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Abstract

APOE is a major genetic factor in late-onset Alzheimer’s disease (LOAD), with APOE4 increasing risk, APOE3 acting

as neutral, and APOE2 offering protection. APOE also plays key role in lipid metabolism, affecting both peripheral

and central systems, particularly in lipoprotein metabolism in triglyceride and cholesterol regulation. APOE2 is linked
to Hyperlipoproteinemia type Ill (HLP), characterized by mixed hypercholesterolemia and hypertriglyceridemia due
to impaired binding to Low-Density Lipoproteins receptors. To explore the impact of human APOE isoforms on LOAD
and lipid metabolism, we developed Long-Evans rats with human APOE2, APOE3, or APOE4 in place of rat Apoe. These
rats were crossed with those carrying a humanized App allele to express human AB, which is more aggregation-prone
than rodent AR, enabling the study of human APOE-human AR interactions. In this study, we focused on 80-day-

old adolescent rats to analyze early changes that may be associated with the later development of LOAD. We found
that APOE2™¥ rats had the highest levels of APOE in serum and brain, with no significant transcriptional differences
among isoforms, suggesting variations in protein translation or stability. AB43 levels were significantly higher in male
APOE4"® rats compared to APOE2™P rats. However, no differences in Tau or phosphorylated Tau levels were observed
across the APOE isoforms. Neuroinflammation analysis revealed lower levels of IL13, IL4 and IL5 in APOE2™P males
compared to APOE4™® males. Neuronal transmission and plasticity tests using field Input-Output (/O) and long-term
potentiation (LTP) recordings showed increased excitability in all APOE-carrying rats, with LTP deficits in APOE2Band
APOE4™# rats compared to Apoe™® and APOE3™¥ rats. Additionally, a lipidomic analysis of 222 lipid molecular spe-
cies in serum samples showed that APOE2"# rats displayed elevated triglycerides and cholesterol, making them

a valuable model for studying HLP. These rats also exhibited elevated levels of phosphatidylglycerol, phosphatidyl-
serine, phosphatidylethanolamine, sphingomyelin, and lysophosphatidylcholine. Minimal differences in lipid profiles
between APOE3"P and APOF4"# rats reflect findings from mouse models. Future studies will include comprehensive
lipidomic analyses in various CNS regions and at older ages to further validate these models and explore the effects
of APOE isoforms on lipid metabolism in relation to AD pathology.
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Introduction

The Apolipoprotein E (APOE) gene plays an important
role in both lipid metabolism and neurological func-
tions. In humans, there are three forms of APOE: APOE2,
APOE3, and APOE4. These forms are distinguished by
the presence of either arginine or cysteine residues at
positions 112 and 158. APOE4, the ancestral form of
APOE, is has arginine residues at positions 112 and 158
[1] and is present in about 12% of the population. APOE3
is the most common variant in contemporary human
populations with a prevalence of 69-82% depending on
geolocation [2]. APOE3 emerged later through an argi-
nine-to-cysteine substitution at position 112 of APOE4,
dating back approximately 200,000 years based on time-
depth analysis and natural selection assumptions [3]. The
fact that APOE3 is more recent compared to APOE4,
yet significantly more prevalent, implies a positive selec-
tion pressure favoring APOE3. APOE2, the least com-
mon variant, originated around 80,000 years ago from
an arginine-to-cysteine substitution at position 158 of
the APOE3 gene. APOE is predominantly expressed in
hepatocytes, macrophages, and astrocytes, a type of glial
cell in the brain [4, 5].

APOE is genetically linked to late-onset sporadic Alz-
heimer’s disease (LOAD), with APOE4 being a significant
risk factor, APOE3 considered the “neutral” allele, and
APOE2 exerting a protective role against LOAD [6, 7].
The prevailing hypothesis linking APOE to LOAD sug-
gests that AP production and deposition vary with APOE
isoforms. AP, the primary component of amyloid plaques
that characterize AD pathology, originates from sequen-
tial cleavage of the Amyloid-p Precursor Protein (APP)
by B- and y-secretases (known as the amyloidogenic
processing pathway). APOE isoforms likely influence
AP production by modulating lipid metabolism and the
lipid composition of cellular membranes, with APOE4
promoting amyloidogenic APP cleavage and AP produc-
tion more than APOE3 [8-10]. Moreover, APOE facili-
tates AP clearance and inhibits its aggregation through
the formation of APOE-Af complexes, with APOE3-AfB
complexes being approximately 20 times more prevalent
than APOE4-Ap complexes [11, 12]. Additionally, APOE
isoforms may impact neurite growth differently [13] and
affect neuronal cell survival in an isoform-dependent
manner [14].

To investigate the impact of human APOE isoforms on
LOAD, we developed Long-Evans rats with the rat Apoe
gene replaced by human APOE2, APOE3, or APOE4 vari-
ants. Given that the pathogenic mechanisms linked to
APOE4 may significantly influence LOAD pathogenesis
through its effects on AP production and metabolism
via direct interaction with AP, we crossed these human
APOE replacement rats with rats carrying a humanized

Page 2 of 30

App allele (App" allele) [13]. Humanization of App tar-
geted the AP region via humanization of the three
amino acid differences between rodent and human Ap.
Therefore, these rat models, designated as APOE2",
APOE3"# and APOE4"#, are expected to physiologically
express both human APOE isoforms and human Ap.

These amino acids differences in Ap may be crucial as
human AP is more prone to aggregation compared to
its rodent counterpart. In addition, rodent A may not
interact as effectively with human APOE as human Afp
does, which could reduce the ability to accurately study
pathogenic and physiological mechanisms based on
APOE-Ap interactions. This setup enables the investiga-
tion of mechanisms underlying the interaction between
human APOE and human Af. These new rat models rep-
resent an advancement compared to earlier rodent mod-
els carrying human APOE variants, as they now allow for
a comprehensive exploration of the interplay between
human APOE and human A that was not possible in
these earlier models [14—16].

We selected rats for these LOAD models because they
offer distinct advantages for studying neurodegenerative
diseases. Rats are preferred for behavioral, memory, and
cognitive research due to their physiological similari-
ties to humans and their high learning capacity [17-20].
The larger size of the rat brain facilitates several proce-
dures crucial to dementia research, including in vivo
brain imaging techniques like MRI [21] and PET [22-24],
which achieve better spatial resolution in rats, allow-
ing for detailed assessment of neurodegeneration. Rats
also support more accessible in vivo electrophysiologi-
cal recordings and cerebrospinal fluid sampling for bio-
marker detection. Gene expression differences suggest
that rats may be advantageous model of neurodegen-
erative diseases over mice. Alternative spicing of MAPT,
which codes for Tau, the protein that forms Neuro Fibril-
lary Tangles and is mutated in Frontotemporal Dementia
[25-27], leads to expression of Tau isoforms with three
or four microtubule binding domains (3R and 4R, respec-
tively). Adult human and rat brains express both 3R and
4R Tau isoforms [28]: in contrast, adult mouse brains
express only 4R tau [29], suggesting that the rat may be a
better model organism for dementias with tauopathy.

APOE also plays a crucial role in lipid metabolism,
both peripherally and in the central nervous system.
Plasma APOE circulates in the bloodstream and is
associated with chylomicron, very low-density lipo-
protein (VLDL), and high-density lipoprotein (HDL)
particles, playing a crucial role in their metabolism.
Chylomicrons, which are derived from the intestine,
and VLDL particles, which come from the liver, are
lipolyzed in the bloodstream by an enzyme called lipo-
protein lipase (LPL). APOE on the remnant lipoprotein
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particles binds to low-density lipoprotein (LDL) recep-
tors, LDL receptor-related proteins (LRP), and heparan
sulfate proteoglycans (HSPG) on the surface of liver
cells [30]. These remnant particles are then endocytosed
by the liver cells and removed from the bloodstream.
Some VLDL remnants are cleared quickly, while others
undergo further lipolysis and are gradually converted
into intermediate-density lipoprotein (IDL) and eventu-
ally into LDL [31]. LDL particles do not contain APOE,
and their removal from the bloodstream is facilitated by
the binding of another protein, APOB, to the LDL recep-
tor (LDLR) [32]. APOE is also crucial for the produc-
tion of VLDL particles. Its expression within liver cells
promotes the assembly and secretion of VLDL particles.
Optimal expression of APOE is essential for the normal
metabolism of triglyceride (TG)-rich lipoproteins. How-
ever, overexpression or accumulation of APOE stimu-
lates the production of VLDL triglycerides [33], leading
to hypertriglyceridemia. Additionally, an excess of APOE
on VLDL particles can hinder their lipolysis [34], result-
ing in elevated plasma triglyceride levels.

The critical role of APOE in lipid metabolism is under-
scored by evidence showing that APOE2 homozygosity
can lead to Hyperlipoproteinemia type III (HLP), char-
acterized by mixed hypercholesterolemia and hypertri-
glyceridemia [35-39]. This is attributed to the fact that
the cysteine change at position 158 in APOE2, near the
LDLR binding region, hinders APOE2 binding to the
LDLR [30, 40]. In addition, APOE4 is linked to hyper-
cholesterolemia and increased risk of cardiovascular dis-
orders (CVD) [7, 41], although the specific underlying
mechanism remains unclear [39, 42].

In this study, we provide an initial characterization of
APOE2"8, APOE3" and APOE4"# rats, focusing on
early effects (~80-day-old adolescent rats) of these APOE
isoforms on APP processing, Tau phosphorylation, neu-
roinflammation, synaptic plasticity, and plasma lipidom-
ics. Our findings may highlight early changes associated
with APOE isoforms that could later impact LOAD risk,
potentially through alterations in APP processing, Tau
metabolism, and lipid pathways.

Materials and methods

Animals

All experiments were done according to policies on the
care and use of laboratory animals of the Ethical Guide-
lines for Treatment of Laboratory Animals of the NIH.
Relevant protocols were approved by the Rutgers Insti-
tutional Animal Care and Use Committee (Protocol
#201702513). All efforts were made to minimize animal
suffering and reduce the number of rats used.
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Generation of Long-Evans rat models expressing human
APOE variants with human APP gene
gRNAs targeting vectors and the donor vector, which
is flanked by homologous arms, were constructed and
confirmed by sequencing (designed as shown below).
The vectors’ sequences are available at the indicated
links.

gRNA designed:

gRNA1 (matches forward strand of gene): AATCAC
AACTGGGAAGATGAAGG

gRNA2 (Cas9_D10A) (matches reverse strand of
gene): TTCATCTTCCCAGTTGTGATTGG

gRNA3 (Cas9_D10A) (matches forward strand of
gene): AATCACAACTGGGAAGATGAAGG
vectors on

Links the the and donor

VectorBuilder:

gRNA

gRNAL: https://www.vectorbuilder.com/vector/VB171
212-1056smp.html

gRNA2 (Cas9_DI10A): https://www.vectorbuilder.
com/vector/VB171212-1329ath.html

gRNA3 (Cas9_D10A): https://www.vectorbuilder.
com/vector/VB171212-1058ubb.html

Donor vector for APOE2 plus SV40 late polyadenyla-
tion site flanked by homologous arms: https://www.
vectorbuilder.com/vector/VB171225-1186ayg.html
Donor vector for APOE3 plus SV40 late polyadenyla-
tion site flanked by homologous arms: https://www.
vectorbuilder.com/vector/VB171225-1189pmt.html
Donor vector for APOE4 plus SV40 late polyadenyla-
tion site flanked by homologous arms: https://www.
vectorbuilder.com/vector/VB171225-1191dnt.html

Cas9 mRNA, gRNA generated by in vitro transcription,
and oligo donor were co-injected into fertilized eggs to
generate knock-in (KI) rats. The PCR primer pairs used
to determine correct KI insertion and the integrity of the
APOE sequences’ insertions were as follows (5’ to 3’):

SPF1: CACCCGTGGCAGAGGAATCAAC x SPRI:
TTCTAGCGGGTCGGGTCGTCT

SPF2: CCAACCCCCTTCATCTGGATTTC x SPR2:
AAAGGTCAGAATTAGGGTGGGAGGE
KI-1-FTGCTCTATTGTGGAGATGTTTGTGATG
x KI-1-R: GTGTGGGGGTGATGGAGAATAAAG
ATC

KI-2-F: CCACACCCGACTAACTTTTTTGTATTTTC
x KI-2-R: TCAACTCCTTCATGGTCTCGTCCATC
KI-3-F: GCCTCCTAGCTCCTTCTTCGTCTCTG x
KI-3-R: CAGGCGTATCTGCTGGGCCTG
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KI-4-F: TAAGCGGCTCCTCCGCGATG x KI-4-R:
AGCAGAATCGCTTGAACCCAAGAG

KI-5-F: CCTCAGTTTCTCTTTCTGCCCACATA
x KI-5-R: TATTATGGATAGGGAAAGACAAGG
CC

The primers used for the Southern blot analysis were:

5 arm Probe: F: CCAAGATTATACATCCGGCAA
CCG xR: GGCTGGAGGCTTAAATGGAAATAGG
3" arm Probe: F: TGTTGGTCCCATTGCTGACAG
GTA x R: AAGCAACAGTGCGTCTGGAAGTCAG

To generate APOE2"#, APOE3"* and APOE4"*# rats,
we doubly crossed humanized APOE rats described
above with App”" rats that carries App genes with the
humanized AP sequence. The App” allele enables the
physiological production of human Ap instead of rodent
AP from the endogenous rat App gene [43-49].

Protein preparation

These procedures were performed as previously
described [50]. Briefly, the rats were first put under anes-
thesia using isoflurane, followed by perfusion through
intracardiac catheterization using ice-cold PBS. Brains
were extracted and homogenized with a glass-teflon
homogenizer in 250 mM Sucrose, 20 mM Tris-base pH
74,1 mM EDTA, 1 mM EGTA plus protease and phos-
phatase inhibitors (Thermo Scientific). All steps were
carried out on the ice. Homogenates were solubilized
with 1% NP-40 for 30 min rotating and spun at 20,000 g
for 10 min. Supernatants were collected and protein con-
tent was quantified using the Bradford method.

Quantitative RT-PCR

Total brain RNA was extracted using the RNeasy RNA
Isolation kit (Qiagen) and converted to cDNA using the
High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher) with oligo dT priming. For each reaction, 50 ng of
cDNA, TagMan"™ Fast Advanced Master Mix (Thermo
Fisher 4444556), and the appropriate TagMan probes
(Thermo Fisher) were used. Real-time PCR was con-
ducted on a QuantStudio 6 Flex Real-Time PCR System
(Thermo Fisher). Relative RNA quantification was per-
formed using LinRegPCR software (hartfaalcentrum.
nl). The rat Apoe transcript was detected using probe
Rn00593680_m1 targeting exon junction 3-4, while
human APOE was detected using probe Hs00171168_m1
for the same exon junction. Amplification data were nor-
malized to rat Gapdh expression, assessed using probe
Rn01775763_g1.
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ELISA

For analysis of human APOE, AB38, Ap40, AB42, sAPPa
and sAPPBSw, the following Meso Scale Discovery kits
were used: levels of APOE were measured with R-PLEX
Human ApoE Assay (K151AMLR) (serum samples were
diluted 1:20,000), AB38, AB40, and AP42 were measured
with V-PLEX Plus AP Peptide Panel 1 6E10 (K15200G);
sAPPa and sAPPp were measured with sAPPa/sAPP kit
(K15120E). For analysis of AB43, IBL Human Amyloidf
(1-43) (FL) Assay Kit (27710) was used. Cytokines (IFN-
y, IL-1pB, IL-4, IL-5, IL-6, IL-10, IL-13, CXCL1, and TNE-
a) were measured with V-PLEX Proinflammatory Panel
2 Rat Kit (K15059D). All measurements were performed
according to the manufacturer’s recommendations.
Plates were read on a MESO QuickPlex SQ 120.

Western blots (WB)

WB were performed as follows: proteins were diluted
with PBS and LDS Sample Buffer (Invitrogen NP0007)
containing 10% [-mercaptoethanol, and 4.5M urea to
a concentration of 1 pg/pl. Samples were loaded onto a
4-12% Bis-Tris polyacrylamide gel (Biorad 3450125) and
transferred onto nitrocellulose membranes at 25 V for
7 minutes using the Trans-Blot Turbo system (Biorad).
Blotting efficiency was confirmed by red Ponceau stain-
ing of the membranes.

Membranes were blocked for 45 minutes in 5% milk
(Biorad 1706404), followed by extensive washing in PBS/
Tween20-0.05%. Primary antibodies (anti-APOE Rab-
bit mAb, Cell Signaling Technology, 10197SF; anti-APP
(Y188) Rabbit mAb, Abcam, Ab32136; anti-GAPDH
Rabbit mAb, Sigma, g9545; anti-PSD95, Cell Signaling
Technology, 3450) were used at 1:1000 dilution over-
night at 4°C. Additionally, we used the following anti-Tau
monoclonal antibodies developed by Dr. Peter Davies, at
a 1:500 dilution: Total Tau (DA9), Tau-pS*** (CP13), Tau-
pT?3! (RZ3), and Tau-pS>*¢-4%* (PHF1).

After washing three times for 10 minutes each with
PBS/Tween20-0.05%, membranes were incubated with a
mixture of HRP-conjugated anti-rabbit secondary anti-
bodies (Southern Biotech, OB405005 and Cell Signal-
ing Technology, 7074) diluted 1:1,000 in 5% milk for 45
minutes at room temperature with shaking. Blots were
developed using Clarity Western ECL reagent (Bio-rad
1705061) and visualized on a ChemiDoc MP Imaging
System (Bio-Rad). For WB quantifications, signal inten-
sities were analyzed with Image Lab software (Bio-Rad).

Hippocampal electrophysiology experiments

Electrophysiology recordings employed in this study
closely follow the experimental procedures outlined in
our previously published work [51]. The rats were first
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anesthetized using isoflurane (Covetrus, OH) and intra-
cardiac perfusion was performed using ice-cold cutting
solution (120 mM choline chloride, 26 mM NaHCO3,
15 mM D-Glucose, 2.6 mM KCl, 1.25 NaH2PO4, 1.3
mM ascorbic acid, 7 mM MgCl2, and 0.5 mM CaCl2).
The brains were removed from the skull and rapidly
placed in ice-cold cutting solution bubbled with 95%
02 / 5% CO2. Coronal brain slices of 300 pm thick-
ness were then prepared using a Vibratome VT1200S
(Leica, Germany). The hippocampal formations were
carefully dissected using a microsurgical knife (Elec-
tron Microscopy Sciences, CA), and hippocampal
slices were incubated for 1 h in artificial cerebrospi-
nal fluid (ACSF, 124 mM NaCl, 26 mM NaHCO3, 10
mM D-Glucose, 3 mM KCI, 1 mM MgSO4, 1.25 mM
KH2PO4 and 2 mM CacCl2), bubbling with 95% O2/5%
CO2 at 30°C. Later hippocampal slices were trans-
ferred to the multielectrode dish (MED-515A, Alpha
MED Scientific Inc, Japan) with a 150pum interelectrode
distance. The chamber was perfused with oxygenated
ACSF at a flow rate of 1.5-2 mL/min, at 32°C. Basal
field excitatory postsynaptic potentials (fEPSP) were
generated by stimulating Schaffer collaterals at 0.05 Hz
and all recordings were done in stratum radiatum layer
of CA1 hippocampal region. For input/output curves
(I/O) the stimulation strength was increased from -5
to -80 pA in steps of 5 pA. The threshold stimulus was
determined as the stimulus strength needed to generate
30-40% of the maximum fEPSP amplitude during 1/0O
curve recordings. The long-term potentiation (LTP)
was induced after 15 min of baseline recording with a
O©-burst stimulation. ©-burst stimulation parameters;
Burst = 4 pulses with threshold stimulus at 100 Hz (10
ms pulse-intervals). This burst was repeated 10 times at
5 Hz and named as a train (200 ms burst-intervals). 4
trains of 10-bursts were administered at 10 s intervals
(in total 40 bursts were applied). LTP was analyzed in
3 different phases; short term potentiation (STP, 11-20
m), early-LTP (E-LTP, 51-60 m) and late-LTP (L-LTP,
111-120 m). Data were filtered at 1 kHz, digitized at 20
kHz and analyzed with Mobius software (Alpha MED
Scientific Inc, Japan).

Blood glucose and lipid profile measurements

Blood glucose levels were measured using the ACCU-
CHEK Guide Me system (Roche, mg/dL). For the blood
lipid profile, including total cholesterol (TC, range
100-450 mg/dL), HDL (range 25-95 mg/dL), LDL (cal-
culated), and TG (range 45-450 mg/dL), a CURO L7
Lipid Analyzer (CUROfit, CA) cholesterol home test
kit was utilized. Briefly, blood was collected via cardiac
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puncture from 80-day-old rats (with a sample size of 4
per sex per genotype). 35 pL of fresh blood was applied
to a lipid profile test strip and measured after 3 min-
utes. Measurements falling below the specified range
were rounded up to the closest integer within the
lower end, while those above the range were rounded
down to the closest integer within the upper end. LDL
levels were calculated using the Friedewald equation:
LDL (mg/dL) = TC - HDL - (TG/5).

Lipidomic analysis

Serum for lipidomic analysis was collected from the
same rats used for blood glucose and lipid profile meas-
urements. Blood was drawn into serum separator tubes
(BD Becton Dickinson vacutainers, SSTTM) and left
to incubate at room temperature for 30 minutes. The
tubes were then centrifuged at 2000xg for 10 minutes
to separate the serum, which was subsequently stored
at -80°C.

For lipidomic analysis, the protein content of the
thawed serum samples was quantified using a BCA
protein assay kit (Pierce, Rockford, IL, USA). A mix-
ture of approximately 20 internal standards was added
to serum samples based on the protein content for
quantification of individual lipid molecular species as
previously described [52]. The extraction of lipids was
carried out using a modified Bligh and Dyer extraction
method, as previously described [53]. Multi-dimen-
sional mass spectrometry (MDMS)-based shotgun lipi-
domics (MDMS-SL) was performed using electrospray
ionization mass spectrometry (ESI/MS) to measure
individual lipid molecular species [54—56]. Instrumen-
tation utilized was a triple-quadruple mass spectrom-
eter (Thermo Scientific TSQ Altis, San Jose, CA, USA)
equipped with a NanoMate device (Advion Biosci-
ence Ltd., Ithaca, NY, USA). Xcalibur system software
was utilized for this process. Data processing included
several steps such as ion peak selection, baseline cor-
rection, data transfer, peak intensity comparison, 13C
deisotoping, and quantitation. These steps were con-
ducted using a custom-programmed Microsoft Excel
macro, as previously described [57]. The concentra-
tions of the total lipid class populations were calculated
by summing the individually detected analytes that
belonged to the class.

Statistical analysis

Data were analyzed using GraphPad Prism software and
expressed as mean + SEM. Statistical tests used to evalu-
ate significance, and statistical data are shown in tables.
Significant differences were accepted at P < 0.05.
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Results

Generation of Long-Evans rat models expressing

either human APOE2, APOE3 or APOE4 variant genes

and the humanized App rat gene

The rat Apoe gene, with GenBank accession number
NM_138828.3 and Ensembl ID ENSRNOG00000018454,
is on rat chromosome 1. The gene comprises 4 exons,
with the ATG start codon located in exon 2 and the TGA
stop codon located in exon 4. Long-Evans rat models
expressing human APOE2, APOE3, and APOE4 variants
were separately generated using CRISPR/Cas-mediated
genome engineering. To achieve this, the ATG start
codon in exon 2 of the rat Apoe gene was replaced with
coding sequences for human APOE2, APOE3, or APOE4
(Fig. la). These human APOE coding sequences were
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linked to the SV40 late polyadenylation site. By employ-
ing the gene manipulation strategy as described above,
the expression of human APOE2, APOE3, and APOE4
variants, which replaces the expression of the rat Apoe
gene, is controlled using the regulatory elements of the
rat Apoe gene. This allows for the accurate and specific
regulation of the human APOE variants’ expression in
the Long-Evans rat models. To confirm CRISPR-induced
mutations, the resulting pups underwent genotyping by
PCR, followed by sequence analysis. PCR was initially
performed using primers SPF1 x SPR1 and SPF2 x SPR2
to identify founder rats (F0). Based on this screening, rat
10 was selected as an FO rat for APOE2, rat 26 as an FO
for APOE3, and rats 6 and 7 as FOs for APOE4 (Fig. 1b).
Subsequently, the same PCR method was used to identify

Rat Apoe Gene 5"arm probe 3'arm probe
o WT1 5 6 7 9 WT1 5 6 7 9
a Cas9 targeting region d et |
5 3 B 761 kb p—
) = af b '
) sy v o ;
o @ O O O |T[[e| R 2 Sl
SPR1 E SV40 late pA
. SPR2
. T u
iR wsE ks WT 58 62 63 WT 58 62 63
PCRusing the SPF1/SPR1 primers PCR using the SPF2/SPR2 primers
b g P 9 P
Blank 10 1 5 6 7 9 WT 25 Blank 0 1 5 6 7 9 WT -761kb
) Tskb APOE2 o W -6.55kb
-1
o
Blank 26 58 62 63 WT o
lan 25 Blank 26 58 62 63 WT . APOES = - . -4.05kb
[ skb -1.5 kb
B -1
S -2 68 kb
Blank 6 7 59 67 76 87 WT Blank 6 7 59 67 76 87 WT
2 -2
1skb APOE4 |
I
Cas9 targeting region WT 59 67 76 87 WT 59 67 76 87
(o3 . Aflll — =
Wild-type allele Kpnl
5 il l ] 3
=
1 1 R 7 61 kb
Afl <
BStEll ] -6.55 kb
O |
Targeted allele - EL( -4.05 kb

i
L] !

BstEll

[=:] Human APOE cDNA

s

Afll

- =
Probes 5' 3'

Fig. 1 Generation of humanized APOE rats. a The schematic representation of the rat Apoe allele depicts the four exons with the 5'UTR

sequences in black, the coding sequences in orange, and the 3'UTR in white. The regions utilized for the homology arms of the Kl construct

are indicated in blue. The Cas9 targeting site is also highlighted. Below is a schematic representation of the human APOE K allele, with the sites

of the oligonucleotides used for PCR analysis indicated. b PCR analysis using primer pairs SPF1/SPR1, which detects correct insertion at the 5'region,
and primer pairs SPF2/SPR2, which detects correct insertion at the 3'region. The data show that the rats designed as APOE2, APOE3, and APOF4 FO
and F1 have correct 5'and 3'insertions. ¢ The schematic representation of the Southern blotting technique used for genotyping the APOE2, APOES3,
and APOE4 rats is presented. For the 5'arm probe Southern blot, genomic DNA was digested with Aflll. The expected fragment size for the wild-type
rat Apoe allele was 2.68 kb, while for the human APOE Kl allele, it was 7.61 kb. For the 3'arm, genomic DNA was digested with Kpnl plus BstEll. The
expected fragment size for the wild-type rat Apoe allele was 4.05 kb, and for the human APOE K/ allele, it was 6.55 kb. d Southern blot analysis shows
that the wild-type sample displayed the expected rat Apoe bands of 2.68 kb and 4.05 kb for the 5'arm probe and 3'arm probe, respectively. In
contrast, the samples identified as APOE2, APOE3, and APOE4 F1s by the PCR analysis in part b, exhibited both the wild-type bands and the APOE K
bands of 7.61 kb and 6.55 kb for the 5'arm probe and 3'arm probe, respectively. No other bands that would indicate off-target, random integration

are detected
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and designate certain offspring of these FO rats as APOE2
Fls(rats 1,5, 6,7,and 9), APOE3 F1s (rats 58, 62, and 63),
and APOE4 Fl1s (rats 59, 67, 76, and 87) based on their
respective parentage (Fig. 1b). The selection of FO and F1
rats was further validated by PCR using 5 primer pairs
(KI-1-F x KI-1-R, KI-2-F x KI-2-R, KI-3-F x KI-3-R, KI-
4-F x KI-4-R, and KI-5-F x KI-5-R) followed by sequenc-
ing to confirm the genotyping results. The accurate gene
targeting in F1 animals was verified through Southern
blot analysis of the tail DNA samples. The Southern blot
analysis strategy is depicted in Fig. 1c. The results dem-
onstrated that all F1 rats analyzed expressed both the rat
Apoe allele and the human APOE knock-in (KI) allele in a
1:1 ratio (Fig. 1d). F1 rats were crossed to Long Evans for
5 generations. The probability that F5 rats carry uniden-
tified off-target insertions/mutations (except those that
may be on Chr. 1) is ~1.5625%.

APOE isoforms have been associated with the risk
of LOAD, with APOE4 increasing the risk and APOE2
reducing it. Considering the important role of APP in

Page 7 of 30

LOAD pathogenesis and the interplay between APPD, its
metabolic product AP, and APOE isoforms, we crossed
APOE2, APOE3, and APOE4 rats with animals carrying
a rat App allele humanized specifically in the AP region
(App"™" rats). The resulting progeny, double heterozy-
gous for APOE and App” alleles, were further bred to
generate rats homozygous for humanized APOE and
App", thereby exclusively producing human AP spe-
cies in a physiological manner. These models were des-
ignated as APOE2"F, APOE3"# and APOE4"*#. APP
is expressed in virtually all types of cells, suggesting
broader functions beyond the central nervous system
(CNS). Studying these double humanized rats could
offer significant advantages, particularly in explor-
ing how human APOE’s systemic functions related to
lipid metabolism are influenced by its interactions with
human Ap. Utilizing Apoe"#, APOE2"4#, APOE3"*F and
APOE4"# rats for this lipid metabolism study may yield
valuable insights into their potential interactions with-
out apparent drawbacks.
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Fig. 2 Levels of human APOE in 80 days old Apoe™® APOE2"E APOE3"8 and APOE4™E rats. a ELISA measurements of human APOE in blood serum
(n=4 per sex per genotype) showed significantly higher levels in APOE2™ compared to APOE3™ and APOE4™# in both males and fernales. b ELISA
analysis of human APOE in brain homogenates (Apoe™® females n=6, males n=5; APOE2"#, females n=6, males n=6; APOE3", females n=4, males
n=3: APOE4"B females n=6, males n=6) revealed higher levels in APOE2M# compared to APOE3™PB and APOE4"8 in both sexes. Moreover, brain
APOE levels were higher in male APOE2"P rats compared to females. Rat Apoe (Apoe™® rats) is not detected by the ELISA demonstrating specificity.
Therefore, Apoe™# rats were excluded from the statistical analysis. ¢ WB analysis of human APOE in the same brains analyzed by ELISA in panel

b confirms higher levels of APOE in APOE2"E brains compared to APOE3™2 and APOF4™2 in both sexes. d Quantitative RT-PCR analysis of rat

and human APOE mRNA expression in the same brains analyzed by ELISA and WB in panels b and c confirms that Apoe™® rats express only rat Apoe
MRNA, while APOE2"E, APOE3ME and APOE4™E express exclusively human APOE mRNA. Human APOE mRNA expression levels were comparable
among APOE2"B, APOF3ME and APOE4M# rats, except for a reduction observed in APOE2"® males compared to APOE2"B APOF3™E males. The WB
analysis for GAPDH confirms equal loading of the samples. Data are presented as mean + SEM and were analyzed by two-way ANOVA followed

by post hoc Tukey’s multiple comparisons test when significant differences were detected. Statistical significance is denoted as ** p<0.01, ***

p<0.001, *** p<0,0001
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Table 1 Statistical analysis results of Fig. 2
APOE- Serum APOE- Brain rApoe 3-4 hAPOE 3-4
Two-way ANOVA summary  Sex-genotype interaction  f3,4= 05074 7.394 1.886 6.310
o 0.6809 0.0006 0.1506 0.0016
Sex factor Fooa- 02308 15.99 0.2219 7.134
P 06353 0.0003 0.6406 00115
Genotype factor Faag- 1135 3444 1.282 781.7
P <0.0001 <0.0001 0.2963 <0.0001
Post hoc Tukey’s Analysis: p-Values for Multiple Comparisons
3:Apoe™Pys. g APOE2P - - - -
3:Apoe™P vs g APOE3™E - - - -
8:Apoe™B vs. 3:APOE4MB B} ) ) )
3:Apoe™P vs. Q:Apoe™P B B . )
6%\poehA5 VS. SB:APOEZM/3 - - - -
3:Apoe™P vs. QAPOE3ME - - - -
3:Apoe™P vs. QAPOE4™E - - - -
3APOE2Bys. 3:APOE3™P <0.0001 0.0019 04291 0.0094
SAPOE2ME vs 3 APOE4™# <0.0001 <0.0001 0.9993 0.3042
6%\POE2MB VS. Q:ApoeMB - - - -
3APOE2Bys QAPOE2MB 0.9421 <0.0001 0.9963 0.0004
SAPOE2ME vs QAPOE3™E <0.0001 00338 >0.9999 0.0766
3APOE2ME vs QAPOE4ME <0.0001 <0.0001 0.3862 0.0015
3APOE3™E vs 3 APOE4™# 0.9672 0.9875 0.7056 0.5075
SAPOE3ME vs. Q:ApoeP - - - -
3APOE3ME vs QAPOE2ME <0.0001 <0.0001 0.7840 >0.9999
3APOE3ME vs.QAPOE3ME 0.9998 0.8996 0.7085 0.9660
3APOE3ME vs QAPOE4ME 0.9994 >0.9999 >0.9999 >0.9999
SAPOE4™B vs. Q:Apoe™? - - - -
3APOE4E s QAPOE2ME <0.0001 <0.0001 >0.9999 0.1716
3APOE4™E vs QAPOE3™E 0.9990 0.2465 >0.9999 0.9783
SAPOE4ME vs.QAPOE4™E 0.9996 0.9856 0.7209 0.3637
Q:Apoe™B vs. QAPOE2MP - - - -
Q:ApoehAB VS. QAPOESMB - - - -
Q:Apoe™B vs. QAPOE4MB - - - -
QAPOE2MB vs QAPOE3ME <0.0001 <0.0001 >0.9999 0.8396
QAPOE2B vs QAPOE4™P <0.0001 <0.0001 08134 0.9998
QAPOE3™B vs Q:APOF4™P >0.9999 0.7058 0.7402 0.9649
APOE Brain-WB
3 ?
One-way ANOVA summary F 5,17y=130.9, p<0.0001 F 5, 17)=38.17,p<0.0001
Apoe™B vs. APOE2ME <0.0001 <0.0001
Apoe® vs. APOE3™P <0.0001 0.3230
ApoeBvs. APOE4MP 00018 0.5400
APOE2"B vs. APOE3™E <0.0001 <0.0001
APOE2MB s APOE4™# <0.0001 <0.0001

In the following experiments, we examined adolescent
(~80-day-old) APOE2"#, APOE3"F and APOE4"# rats to
assess the early effects of APOE isoforms on key pathways
related to LOAD. This included evaluating APP processing,

Tau phosphorylation, neuroinflammation, synaptic plas-
ticity, and plasma lipidomics. Our objective is to identify
early alterations associated with APOE isoforms that might
influence the risk of developing LOAD later in life.
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Fig. 3 Analysis of APP metabolites in brains of Apoe™?, APOE2"P, APOE3"P and APOE4"P rats. a-i ELISA measurements for AR38 (a), AB40 (b),
AB42 (c), AB43 (d), AB40/AB42 ratio (e), AR40/AR43 ratio (f), AB42/AB43 ratio (g), SAPPa (h), and sAPP (i) were conducted on the same brain
homogenates used in Fig. 2b. j WB analysis of APP, CTF, and aCTF in brain lysates used in the WBs shown Fig. 2c. PSD95 WB was used as a loading
control. k Quantification of the APP, BCTF, and aCTF signals detected in panel j. Longer exposures of BCTF and aCTF signals, which were used
to quantify BCTF and aCTF, are shown below the main WBs. Data are represented as mean + SEM and were analyzed by two-way ANOVA followed
by post-hoc Tukey’s multiple comparisons tests when ANOVA showed significant differences. Statistical significance is denoted as * p<0.05, **

p<0.01, ** p<0.001, *** p<0.0001

Serum and brain APOE levels are highest in APOE2" rats
To characterize these models, we first measured human
APOE levels in blood serum and brain. Since Apoe#
rats have rat Apoe, we excluded them from this analysis
and used them as negative control. Serum APOE levels
were highest in APOE2"P rats in both males and females
compared to APOE3" and APOE4"P rats (Fig. 2a; Sta-
tistical analysis is in Table 1). Remarkably, this pattern of
APOE isoform levels mirrors that found in human serum
[58]. Brain APOE levels measured by ELISA were also
the highest in APOE2"*# rats compared to APOE3" and
APOE4"# rats in both sexes (Fig. 2b; Statistical analysis
is in Table 1). Additionally, in the brains of APOE2"#
females, APOE level was higher than male APOE2"4#
rats. The ELISA results were confirmed by WB analy-
sis of brain APOE levels (Fig. 2c; Statistical analysis is in
Table 1).

To investigate whether the increase in APOE2 protein
levels is due to enhanced transcription, we measured
mRNA levels of human APOE2, APOE3, and APOE4
in APOE2"#, APOE3"*# and APOE4"*F rats. Overall,
these mRNA levels were comparable, with the notable
exception of a decrease in APOE2 mRNA levels in male
APOE2"P compared to male APOE3"# rats (Fig. 2d),
despite APOE2 protein levels being significantly higher
than APOE3 levels in male rats (Fig. 2a and b). Therefore,
differences in protein expression are likely attributable to
translational and/or protein stability variances.

Sex- and APOE isoform-dependent variations in brain APP
metabolites

APP is a substrate of several proteases. a-Secretase
cleaves APP to produce a soluble ectodomain (sAPP«)
and a membrane-bound C-terminal fragment («CTF).
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Fig. 4 Analysis of Tau and phosphorylated Tau in brains of Apoe™®, APOE2"E APOE3"E and APOE4™® rats. a WB analysis of Tau, Tau-pS°%, Tau-pT%',
Tau pS>*¢4% in brain lysates were conducted on the same brain homogenates used in Fig. 2b (n=3-6 per sex per genotype). The star indicates

the degraded sample, which was excluded from the analysis. b-e Quantification of the Tau (b), Tau-pS?%(c), Tau-pT2*'(d), Tau pS>*®“%*(e) signals
detected in panel a. Data are represented as mean + SEM and were analyzed by one-way ANOVA followed by multiple comparisons tests. Statistical

significance is denoted as * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001

Alternatively, P-secretase cleaves APP to generate
the soluble sAPPB ectodomain and the membrane-
tethered BCTF stub. Subsequent cleavage of BCTEF
by y-secretase leads to the production of AP peptides
and the short intracellular domain of APP [59]. APOE
modulates APP metabolism in an isoform-dependent
manner through distinct mechanisms: 1) influencing
APP processing via effects on lipid metabolism [8-10],
and 2) modulating AP clearance and aggregation via
the formation of APOE-Af complexes [11, 12]. Conse-
quently, we investigated APP metabolites in the CNS
of Apoe“F, APOE2"F, APOE3"# and APOE4"*# rats.
ELISA experiments showed no significant differences in
AB38 levels among humanized APOE variants (Fig. 3a;
Statistical analysis is in Table 2). In female rats, Ap40
levels were higher in Apoe"*# compared to APOE4"4#
rats (Fig. 3b ; Statistical analysis is in Table 2). There
was no significant difference in AP42 levels and the
ratio of AP40/AP42 across the humanized APOE
variants (Fig. 3c, e). However, the levels of AB43, a

determining factor in the onset of pathological amyloid
deposition [50], were higher in APOE4"# males com-
pared to APOE2"# males, but there was no difference
in the AB40/AP43 or AP42/AP43 ratios (Fig. 3d, f, g;
Statistical analysis is in Table 2). The levels of sAPPa
showed sex-specific variations. Apoe"*# and APOE2"4#
female rats exhibited higher sAPP« levels compared to
males of the same genotype (Fig. 3h; Statistical analy-
sis is in Table 2). Finally, sAPPp levels were higher in
APOE2"P females compared to all other female groups
and APOE2"F male rats (Fig. 3i; Statistical analysis is
in Table 2).

Levels of APP, aCTF and PBCTF were quantified
by WB, as shown in Fig. 3j. APP levels were higher in
Apoe"? males compared to APOE2"4F, APOE3"# and
APOE4"# males but no significant differences were
observed among females across the APOE variants
(Fig. 3k; Statistical analysis is in Table 2). Addition-
ally, there were no differences in «CTF levels in either
males or females. However, BCTF levels were higher in
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Table 3 Statistical analysis results of Fig. 4

Tau

) Q

One-way ANOVA summary
Apoe™P vs. APOE2ME

ApoeB vs. APOE3M#

Apoe™B vs. APOE4ME
APOE2"B vs. APOE3™E
APOE2MB vis. APOE4MB

One-way ANOVA summary
Apoe® vs. APOE2ME

F 5 1= 1823, p<0.0001
<0.0001

0.0002

<0.0001

0.9570

0.9996

Tau (pS2%?)

38

F 1) =06716,p=05811
>0.9999

F 5,1 = 4274, p= 00214
03274
0.1581
00139
0.9091
0.2654

?
F 3,16 = 1258, p=0.3221
0.8933

Apoe™B vs. APOE3ME >0.9999 0.3693
Apoe™P vs. APOE4™P 0.6463 04367
APOE2MB vs. APOE3MB >0.9999 0.7086
APOE2MB vis. APOE4MB 06468 0.8021
Tau (pT?")
3 ?
One-way ANOVA summary F,17)= 003224, p=0.9919 F 16 =2671,p=00826
Apoe™® vs. APOE2ME 0.9966 0.5253
Apoe™P vs. APOE3™E 0.9999 0.9765
ApoeB vs. APOE4"# 0.9974 0.5448
APOE2MB vis. APOE3MB 0.9947 08163
APOE2"B vs. APOF4™P >0.9999 0.0563
Tau (ps396-404)
3 ?
One-way ANOVA summary F 3,17 3.906, p=0.0273 F 16 =1061,p=03933
Apoe™P vs. APOE2ME 0.2649 0.5751
ApoeB vs. APOE3M# 0.2334 0.3571
Apoe™B vs. APOE4ME 00178 0.7065
APOE2"B vs. APOE3™E 0.9724 0.9472
APOE2MB vis. APOE4MB 04837 0.9980

APOE4" males compared to Apoe"*? and APOE2"#
males, with no significant differences observed in
females (Fig. 3k; Statistical analysis is in Table 2). PSD95
blots are shown to confirm that these differences were
not due to loading variations.

Overall, these findings demonstrated distinct regula-
tion of APP metabolites in relation to APOE variants,
with notable sex differences.

Similar Tau expression and phosphorylation across APOE
isoforms

The microtubule-associated protein Tau maintains
axonal microtubule stability in the brain and is involved
in regulating axonal growth and transport. Tau’s func-
tion and stability are modulated by phosphorylation
at multiple sites [60, 61]. Deletion of Tau leads to age-
dependent short-term memory deficits, hyperactivity,

and synaptic plasticity defects [62]. Hyperphospho-
rylation of Tau results in the formation of neurofibril-
lary tangles, a hallmark of AD pathology [63]. APOE
isoforms have been shown to modulate Tau phospho-
rylation and aggregation in an isoform-dependent man-
ner, with APOE4 being particularly associated with
increased Tau pathology [64]. Based on these findings,
we investigated levels of total Tau and various phos-
phorylated Tau species (pS**?, pT?*!, and pS*****) in
the brains of APOE2"*#, APOE3"*#, and APOE4"* rats
(Fig. 4a). Total Tau levels were higher in Apoe™# males
compared to APOE2" APOE3"P and APOE4"#
males while in females, only APOE4"*# rats showed
lower Tau levels compared to Apoe# females (Fig. 4b;
Statistical analysis is in Table 3). However, there were
no differences in phosphorylated Tau at pS*** and
pT?*! across any of the groups (Fig. 4c and d; Statistical
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Fig 5 Levels of cytokines in Apoe™8, APOE2"P, APOE3"P and APOE4™# rats'brains. ELISA measurements for IFN-y (a), IL10

3

g

3

g

(b), IL13 (c

), IL-1B (d

), IL-4

), IL-5 (), IL-6 (g

), Cxcl1 (h), and TNF-a (i) were conducted on the same brain homogenates used in Fig. 3a-i (n=3-6 per sex per genotype). Data are

represemed as mean = SEM and were analyzed by two-way ANOVA followed by post-hoc Tukey’s multiple comparisons tests when ANOVA showed
significant differences. Statistical significance is denoted as * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001

analysis is in Table 3). For pS*®“% phosphorylated

Tau levels were lower in APOE4"*# males compared
to Apoe™# males, but no differences were observed in
females (Fig. 4e; Statistical analysis is in Table 3).

These findings indicate that the observed differences
in Tau levels are specific to the comparison between
Apoe"® and humanized APOE variants with no sig-
nificant differences detected among the human APOE
isoforms.

Sex- and APOE isoform-dependent variations in the brain
cytokine levels

APOE isoforms are known to differentially influence the
innate immune response [65]. Epidemiological study
suggests that non-steroidal anti-inflammatory drugs
(NSAIDs) may reduce AD risk, particularly in APOE4
carriers [66]. Impaired APOE4 function has also been

linked to modulation of AB-induced neuroinflammation
[67]. Thus, we investigated neuroinflammation in the
brain of APOE2"# APOE3"*f and APOE4"** rats. Male
APOE2"# rats exhibited significantly lower Interferon y
(IENy) levels compared to Apoe"*# males and APOE2"#
females (Fig. 5a; Statistical analysis is in Table 4). There
was no significant difference in IL10, IL1p and TNF«
levels across the humanized APOE variants (Fig. 5b, d,
i). Male APOE2"4# rats displayed significantly lower lev-
els of anti-inflammatory cytokines of IL13, IL5 and IL4
compared to APOE4"4# males, while no significant differ-
ences were observed in female rats (Fig. 5¢, e, f; Statisti-
cal analysis is in Table 4). Additionally, male APOE2"4#
rats showed lower IL4 levels compared to Apoe*# males.
IL6 levels were significantly higher in female APOE2"4#
rats compared to male APOE2"# rats (Fig. 5g; Statistical
analysis is in Table 4). APOE2"*# females exhibited higher
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Fig. 6 Effects of APOE variants on synaptic transmission and plasticity. a IO recording of APOE variants in hippocampal Schafer Colleterals-CA1
circuit. Left panel, I-O curve generated from the slope fEPSP versus stimulus strength. Middle panel, I-O curve generated from FV amplitude

versus stimulus strength. Right panel, I-O curve generated from the slope fEPSP versus FV amplitude. Each genotype/sex is compared separately.
Data is represented as mean + SEM. Data were analyzed by two-way ANOVA (Column factor). See the statistical analysis in Table 5. b LTP Recordings
in the Hippocampal Schaffer Collateral-CA1 Circuit of 80-Day-Old APOE Variant Rats. LTP recordings are weaker in both male and female APOE2M#
and APOE4™® vats compared to Apoe™Pand APOE3™® rats. Each genotype/sex is compared separately. Data are represented as mean + SEM. Data
were analyzed by two-way ANOVA. See Table 5 for statistical analysis. ¢ Plot of fEPSP slope change in STP (11-20 m), early LTP (51-60 m) and late LTP
(111-120 m) phases of LTP. The average traces of the baseline (dotted line) and STP, early LTP and late LTP (solid line) are shown on bottom. Data are
represented as mean + SEM. Data were analyzed by two-way ANOVA for repeated measures followed by post-hoc Tukey’s multiple comparisons test
when ANOVA showed statistically significant differences. Statistical analysis are shown in Table 6

Cxcll levels than both APOE4"# females and APOE2"#
males. Additionally, Apoe"*? females showed significantly
higher levels compared to Apoe*# males (Fig. 5h; Statis-
tical analysis is in Table 4).

In conclusion, APOE2"# males exhibited lower levels
of cytokines, while variations in cytokine levels among
females were less pronounced, suggesting a distinct influ-
ence of APOE isoforms on neuroinflammation, particu-
larly in males.

APOE isoform-dependent impairment in synaptic plasticity
LTP is a long-lasting form of synaptic plasticity and is
widely recognized as the cellular basis of memory. Given
the LTP deficits observed in Apoe-deficient mice [68],
we measured I/O and LTP responses to assess the effects
of APOE variants on synaptic plasticity in the Schafer
collateral-CA1 circuit using hippocampal slices from
humanized APOE variant-carrying rats. Before recording
LTP, we examined the slope of field excitatory postsyn-
aptic potentiation (fEPSP) evoked by increasing current
stimulation. Both male and female APOE2"#, APOE3"#
and APOE4"P rats exhibited an increased fEPSP slope
in 1/O responses compared same-sex Apoe"# rats,

suggesting heightened excitability across all humanized
APOE rats (Fig. 6a-left panel; Statistical analysis is in
Table 5). Moreover, the amplitudes of fiber volley (FV),
which reflects the size of ascending fiber stimulus, were
higher in male APOE2"4# and APOE3"# rats compared
to Apoe"# males, while no differences were observed
among females (Fig. 6a-middle panel; Statistical analysis
is in Table 5). Additionally, FV amplitude versus evoked
fEPSP slope were also analyzed, showing that Apoe™#
rats were distinct from all humanized APOE-carrying
rats, while humanized APOE groups were indistinguish-
able (Fig. 6a-right panel).

After 1/O recordings, we examined LTP elicited
by ©-burst stimulation. Prior to induction, baseline
recordings were taken for 15 mins using an intensity
that elicited 40% of the maximum response observed
in the I/O recordings. We observed a reduction in
the whole LTP curve analysis in both male and female
APOE4"# rats compared to same-sex Apoe™? and
APOE3"P rats. Additionally, both male and female
APOE2"F rats showed reduced LTP compared to
same-sex APOE3"# rats, with female APOE2" rats
also exhibiting LTP deficit compared to Apoe# females
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Table 5 Statistical analysis results of Fig. 6
Two-way ANOVA summary 10-fEPSP 10-FV LTP
3:Apoe™Pys 3 APOE2ME Fos- 3224 9.947 3.289
p <0.0001 00036 00828
3Apoe"® vs. 3 APOE3™” Fusse 3724 8994 08056
p <0.0001 00051 03787
3Apoe™Pvs. SAPOEA™  Fiyy 273 0676 6819
p <0.0001 04172 00159
BAPOE2ys. SAPOE3™P  F g 00026 0.1508 4788
p 09598 07019 00421
BAPOE2™ vs 3 APOEA™P  F g 0.0802 3764 8752
p 0.7802 00682 00088
BAPOEIPvsSAPOEA™E  Fiie. 0122 2969 20.20
p 07305 01003 00003
Q:Apoe™P vs. QAPOE2™E Fax- 6278 02425 8265
p 00197 06271 00097
QApoe™Bvs, QAPOE3™P FLi. 3575 08018 1323
p <0.0001 03791 02623
QApoe™P vs. QAPOE4™E Fi,5. 8307 1131 13.79
p 0.008 02976 00012
QAPOE2"Pvs.QAPOE3™P  Fi . 00003 0.082 1162
p 09846 07783 00047
QAPOEZ"P vs.QAPOEA™P  F 1o 00007 02130  0.1034
p 09781 06506 07529
QAPOE3"P vs.QAPOEA™P  F 1 00002 00925 1895
p 09870 07575 00005

(Fig. 6b; Statistical analysis is in Table 5). We then ana-
lyzed LTP’s three different phases: STP, early LTP and
late LTP. Both STP and early LTP were reduced in
male and female APOE4"4# rats compared to same-sex
Apoel# rats. Additionally, female APOE2"4# rats exhib-
ited reduced STP and early LTP compared to Apoe"4#
females (Fig. 6¢; Statistical analysis is in Table 5). For
late LTD, although APOE4"E rats showed lower levels
than ApoehAﬁ rats, the difference did not reach statis-
tical significance. These findings suggest that APOE
isoforms, particularly APOE4 and to a lesser extent
APOE?2, impair synaptic plasticity, with significant defi-
cits in both STP and early LTP, highlighting the criti-
cal role of APOE in modulating synaptic function and
memory processes.

Increased triglyceride and cholesterol levels in APOE2M#
rats

Next, we measured blood glucose, triglyceride, choles-
terol, LDL and HDL levels using home test kits while
collecting blood via cardiac puncture, to assess the
metabolic health of our rats after a 16-hour fasting
period. No significant variance was observed in the
levels of blood glucose (Fig. 7a; Statistical analysis is in
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Table 7). In contrast, both blood triglyceride (Fig. 7b)
and cholesterol levels (Fig. 7c) were significantly higher
in APOE2"# compared to Apoe, APOE3"# and
APOE4"# rats (Statistical analysis is in Table 7). In
addition, the serum of APOE2"P rats exhibited a tur-
bid appearance (Fig. 7g) reminiscent of human cases
of type III HLP [35]. This observation, coupled with
evident mixed hypercholesterolemia and hypertriglyc-
eridemia, supports the characterization of APOE2"#
rats as a model for type III HLP, a condition prevalent
in a significant fraction of individuals homozygous for
APOE2 [30, 36-39].

HDL levels were similar in all humanized APOE
groups, but lower compared to Apoe"*? group (Fig. 7d;
Statistical analysis is in Table 7). Moreover, the level
of LDL is similar in all humanized APOE groups. But
LDL levels were higher in APOE2"4 rats compared to
Apoel (Fig. 7e; Statistical analysis is in Table 7). As
a result, the LDL/HDL ratio was much higher in male
APOE2"P compared to male Apoe"*? and APOE3"#
rats, but there was no difference between groups in
females (Fig. 7f; Statistical analysis is in Table 7). The
LDL/HDL ratio is used to predict Coronary Heart Dis-
ease (CHD), with a higher ratio indicating a higher risk
of CHD [69].

Sex- and APOE isoform-dependent variations in serum
lipidomics

A comprehensive lipidomic analysis was conducted to
measure 222 lipid molecular species in serum samples of
Apoe'“P, APOE2"#, APOE3"F and APOE4"# rats, after
scanning thousands of lipid molecular species. The lipid
species included 3 phosphatidylglycerol (PG) species, 3
phosphatidylserine (PS) species, 21 phosphatidylethanol-
amine (PE) species, 13 plasmalogen PE (pPE) species, 12
lyso PE (LPE) species, 11 acylcarnitine (CAR) species, 6
phosphatidylinositol (PI) species, 20 sphingomyelin (SM)
species, 31 phosphatidylcholine (PC) species, 4 plasmalo-
gen PC (pPC) species, 12 lyso PC (LPC) species, 59 types
of triacylglycerol (TAG) without deconvolution of indi-
vidual molecular species, 11 types of fatty acyl chains in
TAG (FA), total cholesterol, free cholesterol, and 14 types
of cholesterol esters.

The results revealed significant differences in levels
of various lipid molecular species between the differ-
ent APOE genotypes. Notably, APOE2"# rats displayed
markedly elevated levels of serum PG, PS, PE, pPE, SM,
LPC, TAG, FA, total cholesterol, free cholesterol, and
cholesterol esters compared to Apoe#, APOE3"F, and
APOE4"E rats in both males and females (Fig. 8a-d, h,
k-p; see Table 8 for statistical analysis results). The levels
of LPE, CAR, PI, and PC showed sex-dependent varia-
tions in Apoe™# rats (Fig. 8e-g, i-j; Statistical analysis is
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Table 6 Statistical analysis results of three phases of LTP
STP E-LTP L-LTP
Two-way ANOVA summary Sex-genotype interaction Fa75= 06272 0.3377 04729
p 0.5997 0.7981 0.7021
Sex factor Fa75)= 0.1878 1.27 5.195
p 0.666 0.2633 0.0255
Genotype factor Fa75)= 9.641 10.89 7.032
p <0.0001 <0.0001 0.0003
Post hoc Tukey’s Analysis: p-Values for Multiple Comparisons
3:Apoe™Pys. g APOE2P 0.5155 0.2179 0.1188
3:Apoe™ vs.3:APOE3MP 0.9843 09153 0.8047
8:Apoe™# vs. 3:APOE4MB 0.0200 0.0080 00515
3:Apoe™P vs. @:Apoe™? 0.9994 >0.9999 0.3406
3:Apoe™P vs. QAPOE2ME 0.0938 0.0179 00223
3:Apoe™P vs. QAPOE3ME 0.8806 0.6648 06551
3:Apoe™P vs. QAPOE4™E 0.0675 0.0069 0.0005
3APOE2Bys. 3:APOE3™P 0.9787 0.9477 0.9412
SAPOE2ME vs 3 APOE4™# 0.8447 0.9197 >0.9999
3APOE2 B vs. Q:Apoe™P 0.2371 0.3681 0.9944
3APOE2Bys QAPOE2MP 0.9470 0.8982 09732
SAPOE2ME vs QAPOE3™E 0.9996 0.9986 0.9891
3APOE2E vs QAPOE4ME 0.9709 0.9066 0.6592
3APOE3™E vs 3 APOE4™# 0.2793 0.2898 0.7956
SAPOE3ME vs. Q:ApoeP 0.8582 0.9795 0.9996
3APOE3MB vs QAPOE2MP 0.5120 03214 04876
3APOE3ME vs.Q:APOE3ME 0.9999 0.9997 >0.9999
3APOE3ME vs QAPOE4ME 0.5238 0.2700 0.0936
SAPOE4™B vs. Q:Apoe™? 0.0047 0.0189 0.9387
3APOE4E vs QAPOE2ME >0.9999 >0.9999 0.9982
3APOE4™E vs QAPOE3™E 0.5660 06213 0.9254
SAPOE4ME vs.QAPOE4™E >0.9999 >0.9999 0.8890
QApoe™P vs. QAPOE2MP 0.0325 0.0363 06775
Q:Apoe™B vs. QAPOE3MP 06178 0.8299 >0.9999
Q:Apoe™B vs. QAPOE4MP 0.0187 0.0167 0.1579
QAPOE2MB vs QAPOE3ME 0.7731 06187 06719
QAPOE2 vs Q. APOE4™P >0.9999 >0.9999 0.9994
QAPOE3M vs QAPOE4ME 08116 0.5959 0.1983

in Table 8). In male rats, the levels of these lipid species
were lower compared to female rats. Moreover, within
the APOE2"F rats, males exhibited lower levels of PI
compared to females (Fig. 8). Furthermore, a compari-
son among the humanized APOE genotypes revealed
additional insights. Female APOE3"# and APOE4"f
rats exhibited lower levels of LPE and CAR compared
to female APOE2™E rats. Additionally, male APOE2"B
rats displayed higher levels of LPE compared to male
ApoehAﬁ and APOE4"# rats, and higher levels of CAR
compared to male APOE4"5 rats (Fig. 8). In APOE3"#
and APOE4"PF rats, females showed reduced levels of

PI, PC, and pPC compared to Apoe? and APOE2"#
rats of the same sex. Additionally, male APOE3™# and
APOE4"# rats had lower levels of PI compared to male
APOE2"# rats, with male APOE4"# rats also displaying
lower levels of PI compared to male Apoe"#. Moreover,
male APOE2" rats exhibited higher levels of PC, pPC,
and LPC compared to male ApoehAﬁ, APOE3"™E, and
APOE4"# rats (Fig. 8).

We also analyzed the ratios of TAG to PC and FA 18:1
to FA 18:2 which are indicators of the size of lipopro-
teins and FA profiles in TAG pools, respectively, since
FA 18:1 largely represents the de novo synthesized pool
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(n=4 per sex per genotype) were analyzed for blood levels of glucose (a), triglycerides (b), total cholesterol (c), HDL (d), LDL (e) and for LDL/HDL
ratio (f). g The serum of APOE2"8 rats exhibited a turbid appearance reminiscent of human cases of type lll HLP. Data are represented as mean =+
SEM and were analyzed by two-way ANOVA followed by post hoc Tukey’s multiple comparisons test when ANOVA showed a significant difference.
When the measurements were discovered to exceed the range, the nearest integer beyond the range was assigned. Statistical significance

is denoted as * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001

and FA 18:2 represents the portion from dietary uptake.
APOE2"# rats have much higher TAG/PC ratio com-
pared to all other variants in male animals, indicating a
relatively larger size of lipoprotein particles in APOE2"#
male rats compared to the other counterparts (Fig. 8q;
Statistical analysis is in Table 8). But, in females TAG/PC
ratio was higher in both APOE2"4# and APOE3"4 com-
pared to Apoe”# rats (Fig. 8q). Moreover, FA18:1/FA 18:2
ratio was lower in male Apoe"# rats compared to females
(Fig. 8r; Statistical analysis is in Table 8). Also, FA18:1/FA
18:2 ratio was lower in APOE4"# compared to Apoe™?
in both sexes. A lower FA18:1/FA 18:2 ratio was mani-
fest in APOE2"# and APOE3"F females compared to
Apoe# animals (Fig. 8r). These different FA ratios clearly
indicate the different lipid metabolism at the FA levels.
Given the markedly elevated lipid levels in APOE2"#
relative to other variants, it becomes impractical to
compare lipid changes among Apoe"#, APOE3"F, and
APOE4"#. Consequently, in Fig. 9, we have selectively
excluded the APOE2"# rats, thereby replicating the ana-
lytical approach employed in Fig. 8 without incorporating
the APOE2"P dataset. First, we observed that both sexes

of APOE4"# rats had lower levels of PG compared to
APOES3"# rats (Fig. 9a; Statistical analysis is in Table 9).
In male Apoe"? animals, the levels of PE, pPE, LPE,
CAR, PI, PC, total cholesterol, and free cholesterol were
found to be lower compared to their female counterparts.
In APOE4"P animals, females exhibited lower levels of
PE, pPE, LPE, CAR, PI, SM, PC, pPC, LPC, total choles-
terol, free cholesterol, cholesterol esters, and the ratio of
FA18:1/FA18:2 when compared to female Apoe™# ani-
mals (Fig. 9c-k, n-p, r; see Table 9 for statistical analysis
results). Similarly, male APOE4"# rats had lower levels
of PI, SM, pPC, LPC, total cholesterol, and cholesterol
esters compared to male Apoe"? rats. Additionally,
female APOE3"P rats showed lower levels of pPE, CAR,
PI, SM, PC, pPC, LPC, total cholesterol, free cholesterol,
cholesterol esters and ratio of FA18:1/FA18:2 compared
to female Apoe"# rats. Conversely, female APOE3"#
rats showed a higher ratio of TAG to PC (Fig. 9q). Male
APOE3"# rats, on the other hand, only had lower levels
of SM compared to male Apoe"* animals. PS, TAG and
FA levels were comparable in Apoef, APOE3"# and
APOE4"# (Fig. 9b, I-m; Statistical analysis is in Table 9).
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Table 7 Statistical analysis results of Fig. 7
Glucose  Triglyceride  Total Chol. HDL LDL LDL/HDL

Two-way ANOVA summary  Sex-genotype interaction  Fon= 1389 0.1583 0.5164 2.178 04133 1.372

P 0.2701 09233 0.6749 01168 07450 02752

Sex factor Faoge 1040 1697 1.798 08298 04476 002442
P 0.0036 0.2051 0.1925 03714 05098 08771
Genotype factor Faog- 006423 3547 2393 24.69 11.07 9385

P 0.5953 <0.0001 <0.0001 <0.0001  <0.0001  0.0003
Post hoc Tukey’s Analysis: p-Values for Multiple Comparisons
3:Apoe™Pys. g APOE2P >09999  <0.0001 0.0006 <0.0001 00163 0.0040
3:Apoe™ vs.3:APOE3MP 0.9994 0.5244 0.9941 0.0090 0.9936 0.9890
3:Apoe™ vs. 3 APOE4™E 0.6869 05100 0.9306 00020 09114 08875
3:Apoe™P vs. Q:Apoe™P 0.9278 0.9986 >0.9999 >09999  >09999  >0.9999
3:Apoe™P vs. QAPOE2ME 09278 <0.0001 <0.0001 0.0055 0.0149 0.1040
3:Apoe™P vs. QAPOE3ME >0.9999  0.0981 0.3762 0.0046 0.6074 0.4003
3:Apoe™P vs. QAPOE4™E 0.7044 04399 0.5920 0.0007 0.5850 06108
3APOE2Bys. 3:APOE3™P 0.9950 0.0013 0.0037 0.1232 0.0871 0.0288
SAPOE2ME vs 3 APOE4™# 0.5601 0.0014 0.0102 03633 0.2150 0.0796
3APOE2E vs. Q:Apoe™P 09727 <0.0001 0.0003 <0.0001 00064 0.0031
3APOE2Bys QAPOE2MB 09727 0.9863 0.9905 0.1826 >09999  0.8303
SAPOE2ME vs QAPOE3™E >09999 00155 0.1018 0.2068 0.5139 0.3729
3APOE2E vs QAPOE4ME 08172 0.0019 0.0477 06124 0.5361 0.2137
3APOE3™E vs 3 APOE4™# 09321 >0.9999 0.9998 0.9980 0.9997 0.9997
SAPOE3ME vs. Q:ApoeP 06780 0.8621 0.9653 00125 0.9361 0.9786
3APOE3ME vs QAPOE2ME 06780 0.0002 0.0005 >09999  0.0802 04291
3APOE3ME vs.Q:APOE3ME 09822 0.9658 08171 >09999 09578 0.8751
3APOE3ME vs QAPOE4ME 0.3866 >0.9999 0.9500 0.9609 0.9499 09718
SAPOE4™B vs. Q:Apoe™? 0.1197 0.8519 0.8233 0.0028 0.7256 0.8436
3APOE4E s QAPOE2ME 0.1197 0.0002 00014 0.9999 0.2003 0.7156
3APOE4™E vs QAPOE3™E 04532 0.9698 0.9630 >09999 09987 0.9864
SAPOE4ME vs.QAPOE4™E 0.0439 >0.9999 0.9969 0.9999 0.9981 0.9994
Q:Apoe™B vs. QAPOE2MP >09999  <0.0001 <0.0001 0.0076 0.0058 0.0844
Q:ApoeB vs. QAPOE3MP 09911 0.2884 0.2449 0.0065 03726 0.3447
Q:Apoe™B vs. QAPOE4MP 0.9996 0.7949 04250 0.0010 0.3535 0.5461
QAPOE2MB vs QAPOE3ME 09911 0.0019 00173 >09999 04893 0.9924
QAPOE2B vs QAPOE4™P 0.9996 0.0002 0.0074 09886 05112 0.9423
QAPOE3MB vs QAPOE4ME 0.8938 0.9848 >0.9999 0.9932 >09999  >0.9999

This comprehensive lipidomic analysis across nine lipid
classes (CAR, FA, PC, PE, PI, PG, PS, TAG, and SM)
revealed distinct patterns of lipid abundance in different
rat samples, identified through the generation of heat-
maps. Each heatmap provided a color-coded representa-
tion of the relative abundance of each lipid type within
each sample. Our major finding was that APOE2"#
male rats consistently displayed unique lipidomic pro-
files across all lipid classes. This pattern underscores
the substantial influence of genotype on lipid metabo-
lism and suggests that specific genotypes and sex, such
as APOE2" males, might uniquely influence lipid

metabolism. This insight has potential implications for
understanding disease susceptibilities or responses to
treatments in these genetic models.

We observed substantial heterogeneity in lipid compo-
sition across samples and lipid species, which underlined
the diversity of the lipidomic landscape in the studied rat
models. Certain lipid species like PS P-18:0/22:6 and PS
0-16:0/22:6 in the PS lipid data, and TAG 48:0 and TAG
50:1 in the TAG lipid data, consistently exhibited lower
relative abundances across all samples. These patterns
suggest that these lipids might have less dominant role in
the overall lipid metabolism, or their functions might be
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conserved across different rat models. Conversely, certain
lipids were found to be consistently present at higher lev-
els across all samples, indicating their prominent role in
lipid metabolism across different rat genotypes and sexes.
For instance, in the PC lipid data, lipid species such as PC
32:0 and PC 34:1 were observed to have higher relative
abundances in most samples (Figs. 10 and 11; All lipid
species measurements are listed in Additional file 1).
Correlation heatmaps (Fig. 12) depicted relationships
among lipid species in ApoehAﬁ, APOE2"E APOE3"#,
and APOE4"P rats. We used the Pearson correlation
coefficient to calculate all correlations and p-values
between 222 lipid species in each group. We identified
the top 20 correlations based on absolute values of cor-
relation coefficients with p<0.05. The heatmaps reveal
strong positive correlations between different types
of lipid species across all groups. The strongest posi-
tive correlations were between TAG C52:2/C53:9 and
PE D18:0-20:4/D16:0-22:4 in Apoe™? rats (r= 0.97),
between PE P18:1-20:4/P16:0-22:5 and PE A20:0-20:4/
P18:0-22:3 in APOE2"# rats (r= 0.98), between CAR
16:2 and CAR 18:2 in APOE3" rats (r= 0.97), between
CAR 18:0 and CAR 18:1 in APOE4"# rats (r= 0.97).
There are strong positive correlations between LPE 20:4

and pPE P18:0-22:6/P18:1-22:5 with correlation coeffi-
cients of 0.97, 0.45 and 0.33 in Apoe#, APOE2"*F and
APOE3"# rats, respectively. Conversely, there are strong
negative correlations between CAR 7:0 and PE P16:0-
20:3/P18:1-18:2 in APOE3"# (r=-0.91) and between SM
N18:0 and PE D16:0-20:4/D18:2-18:2 in APOE4"*# ani-
mals (r= -0.94). The heatmaps also show that there are
several opposite correlations between the different lipid
types in the different groups of animals. A strong positive
correlation exists between SM N20:0 and PC D18:0-22:5
with correlation coefficients of 0.76 and 0.32 in Apoe™?
and APOE2"P, respectively but in APOE4"# animals
there is negative correlation (r= -0.55). Similarly, there
is a strong negative correlation between PC D18:2-18:2/
D16:0-20:4 and SM N24:2 in APOE4"*# rats with correla-
tion coefficients of -0.68, while there is positive correla-
tion in Apoe™# (r= 0.32) and APOE3"¥# rats (r= 0.36).
The correlation between CAR 7:0 and CAR 18:1 is more
robust in APOE3"# rats (r= 0.91) than in APOE4"4#
animals (r= 0.29), suggesting a more pronounced rela-
tionship between these two lipid species in APOE3"#
rats. Another intriguing observation is that the correla-
tion between PE D16:0-22:6 and SM N18:0, while there
is strong negative correlation in APOE4"# animals (r=
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Fig. 9 Serum lipid profile of Apoe™?, APOBW and APOE4"8 rats. Levels of PG (a), PS (b), PE (c), pPE (d), LPE (e), CAR (), PI (g), SM (h), PC (i), pPC (j),

LPC (k), TAG (), FA

(m), total Cholesterol (n), free Cholesterol (0) and Cholesterol esters (p) and relative ratios of TAG/PC (q )and FA18:1/FA 18:2(r)

in serum of 80 days old Apoe”® APOE3"E and APOE4™8 rats (n=4 per sex per genotype). Data are represented as mean + SEM and were analyzed
by two-way ANOVA followed by post hoc Tukey’s multiple comparisons tests when ANOVA showed a significant difference. * p<0.05, ** p<0.01, ***

p<0.001, *** p<0.0001

-0.56), there is slightly positive correlation in APOE2"#
rats (r= 0.018). All other correlation coefficients are
reported in Additional file 2. In conclusion, our findings
offer a complex picture of lipid homeostasis across APOE
variants of rat models. The substantial variations in lipid
composition could have significant implications for
understanding lipid metabolism in these models, poten-
tially serving as a basis for the identification of lipidomic
biomarkers for different physiological or pathological
states.

Discussion
In this study, we characterized adolescent (~80-day-
old) Long-Evans rat models expressing human APOE2,
APOE3, and APOE4 variants, along with humanized
App" alleles. Although LOAD manifests after the age of
65, examining these models at an early age allows us to
investigate whether APOE isoforms exert early effects on
critical pathways associated with LOAD. This approach
aims to identify potential early biomarkers or mecha-
nisms that could influence the risk of developing LOAD
later in life.

We observed that APOE2"F rats exhibited the high-
est levels of APOE in both serum and brain com-
pared to APOE4"E and APOE3"# rats, which showed

comparable levels of APOE. These changes were unlikely
due to transcriptional differences, as mRNA levels of
human APOE2, APOE3, and APOE4 were comparable.
Therefore, differences in protein expression are likely
attributed to translational and/or protein stability vari-
ances. While further investigation into these mechanisms
is warranted, these findings closely mirror observations
from human studies, underscoring the validity and trans-
latability of these rat models [58, 70, 71].

The humanization of both APP/AP and APOE in model
organisms that express these human proteins in a physio-
logical manner enables a comprehensive study of the mul-
tifaceted APOE-Ap interaction. Our findings revealed
a significant elevation in AB43 levels in male APOE4"#
rats compared to their APOE2"# counterparts. This
observation is particularly noteworthy as Ap43 has high
propensity for oligomerization and is a primary determi-
nant of amyloid pathology [50], while APOE4 is the most
prominent genetic risk factor for LOAD, increasing the
risk up to 12-fold, whereas APOE2 is a protective factor
[6, 72]. This finding also aligns with evidence that Af oli-
gomer levels in APOE4 AD patients’ brains are 2.7 times
higher than those in APOE3 AD patients [73] and is
consistent with findings from mouse models expressing
APOE4 and APOE2 [74]. Thus, our analysis suggests that
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APP processing and metabolism may be influenced by
APOE isoforms early in life, potentially revealing altera-
tions that precede the onset of LOAD by decades.

Tau is believed to play a key role in APOE4-related
neuronal alterations during aging, as APOE4 leads to
age- and Tau-dependent impairment of hilar GABAer-
gic interneurons, resulting in learning and memory defi-
cits in mice [75]. We observed a decrease in Tau levels
in APOE variant-carrying males compared to Apoe'#
males, with Tau also being lower in APOE4"# females
compared to Apoe*# females. Additionally, phosphoryl-
ated Tau at pS*°1% was decreased in APOE4"# males
compared to Apoe”*? males. However, we did not observe
significant human APOE isoform-dependent changes in
total Tau or in phosphorylated Tau species. This suggests
that APOE4 impact on Tau pathology may not become
measurable until later in life.

Neuroinflammation is another feature of AD pathology.
Numerous cytokines and chemokines are expressed at
abnormal levels in AD [76]. In APOEA4 carriers, chronic

inflammation has been linked to an accelerated onset
of AD symptoms [77]. In our study, we observed mod-
est variations in cytokine levels across APOE isoforms
and sexes. Specifically, male APOE2"# rats exhibited
slightly reduced levels of anti-inflammatory cytokines
such as IL13, IL4 and IL4, compared to APOE4"P rats.
Also, male APOE2"# rats showed lower levels of IFNy,
IL6, and Cxcll compared to their female counterparts.
Previous studies utilizing intracerebroventricular LPS
injections have demonstrated significant increases in
pro-inflammatory cytokines (IL1p3, IL6, TNFa), particu-
larly in APOE4 mice [78]. However, in adolescent models,
the expected increase in neuroinflammation associated
with APOE4 was not observed, suggesting that APOE4’s
impact on neuroinflammation may not become obvious
until later in life and/or may require specific inflamma-
tory triggers.

Previous studies have reported LTP deficits in
APOE4-carrying mice compared to APOE3-carrying
mice, in addition to morphological alterations in CA1l
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hippocampal neurons such as shortened dendritic length,
reduced spine density, decreased levels of the presynap-
tic glutamatergic transporter vGLUT and GABAergic
interneuron loss [79-81]. APOE4"# rats also exhibited
increased neuronal excitability compared to Apoe™#
rats and LTP deficit relative to both APOE3"# and
ApoeP rats, aligning our findings with previous stud-
ies. APOE2"F rats exhibited similar deficits in LTP as
APOE4"# rats. This finding is consistent with observa-
tions reported in APOE2-carrying mice [82], but appears
paradoxical given APOE2’s typical association with neu-
roprotection in AD [83, 84]. The observed dysregulation

in lipid metabolism in APOE2"# rats may account for
this result, as altered brain lipidomics in these rats could
significantly impact synaptic transmission. The potential
protective function of APOE2 might be more effectively
studied in rats heterozygous for APOE2 and APOE4,
as this could mitigate or eliminate the pronounced
lipidomic alterations associated with APOE2. Future
studies are needed to explore this hypothesis further.
Despite these findings, the early LTP deficits observed in
APOE4"# rats could signify an initial stage of a patho-
logical process that may precede the development of full-
blown AD pathology.
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reported in Additional file 2

APOE2 homozygosity can lead to type III HLP in
humans. Our findings suggest that APOE2"# rats serve
as a suitable model for studying this condition, showing
elevated triglyceride and cholesterol levels. This led us to
investigate how different human APOE isoforms affect
lipid metabolism in models expressing humanized APOE
variants and humanized APP/AP in a more comprehen-
sive. manner. Our findings confirm the elevated lipid
levels previously observed in humanized APOE2 mice
compared to those carrying APOE3 and APOE4 [85].
Moreover, we identified significant differences with the
mouse models, including notably higher serum levels of
total PG, pPE, LPE, CAR, PI, PC, pPC, LPC, FA in TAG,
free-cholesterol, and cholesterol-esters. These observa-
tions are consistent with data showing that brain samples

from APOE2 LOAD patients exhibit elevated levels of
CAR, SM, PC, and LPE compared to APOE3 and APOE4
LOAD patients [86]. Thus, rats, known for their more
human-like metabolism compared to mice [54], and engi-
neered to carry human APOE?2 along with the humanized
App gene, may offer enhanced modeling capabilities for
type III HLP compared to their mouse counterparts.

A follow-up analysis aimed at discerning differences
between APOE3"# and APOE4"# rats revealed that
only PG levels were lower in both male and female
APOE3"# rats compared to APOE4"F animals. All
other lipid categories showed no significant varia-
tion between these two groups. This serum lipidomic
similarity between APOE4"*# and APOE3"F rats mir-
rors the lipid homogeneity observed in synaptosomes



Yesiltepe et al. Cell Communication and Signaling (2024) 22:458

isolated from 2-month-old mice expressing human
APOES3 and APOE4 [87].

One limitation of this study is that, although signifi-
cant deficits in STP and early LTP were observed, late
LTP did not reach statistical significance in APOE4"
rats, possibly due to experimental variability. Addition-
ally, while we detected lipidomic changes in the serum,
we did not investigate whether these alterations are
mirrored in the brain. Future studies should include a
comparative lipidomic analysis of both serum and brain
tissue to clarify the extent of these changes in the cen-
tral nervous system. Furthermore, we did not exam-
ine how the elevated lipid levels in APOE2"# rats may
affect other systems/organs, including the potential for
atherosclerosis development. Exploring these systemic
effects will enhance our understanding of the broader
impact of lipid changes beyond the brain. Finally a lon-
gitudinal analysis extending to behavioral studies that
assess learning and memory will be essential for a more
comprehensive characterization of these models.

Conclusions

In this study, we utilized Long-Evans knock-in rats with
humanized App and APOE2, APOE3, and APOE4 iso-
forms to investigate their early roles in LOAD and type III
HLP. Our findings reveal distinct profiles of APOE expres-
sion and lipid metabolism associated with each APOE iso-
form. Specifically, APOE2"# rats exhibited higher APOE
levels in both serum and brain compared to APOE4"4# and
APOE3"P rats, suggesting isoform-specific differences in
protein expression likely due to translational or stability
factors rather than transcriptional differences.

Notably, elevated Ap43 levels were observed in male
APOE4"P rats, which could precede amyloid pathology
due to AP43’s high aggregation propensity. Additionally,
the early LTP deficits observed in APOE4"# rats may rep-
resent an early-stage pathogenic mechanism that could
evolve into LOAD. Furthermore, APOE2"# rats showed
elevated triglyceride and cholesterol levels, supporting
their utility as a model for type III HLP. Minimal lipid
profile differences between APOE4"# and APOE3" rats
reflect previously observed patterns in mouse models

Overall, these rat models provide a valuable platform
for exploring the interactions between human APOE iso-
forms and AP in the context of LOAD and lipid metabo-
lism. Future studies will expand lipidomic analyses to
various CNS regions, offering deeper insights into the
effects of human APOE isoforms on lipid metabolism
and Alzheimer’s disease pathology. Comparing the brain
lipidomic of APOE2"#, APOE3"# and APOE4"# rats
with lipidomic profiles from postmortem AD brains
will further validate the translatability of the models
described here [86].
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