [31] and acting as
a checkpoint inhibitor of the complement cascade [74]
have all be proposed. It is interesting that the different
GFAP isoforms displayed variations across ageing in
ApoE�/� animals compared to controls. CNS ApoE is pri-
marily produced by astrocytes, so it is plausible that loss
of this protein would in some way alter the function and
activity of these glial cells. Up to 10 different GFAP iso-
forms have been identified [44], and the ApoE genotype
can influence glial activation [77]; therefore, our findings
indicate a mutual modulation of specific isoforms.

Ultimately, it is clear that ApoE has a myriad of func-
tions across the CNS and deficiencies as well as loss of
function of this protein impacts several brain processes.
However, when assessing the translational relevance of
ApoE-related studies, disparities between murine and
human lipoprotein biology should be considered. These
include but are not limited to differences in major choles-
terol carrier, ApoE expression in which mice express only
one form of the ApoE protein compared to the three in
humans, and gene homology [38,73]. In addition, neuronal
disturbances may not necessarily be directly due to the
loss of ApoE per se, but rather a secondary disruption. This
model also displays several alterations such as brain oxida-
tive stress [59] and cholinergic deficits [24], which equally
may underpin functional deterioration. Similarly, periph-
eral ApoE loss which induces a susceptibility to atheroscle-
rosis, may also impact the findings generated here in the
CNS; we found no differences to brain cholesterol levels
in ApoE�/� mice while serum levels were dramatically
altered. While peripheral and CNS ApoE have historically
been considered as discrete pools, accumulating evidence
suggests an interplay and crosstalk between the two com-
partments as exemplified by Lane-Donovan et al. [32] who
strongly implied that peripheral and CNS ApoE can exert
independent effects on brain function. This builds on previ-
ous observations that hypertriglyceridemia and hyperc-
holesteremia can negatively impact cognition and AD-
associated pathologies [16,65]. On this note, only 6-
month old female ApoE�/� animals were investigated
here, primarily due to the ease at which female mice can
be group-housed. However, previous work has shown that
female ApoE�/� animals display elevated serum choles-
terol levels and an increased susceptibility to developing
atherosclerosis vs males [8,67], a phenotype which may
contribute to the documented worsened cognitive dys-
function also seen in this sex [32,54]. Therefore, it would
be interesting for future studies to also conduct a gender
comparison on the pathways investigated here. How lack
of ApoE may transduce across the BBB remains to be
shown, but ApoE deficiency leads to a BBB impairment
which may permit easier access of neurotoxic agents into
the brain [20] and here (Fig. S3). Thus, confounding factors
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arising from the development of atherosclerosis and
whether the origin of CNS changes are a consequence of
peripheral or central pathology remains to be confirmed.
Importantly, however, we also assessed neonatal brains
to mitigate peripheral influence and found that absence
of ApoE even at this age was sufficient to induce CNS
changes, thus confirming the importance of ApoE to nor-
mal physiology and CNS development.

4.2. Conclusion

In conclusion, the ApoE�/� mouse model is an impor-
tant tool to investigate the role of ApoE and the conse-
quences of its absence. Together, we here demonstrate
that loss of ApoE results in alterations to several processes
and pathways across the brain. Phenotypes emerged from
early age, further highlighting the importance of this pro-
tein to normal processes. Questions remain as to the con-
tribution of peripheral vs CNS ApoE yet given the far-
reaching roles of this protein in the CNS, our data have sev-
eral implications for how it may influence AD disease
states. ApoE is strongly linked to the prevalence of AD
and advances in our understanding of ApoE CNS biology
will help identify pathological mechanisms and additional
therapeutic targets.
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