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Introduction: Developing effective treatment for Alzheimer’s disease (AD) 
remains a challenge. This can be partially attributed to the fact that the mouse 
models used in preclinical research largely replicate familial form of AD, while 
majority of human cases are sporadic; both forms differ widely in the onset and 
origin of pathology, therefore requiring specific/targeted treatments.

Methods: In this study, we aimed to model sporadic AD in mice by combining 
two of the many risk factors that are strongly implicated in AD: ApoE4, a major 
genetic risk factor, together with an inflammatory stimuli. Accordingly, we 
subjected ApoE4 knock in (KI) mice, expressing humanized ApoE4, to low doses 
of Lipopolysaccharide (LPS) injections (i.p, weekly, for 4 months).

Results: We assessed these animals for behavioral impairments at 6 months of age 
using Open Field, Y-maze, and Barnes Maze Test. LPS induced hypoactivity was 
observed in the Open Field and Y-maze test, whereas spatial learning and memory 
was intact. We then quantified differences in dendritic spine density, which is a 
strong correlate of AD. ApoE4KI mice showed a significant reduction in the number 
of spines after treatment with LPS, whereas there were no obvious differences in the 
total number of microglia and astrocytes.

Discussion: To conclude, in the current study the APoEe4 risk gene increases the 
vulnerability of hippocampal neurons to inflammation induced spine loss, laying a 
foundation for an early sporadic AD mouse model.
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1 Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disease accounting for up to 
60–80% of the total dementia cases (Alzheimer's Association, 2021). According to a 2019 
statistics, the worldwide cost of Alzheimer’s Disease related dementia was an estimated $2.8 
trillion with an expected increase to $4.7 trillion in 2030 (Nandi et al., 2022). Such a high 
economic cost can only be mitigated with the development of potential disease modifying 
therapies. However, decades of clinical trials have failed to achieve the expected success rates 
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with drug candidates (Mehta et al., 2017; Atri et al., 2018; van Dyck 
et  al., 2019). One probable reason for this could be  the lack of 
appropriate mouse models in AD pre-clinical research. To date AD 
research predominantly employs familial AD (fAD) models which 
have a definitive genetic inheritance that differs from the sporadic AD 
(sAD) in terms of the onset and progression of the disease. A major 
concern here is the fact that only ≤5% of AD patients have familial 
form of AD and the rest 95% of patients suffer from sporadic/late 
onset AD which has a complex and multifactorial etiology (Reitz et al., 
2011; Zetterberg and Mattsson, 2014; Chakrabarti et  al., 2015; 
Dorszewska et al., 2016). For this reason, creating a sporadic model of 
AD is of utmost importance—to understand the disease mechanisms 
and develop better treatment strategies (Coronas-Samano et al., 2016; 
Hartantyo et al., 2020; Huynh et al., 2020; Zhang et al., 2020). In this 
study, we attempted to model sporadic AD in mice by combining two 
of the strongest risk factors of sporadic AD: ApoE4—a primary 
genetic determinant of AD and neuroinflammation—an inevitable 
environmental risk factor of AD.

The E4 version of Apolipoprotein E (ApoE) is the major genetic risk 
factor associated with sporadic AD (Corder et  al., 1993; Armstrong, 
2019). The presence of two E4 alleles increases AD risk by almost 15 times 
compared to the E3 and E2 isoforms (Montagne et al., 2021). Individuals 
carrying single or two copies of ApoE4 allele are reported to have spatial 
memory impairments and difficulties with reasoning and executive 
functions (Deane et al., 2008; Huynh et al., 2017). Similarly, young, and 
middle-aged ApoE4 targeted replacement mice show hippocampal 
dependent cognitive deficits including spatial and episodic memory 
dysfunction, altered memory consolidation, and age dependent memory 
decline (Ophir et al., 2005; Fan et al., 2017). In addition to this, ApoE4 is 
associated with multiple AD pathologies including inadequate Amyloid-β 
clearance (Fernandez et  al., 2019; Kloske and Wilcock, 2020), 
neuroinflammation (Ophir et al., 2005; Fan et al., 2017), and reduced 
synaptic plasticity (Dumanis et al., 2009; Chen et al., 2010; Rodriguez 
et al., 2013; Safieh et al., 2019; Yamazaki et al., 2019). ApoE4 is also 
reported to disrupt astrocytes and microglial immunomodulating 
functions thereby resulting in neuroinflammation (Fernandez et al., 2019; 
Kloske and Wilcock, 2020).

Neuroinflammation is being increasingly acknowledged as a key 
mechanism in Alzheimer’s disease pathology (Tuppo and Arias, 2005; 
Kamer et  al., 2008; Pimplikar, 2014; Heneka et  al., 2015). Glial cell 
activation due to inflammation has been reported in various neurological 
conditions from mild infection to traumatic brain injury (Breunig et al., 
2013; Kinney et  al., 2018; Kempuraj et  al., 2020). Chronic 
neuroinflammation is observed in human AD cases. Inflammation can 
come from many sources including exposure to toxic metals/chemicals, 
infection or stress in everyday life (Armstrong, 2019). This sustained 
neuroinflammation is characterized by prolonged activation of astrocytes 
and microglia in the brain and causes irreversible damage to the neurons 
including loss of dendritic spines (Mottahedin et al., 2017; Sheppard et al., 
2019; Griffiths and Grant, 2022). In rodent models, Lipopolysaccharide 
(LPS) is often administered to mimic neuroinflammation (Lee et al., 2008; 
Zhao et al., 2019) and to model Alzheimer’s disease (Ludwig et al., 2022). 
However, neither the ApoE4 mouse model nor the LPS induced 
inflammation model recapitulates the multifactorial facet of Alzheimer’s 
disease. Additionally, previous studies with these models did not check 
for the cellular changes underlying the witnessed behavioral deficits. 
Therefore, the major focus of our study was to combine risk factors 
associated with AD, to generate a sporadic Alzheimer’s model. 

We  predicted that combining risk factors would accelerate the 
development of a sporadic AD phenotype. Additionally, we checked for 
alterations at cellular level, that are reported to occur in the initial stages 
of Alzheimer’s disease (Scheff et  al., 2006, 2007) to understand the 
complete profile of changes associated with combining the 
sporadic factors.

To establish a mouse model of sporadic AD, we chose “ApoE4KI” 
mouse line expressing humanized ApoE4 and induced chronic 
neuroinflammation by giving intraperitoneal (IP) injections of low dose 
LPS for a prolonged period. When checked for behavioral impairments 
in our “ApoE4KI + LPS” mice, we found that working memory and spatial 
memory remained intact. However, we noticed a significant decrease in 
spine density, which marks the early stages of AD and indicates the start 
of an AD phenotype in our “ApoE4KI + LPS” mice.

2 Methods

2.1 Animals

The ApoE4KI mouse model used in this paper was originally 
obtained from the Jackson Laboratory. The ApoE4KI mouse line Jax 
#027894 [B6(SJL)-ApoEtm1.1(APOE*4)Adiuj/J] expresses humanized ApoE4 in 
place of the murine ApoE through exon replacement. All ApoE4 animals 
used for the study were homozygous. The C57BL/6 J mice were obtained 
from Australian BioResources (Moss Vale, Australia). We used mice of 
both sexes and the results shown here are the combination of males and 
females as separate analysis showed no difference between sexes. All mice 
were housed at a maximum of 5 in a cage throughout the experiment and 
were maintained on a 12-h light/dark cycle with food and water supply 
ad-libitum. All animal experiments were performed with the approval of 
the Garvan Institute and St. Vincent’s Hospital Animal Ethics Committee 
under approval number 17/28, in accordance with the Australian National 
Health and Medical Research Council animal experimentation guideline 
and the local Code of Practice for the Care and Use of Animals for 
Scientific Purposes.

2.2 Lipopolysaccharide injections and 
experimental timeline

All ApoE4KI and C57BL/6 J mice received intraperitoneal 
injections of low dose (0.2 mg/kg in Saline) Lipopolysaccharide (LPS, 
Escherichia coli O111:B4, L3024, Sigma Aldrich) or Saline once a week 
for 17 weeks (starting 8th week until 24th week). 24 h after the last 
injection, cognitive-behavioral testing commence with an Open Field 
Test, followed by Elevated Plus Maze test and Y-maze. A 4-day gap was 
given before the animals were taken for Barnes Maze Test. The 
acquisition trial for Barnes Maze lasted for 5 days followed by a probe 
trial on the 6th day. Mice were sacrificed after the probe trial.

2.3 Behaviors

2.3.1 Open field test
The OFT chambers measured 273 mm × 273 mm with 203 mm 

high glass walls and were placed inside a sound attenuating cubicle 
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(MED-OFAS-MSU, MED-OFA-022, Med Associates Inc.). Mice were 
placed in the center of the chamber and allowed to explore the open 
field arena for 10 min. Animal movement was recorded and tracked 
with Activity Monitor 7 (Med Associates Inc.) which uses Infrared 
beams to detect activity inside the chamber. The total distance traveled 
by an animal over 10 min was recorded to assess the locomotor activity 
and the total amount of time spent by an animal in the center of the 
arena indicated the anxiety levels of the animal.

2.3.2 Elevated plus maze test
The elevated plus maze test apparatus had four arms, two closed 

arms and two open arms each measuring 770 mm (L) × 100 mm (W), 
with the closed arms having a 150 cm high walls (enclosed). The 
apparatus was placed at an elevation of 700 mm from the ground. Each 
mouse was placed in the center of the maze, facing a closed arm, and 
allowed to explore the maze for 10 min. The activity of the animals was 
recorded using ANYmaze Video Tracking System 6.33 (Stoelting Co.). 
Total number of entries and time spent in closed arms and open arms 
were analyzed using the ANYmaze software. The movement from one 
closed arm to the other closed arm was considered “time spent in 
center zone” and is not reported in this study. Maze was cleaned with 
70% ethanol after each mouse trial.

2.3.3 Y-maze test
The Y-maze apparatus consisted of three identical arms measuring 

205 mm (L) × 50 mm (W) × 135 mm (H) positioned at 120° angles 
form each other, made of Plexi glass. The Y-maze protocol was adapted 
from (Kraeuter et al., 2019b). Briefly, the mice were placed at the 
center of the maze and were allowed to explore all three arms for 
5 min. The activity of the animal and the number of entries to each 
arm of the maze was recorded by ANYmaze Video Tracking System 
6.33 (Stoelting Co.). An entry was considered when all four limbs of 
the animal were within the arm. The total number of arm entries were 
recorded to assess the exploratory behavior and locomotor activity of 
the animal. An alternation occurs when the animal makes successive 
entries to all three arms. Percentage of alternations were calculated as 
follows—the number of alternations divided by the total number of 
arm entries (minus two to account for the first two arm entries) 
multiplied by 100.

2.3.4 Barnes maze test
Our Barnes Maze apparatus was a white circular platform of 

920 mm diameter placed at an elevation of 1 m from the ground. 
Along the perimeter of the platform, 20 identical holes of 50 mm 
diameter were equally spaced. The apparatus set-up included LED 
lights (400 Lux) on the top to brightly illuminate the maze and fans 
to create a constant noise of 54 dB, to motivate the mice to perform 
the test. A hidden black escape box [175 mm (D) × 75 mm 
(W) × 80 mm (H)] was placed beneath one of the holes while the 
other holes were blocked. Animal activity was recorded using 
ANYmaze Video Tracking System 6.33 (Stoelting Co.) with a 
camera (DMK 22AUC03) placed directly above the maze. The 
acquisition/training phase consisted of three training trials per day 
with a 35–45-min interval between each trial, for 5 days. During 
these trials, mice were placed at the center of the maze in a 
cylindrical chamber (80 mm diameter × 12.5 mm height) and given 
a minute to face a random direction. The chamber was then lifted, 
and each mouse was given 2 min to locate the hidden escape box. If 

the animal did not locate the escape box in this given time, it was 
manually guided to the escape box. The location of the escape box 
was randomly assigned for each animal prior to the experiment but 
remained constant for individual mouse throughout the trial. The 
probe trial was conducted 24 h after the last acquisition trial where 
the hidden escape box was removed, and its hole remained 
undifferentiated from the other holes on the platform. Mice were 
given 90 s to remember and locate the hole beneath which the 
escape box was hidden previously. Primary latency was calculated 
by considering the amount of time (in seconds) the animal took to 
locate the escape box. Average speed (meters/second), primary path 
length (in meters), traveled by the animal was recorded. Primary 
errors (errors made before the mouse first finds the former escape 
box location) as well as all sampling errors (errors made throughout 
the entire time of the probe trial) were also recorded.

2.4 WES

The optimal antibody concentration, and linear dynamic 
ranges for APOE and APOE4 were determined prior to conducting 
expression analysis. Quantification of target protein samples was 
performed using a standard 25-well WES operating plate, as per 
manufacturer’s instructions. Reagents were obtained from 12 to 
230 kDa separation modules (ProteinSimple, SM-W004) and Total 
protein detection modules (ProteinSimple, DM-TP01). A protein 
concentration 0.3 μg/μL was used for both Wild Type and Mutant 
tissue. A working dilution of 1/30 was used for both the mouse 
reactive APOE antibody (Cell Signaling, 68587S) and the human 
reactive APOE4 (Cell Signaling, 8941S) in all western blotting 
experiments performed. An n = 3 of Wild-type and Transgenic 
mice were selected for experiments with each biological sample 
replicated in two separate wells within WES operating plate. These 
separate wells were blotted for either APOE or APOE4 antibodies 
and analysis was carried out to determine the presence of 
target proteins.

2.5 Golgi staining

Golgi staining was performed to visualize dendritic spines. FD 
Rapid GolgiStain Kit (PK401, FD NeuroTechnologies, Inc.) was used, 
and the staining was performed according to the manufacturer’s 
instructions. Briefly, the mice were anesthetized, and brains were 
extracted and rinsed with water. These brains were then impregnated 
in a solution (prepared by mixing equal parts of solution A and 
solution B from the kit) and stored in dark for 2 weeks’ time. After 
2 weeks, brains were changed to a fresh solution C and stored in dark 
for 3 more days. On the fourth day, brains were snap frozen [with dry 
ice and isopentane (Sigma Aldrich, M32631)] and coronal sections of 
100 μm thickness were cut using cryostat. These sections were 
carefully mounted onto gelatin coated slides (1% Gelatin, Sigma 
Aldrich, G9391; 0.1% Chromium potassium sulfate dodecahydrate, 
Sigma Aldrich, 243361) and left to dry overnight. Next day, staining 
was performed with freshly prepared staining solutions, according to 
Kit protocol. Slides were cover slipped with Permount (Thermo 
FischerScientific, SP15) mounting media and dried overnight before 
being taken for analysis.
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2.6 Immunostaining

Brains were harvested as mentioned in detail in the paper (Stayte 
et al., 2015). The harvested brains were post-fixed in 4% PFA overnight 
and stored in 30% sucrose. Brain sections of 40 μm thickness were cut 
using cryostat and stored in cryoprotectant solution until use. The 
sections were rinsed with PBS thrice and blocked with 3% BSA (Bovogen 
Biologicals, BSAS 1.0) + 0.25% Triton (Sigma Aldrich, T8787) in 1× PBS 
for an hour at room temperature. After blocking, the sections were 
incubated in the following primary antibodies: rabbit polyclonal IBA1 
(Labome, Wako Chemicals United States, 019-19741), rabbit polyclonal 
GFAP (Dako Z0334), for 72 h at 4°C. All sections were rinsed thrice with 
PBS and incubated in their respective secondary antibodies: Donkey 
anti-rabbit 488 (Invtirogen, A32790). Subsequently sections were rinsed 
with PBS and counterstained with DAPI (Invitrogen, D1306) for 10 min 
at room temperature. Finally, the sections were mounted onto SuperFrost 
slides (ThermoFisher Scientific, SuperFrost plus F41296SP) and 
coverslipped (Menzel-Glasser, #1) with 50% glycerol mounting medium 
(Sigma Aldrich, GG1).

2.7 Analysis

2.7.1 WES
Data were analyzed using the WES instrument software 

(ProteinSimple, Compass for SW 4.1 Windows 7/8/10 64 bit). Peak 
analysis settings were performed as follows: Range: (1–250). Baseline: 
Threshold (0.1) Window (400) Stiffness (0.1). Peak Find: Threshold (10), 
Width (9), and Area Calculation (Dropped lines). Baseline adjustments 
were made to fit relative background chemiluminescence signals with all 
samples measured at identical conditions. Dropped line analysis was 
preferred over a Gaussian fit model to adjust for interfering additional 
peaks and for better control of relative peak signal. The APOE antibody 
(Cell Signaling, 68587S) peak was identified at 37 kDa and the APOE4 
(Cell Signaling, 8941S) antibody peak was identified at 41 kDa.

2.7.2 Neurolucida
Spine analysis was done using Neurolucida (MBF Biosciences 

software). Three secondary dendrites—both apical and basal, of 
branch orders 2–8 were chosen from four random neurons per brain. 
Selected dendrites were traced at 100× magnification (Axio Imager 
M2), and spines were counted manually for its entire length. The 
tracings were then exported to Neurolucida explorer to perform spine 
analysis. All neurons were chosen from the CA1 region of the dorsal 
hippocampus from Bregma −1.58 to −2.30 mm based on Paxinos atlas 
for mouse brain. Spine density was represented as number of spines 
per 10 μm length of the dendrite.

2.7.3 Stereology
Glial cells were counted using the Optical fractionator module in 

Stereo Investigator (MBF Biosciences software). Every sixth section 
was taken for quantification with a total of five sections per brain. The 
region of interest was traced, and cells were quantified at 40× (Axio 
Imager A2) using a counting frame of 100 μm × 100 μm and a grid size 
of 200 μm × 200 μm. To eliminate the possible surface irregularity, the 
guard zone height was set as 5 μm and the dissector height was set to 
10 μm for all sections. Cell populations were estimated from the dorsal 
hippocampus of Bregma −1.34 to −2.30 mm based on Paxinos atlas 

for mouse brain. To exclude the differences in traced volume, cell 
counts were represented as number of cells per area.

2.8 Statistics

All statistical analyses were performed with Graphpad Prism 
8.4.3. Differences between mean were assessed using one-way or 
two-way ANOVA/two-way ANOVA repeated measures analysis or 
two-tailed t-tests depending on the data type, followed by post-hoc 
Bonferroni analysis where applicable. For all analysis, a p value of 
≤0.05 were considered significant.

3 Results

We sought to generate a sporadic model of AD in pre-clinical 
research. To achieve this, APOE4KI mice were given low dose LPS of 
0.2 mg/kg, once a week, starting at 8 weeks of age until 24 weeks to model 
chronic neuroinflammation. This was followed by an array of behavior 
experiments to test for memory deficits in these mice (Figure 1A).

3.1 Confirmation of human ApoE4 and 
murine ApoE genotype through protein 
expression

To first confirm the APOE genotype in our animal cohort, 
we analyzed the expression of murine ApoE and ApoE4 proteins in 
the humanized ApoE4KI transgenic mouse model using automated 
capillary western blotting. The western blot was performed at identical 
total protein concentrations on three randomly selected WT and 
ApoE4 mice with the results revealing protein expression in both 
models (Figure 2). Both the electropherogram peak and corresponding 
computer-generated blot demonstrated the expected presence of 
murine ApoE protein at 37 kDa with no ApoE4 signal in the WT 
tissue. Alternatively, the ApoE4KI model exhibited the presence of 
ApoE4 protein at 41 kDa and no expression of murine ApoE protein. 
In conclusion, the Western blot analysis successfully confirmed the 
presence of ApoE4 protein in the ApoE4KI model consistent with the 
genetic makeup of this transgenic mouse model.

3.2 LPS induced hypoactivity in open-field 
and elevated plus maze test in 
ApoE4KI  +  LPS mice

Since we  administered LPS intraperitoneally for a prolonged 
period, it was essential to first check for general behavioral changes 
induced by the LPS injection, before proceeding with memory 
assessment tests. The ApoE4KI mice treated with LPS were checked 
for abnormalities in locomotor and anxiety-like behavior in an Open-
Field Test (Kraeuter et al., 2019a). The total distance traveled by all 
animals in 10 min time was compared with respect to the genotype 
and treatment factor. A Two-way ANOVA analysis revealed a 
significant effect of treatment factor [p < 0.001, F(1,69) = 13.50] only 
followed by a Bonferroni post-hoc analysis indicating a significant 
decrease in locomotor activity of LPS treated ApoE4KI mice compared 
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to the respective Saline controls (p = 0.0164). Additionally, there was 
a significant difference between WT LPS and ApoE4KI Saline animals 
(p = 0.0286). Rest of the groups did not show a difference in the 
distance traveled (WT Saline vs. WT LPS p = 0.2303, WT saline vs. 
ApoE4KI Saline p > 0.9999, WT Saline vs. ApoE4KI LPS p = 0.1632, 
and WT LPS vs. ApoE4KI LPS p > 0.9999) (Figure 1B). Furthermore, 
we analyzed the time spent in center zone by these mice which is a 
measure of anxiety. A two-way ANOVA analysis revealed no 
differences suggesting the aversion to the center zone remained 
unaffected by the ApoE4 genotype [p = 0.3574, F(1,69) = 0.8586] or LPS 
treatment [p = 0.1835, F(1,69) = 1.805] (Figure 1C). These results indicate 
that LPS induced slight hypoactivity only when compared to ApoE4KI 
Saline animals.

In addition to this, we performed Elevated Plus Maze Test, to 
exclusively check for changes in anxiety behavior. This test exploits the 
innate aversion of mice to explore open and elevated spaces (Komada 

et al., 2008). The time spent by animals in open arm vs. closed arm was 
compared against the experimental groups to reveal a significant 
interaction [p = 0.01, F(3,140) = 3.925], suggesting that all animals spent 
more time in the closed arm than the open arm. Additionally, there 
was a significant effect of the time spent by these animals in closed 
arm [p < 0.0001, F(1,140) = 6,035]. A Bonferroni post-hoc analysis 
revealed a significant increase in the time spent by ApoE4KI + LPS 
animals in the closed arm compared to WT Saline (p < 0.05) and WT 
LPS (p < 0.01) animals (Figure  1D) with no significant difference 
among other groups (p > 0.05). Additionally, the time spent by 
different groups in open arms did not differ significantly (p > 0.05). 
We further measured the number of entries made by these animals 
into open and closed arms in order to eliminate the bias on anxiety 
behavior. A two-way ANOVA analysis revealed significant interaction 
between the open and closed arm entries [p < 0.05, F(3,140) = 3.292] 
indicating all animals entered the closed arm more than the open arm. 

FIGURE 1

Altered locomotor activity and anxiety behavior in APOE4KI mice receiving LPS: (A) Timeline for LPS injections, behavior experiments and tissue 
collection. (B) Total distance traveled and (C) the time spend by all groups in the center zone of the Open Field chamber. (D) Time spent in the closed 
arm vs. open arm and (E) the number of entries made to open and closed arm in the Elevated Plus Maze test. All values represent the Mean  ±  Standard 
Error of the Mean (SEM). WT Saline  =  16, WT LPS  =  18, ApoE4 Saline  =  15, ApoE4 LPS  =  24. *p  <  0.05, **p  <  0.01, and ***p  <  0.001.
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In addition to this, there was a significant effect of arm entries 
[p < 0.001, F(1,140) = 301.3] and experimental groups [p < 0.001, 
F(3,140) = 6.542]. A Bonferroni post-hoc analysis indicated that the 
number of entries made by ApoE4KI + LPS animals were significantly 
lower than that of WT Saline (p < 0.001), WT LPS (p < 0.001), and 
ApoE4 Saline (p < 0.001) animals (Figure  1E) leaving the rest of 
pairwise comparisons non-significant (p > 0.05). Consistent with the 
time spent in open arms data, the numbers of entries made to open 
arm remained non-significant for all the groups (p > 0.05). This 
decreased arm entries upon treatment with LPS in ApoE4 mice could 
be the factor resulting in the increased time spent by these mice in 
closed arms; an indication of hypoactivity. Overall, our data suggest 
that LPS induced hypoactivity in our “ApoE4KI” mice. Therefore, it 
would be reasonable to conclude that the ApoE4KI + LPS animals are 
anxious to an extent, but the observed anxiety is not significant to 
impart changes in major behavior assessments.

3.3 Intact working memory and spatial 
memory in ApoE4KI  +  LPS mice

After having observed that the ApoE4KI + LPS animals showed 
slight hypoactivity in the Open Field and Elevated Plus Maze Test, 
we proceeded to check for memory deficits in these mice. We first 
checked for working memory changes by performing Y-maze test, 
which assesses the short term memory in mice (Kraeuter et al., 2019). 
A two-way ANOVA analysis revealed no significant effect of genotype 
[p = 0.6355, F(1,70) = 0.2267] or LPS treatment [p = 0.2164, F(1,70) = 1.556] 
on the percentage of alternations made by these animals. Thus, all 
animals showed intact working memory and exploratory behavior 
(Figure 3A). The number of entries made to each arm was recorded to 

analyze the general motor activity of these mice in the test duration. 
Two-way ANOVA analysis showed no significant effect of the ApoE4 
genotype [p = 0.8323, F(1,70) = 0.04520] or LPS treatment [p = 0.2760, 
F(1,70) = 1.205] on the total number of entries made by the animals. This 
implies that all animals moved freely and made similar number of 
entries to all the arms, reconfirming the intact exploratory behavior 
measures (Figure 3B).

Next, we  proceeded to check for long term spatial memory 
changes in these mice by performing Barnes Maze Test. In this test, 
the animals are expected to learn and associate different spatial cues 
with the location of the escape box, and navigate to reach the right 
location, even in the absence of escape box. Barnes Maze tests the 
animal’s ability to learn, retain and retrieve the spatial memory in the 
long term period (Sunyer et al., 2007). We measured the speed, latency 
and the path length traveled by all animals to reach the escape box 
during acquisition phase. This is to make sure that the hypoactivity 
observed earlier does not interfere with the animal’s ability to learn the 
task. A repeated measures two-way ANOVA compared the speed at 
which animals moved to locate the escape box with respect to 
experimental groups across trial days 1–5. We found a significant 
interaction of the experimental groups with the trial days [p < 0.001, 
F(12,280) = 3.262] and a significant effect of trial days alone [p < 0.001, 
F(3.194,223.6) = 62.89] but not the experimental groups. A Bonferroni post-
hoc test on the trial days revealed a significant increase in the speed at 
which these animals traveled from trial day 1 to trial day 5 (p < 0.01). 
Although there seemed to be a slight decrease in the speed at which 
LPS animals traveled compared to the saline controls in the initial trial 
days, toward the end of acquisition phase (trial day 4 and 5) all the 
groups reached optimum average speed (Figure 3D). The acquisition 
primary latency is a measure of spatial learning as the latency to reach 
the escape box is calculated on each trial day (1–5). A repeated 

FIGURE 2

Protein expression analysis confirming human ApoE4 and murine ApoE expression in mice: western blot showing respective ApoE4 and WT bands 
(top). Electropherogram showing peaks for ApoE4 and WT proteins.
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measures two-way ANOVA compared the primary latency across the 
trial days for all experimental groups. There was a significant 
interaction between the trial days and experimental groups [p < 0.01, 
F(12,280) = 2.490], a significant effect of the trial days [p < 0.001, 
F(2.381,166.7) = 122.1] but not the experimental groups on the latency. A 
Bonferroni post-hoc test on the trial days revealed a significant 
decrease in the primary latency from trial day 1 to 5 for all groups 

(p < 0.01) indicating all animals progressively learnt to reach the 
escape box in a short time (Figure 3C). The path length traveled by 
these mice to locate the escape box was measured and a two-way 
ANOVA analysis revealed a significant interaction between the trial 
days and experimental groups [p < 0.05, F(12,280) = 1.892; 
Supplementary Figure S1A]. Additionally, there was a significant effect 
of trial days [p < 0.0001, F(2.649,185.4) = 99.69] but not the experimental 

FIGURE 3

WT and APOE4KI animals showing intact working and spatial memory upon LPS treatment: (A) Percentage of alterations and (B) total entries made to 
each arm in the Y-maze test. (C) Latency and (D) the speed at which the animals traveled to reach the escape box in the Barnes maze test. (E) Latency 
to reach the escape box and (F) the speed at which the animals traveled on the probe trial day. (G) Time spent by the animals in target zone vs. other 
zones on the probe trial day along with the heat map showing animal’s activity. All values represent the Mean  ±  Standard Error of the Mean (SEM). WT 
Saline  =  16, WT LPS  =  18, ApoE4 Saline  =  15, ApoE4 LPS  =  24. *p  <  0.05, **p  <  0.01, and ***p  <  0.001.
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groups on the distance traveled by the animals during acquisition 
phase. A Bonferroni multiple comparisons test revealed a significant 
decrease in the path length taken by all groups in the first 3 successive 
trial days (p < 0.05) after which they all traveled similar path lengths 
to reach the escape box. This indicates that with time, all animals 
learned to locate the escape box efficiently and this learning was 
consistent across different groups. With no differences in speed and 
latency in the acquisition phase, assuring all animals acquired the task 
to an equal extent, we proceeded with probe test where we checked for 
retrieval of the acquired spatial memory.

On the probe test day, we measured the primary latency, primary 
path length, primary speed, primary errors, and all sampling errors on 
finding the escape box and found no significant difference among the 
groups (p > 0.05; Figures 3E,F; Supplementary Figures S1B–D). This 
implied that all animals took similar time and distance to identify the 
prior location of escape box indicating normal spatial memory. 
We analyzed the time spent by the animals in four different zones. A 
two-way ANOVA analysis revealed no significant interaction between 
the different zones and the experimental groups. There was a 
significant effect of zones [p < 0.001, F(1.862,128.5) = 162.7] but not the 
experimental groups. A Bonferroni post-hoc analysis revealed minor 
difference (p < 0.05) in the time spent by WT and ApoE4KI + LPS 
treated groups in Zone1 (Figure 3G). Overall, these results suggest 
that the spatial memory was intact in all groups. Therefore, in our 
proposed sporadic AD model, neither the two risk factors alone 
(ApoE4 and LPS) nor the combination of these two resulted in a 
behavioral AD phenotype.

3.4 Differences in dendritic spine density in 
the ApoE4KI  +  LPS mice

Although we did not see any behavioral deficits in our mice, 
we wanted to check for signs of AD pathology. Thus, we checked for 
changes in dendritic spine density which has been reported to be one 
of the earliest hallmarks of AD (Knobloch and Mansuy, 2008). 
Dendritic spines are tiny protrusions which form functional synapses 
through which neurons receive signals in the brain. To check for 
changes in dendritic spines, we quantified spines from the apical and 
basal dendrites of the pyramidal neurons from CA1 region of 
hippocampus. For the apical spines, we  found no significant 
interaction [p = 0.8208, F(1,92) = 0.05163] in our two-way ANOVA 
analysis and no effect of genotype [p = 0.7553, F(1,92) = 0.09771]. 
However, there was a significant effect of treatment factor [p < 0.01, 
F(1,92) = 11.20]. The simple effect of treatment factor received a 
Bonferroni post-hoc analysis to reveal a significant effect (p < 0.05) of 
LPS treatment on ApoE4KI mice. This indicated that the ApoE4 
genotype along with LPS treatment results in significant spine loss in 
these mice (Figure  4A). A significant effect of treatment factor 
[p < 0.05, F(1,92) = 5.591] was observed in the basal spines when 
two-way ANOVA was performed, with no effect of genotype 
[p = 0.7795, F(1,92) = 0.07881; Figure 4B]. However, Bonferroni post-hoc 
analysis revealed no significant difference (p > 0.05) in basal spines 
upon LPS treatment. Since spine loss marks one of the hallmarks of 
early AD stages, we can conclude that the combination of ApoE4 and 
LPS in our mice might start to induce an early AD phenotype at 
this timepoint.

3.5 No glial cell number change in the 
hippocampus of LPS treated mice

The migration, proliferation, and activation of glial cells is 
regarded as a central mechanism in Alzheimer’s disease. Since 
previous studies reported an increase in glial cells after treatment with 
LPS (Kondo et  al., 2011; Borges et  al., 2012; Fu et  al., 2014), 
we proceeded to check for differences in glial cell population in these 
mice. We  checked for the expression of Ionized calcium-binding 
adapter molecule 1 (Iba1, marker for microglia) and Glial fibrillary 
acidic protein (GFAP, marker for astrocytes) in the dorsal 
hippocampus using stereology. A two-way ANOVA analysis showed 
no significant effect of the genotype [p = 0.9067, F(1,24) = 0.01404] or 
treatment factor [p = 0.8796, F(1,24) = 0.02343] on the number of 
microglial cells. Similarly, a two-way ANOVA analysis on the number 
of GFAP cells showed no significant effect of genotype [p = 0.8462, 
F(1,24) = 0.03847] or LPS treatment [p = 0.5960, F(1,92) = 0.2888]. This 
indicates that neither genotype nor LPS treatment increased the 
number of microglia (Figure  5A) and astrocytes (Figure  5B) in 
the hippocampus.

4 Discussion

Alzheimer’s disease research is still lacking a comprehensive 
sporadic animal model, recapitulating the human sporadic AD 
condition. Accordingly, our study aimed to establish a sporadic AD 
mouse model, by combining the biggest genetic risk factor for 
sporadic AD—ApoE4, along with one of the most prominent 
environmental risk factors of AD—neuroinflammation. Excitingly, in 
our study, only mice that were exposed to both risk factors displayed 
a significant decrease in spine density, which marks the early stages of 
AD pathology. At this early timepoint (6 months), this observed spine 
pathology did not coincide with any cognitive deficits or 
increased neuroinflammation.

4.1 LPS injections induced hypoactivity and 
mild anxiety in our ApoE4KI mice

After having confirmed the expression of ApoE4 gene through 
western blot analysis, we proceeded to check for behavioral changes 
in our ApoE4KI + LPS animals. Open Field Test was conducted to 
determine if the genotypic and LPS induced alterations to our mouse 
model has caused any major impact on the locomotor activity of the 
animals. It has been previously reported in the literature that 
administration of LPS in animal models leads to hypoactivity as a 
result of sickness behavior (Dantzer et al., 2008; Lasselin et al., 2020) 
and since our study involved repeated IP injections of LPS, it was 
essential to check for locomotor changes. Our results revealed a slight 
decrease in locomotor activity in LPS (both WT and ApoE4) injected 
mice when compared to Saline injected ApoE4 mice.

When we  checked for anxiety with the Elevated Plus Maze, 
exclusively ApoE4KI + LPS mice spent more time in the closed arm 
indicating that these animals are slightly more anxious. Interestingly, 
these animals made significantly lower number of entries to the closed 
arm, thereby reasserting the hypoactivity behavior observed in Open 
Field Test. Animals carrying either risk factor alone showed no 
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anxious behavior. This implied that the combination of ApoE4 risk 
allele and LPS administration in our mouse model synergistically 
affected anxiety and locomotor activity in the Elevated Plus Maze. In 
general, our findings support the idea that ApoE4KI mice may exhibit 
an increased susceptibility to alterations in locomotor activity and 
anxiety behavior under LPS administration.

Literature reports for the activity levels of ApoE4 mice remain 
inconsistent. While the Jackson laboratory report for ApoE4KI mouse 
strain (used in this study) states that locomotor activity remain 
unaffected even at 12 months of age (Williams and On Behalf of the 
MODEL-AD Consortium, 2018), a different study conducted on 
ApoE4-TR mice showed reduced locomotor activity as early as 
6 months (Siegel et al., 2012). Although our results varied between the 
tests we performed, it seems possible that ApoE4KI mice may exhibit 
an increased susceptibility to alterations in locomotor activity and 
anxiety under specific conditions, however general exploratory 
behavior is retained.

4.2 Working and spatial memory remained 
intact in our ApoE4KI  +  LPS mice

Cognitive dysfunction remains the most important aspect and a 
defining factor of Alzheimer’s disease. Working memory and spatial 

memory impairments are consistently observed in both human AD 
patients (Belleville et al., 2007; Stopford et al., 2012; Lee et al., 2014) and 
preclinical models of Alzheimer’s disease (Stevens and Brown, 2015; Zhu 
et al., 2017; Hulshof et al., 2022). Therefore, in our proposed sporadic AD 
model, we  checked for differences in working memory and spatial 
memory with Y-Maze and Barnes Maze Test, respectively. Interestingly, 
our ApoE4KI mice receiving LPS did not show a deficit/impairment in 
working memory or spatial memory. Additionally, mice carrying either 
ApoE4 alone, or receiving just the LPS injections behaved normal in our 
study. This is contradictory to what is observed in the literature. For 
instance, a study by Rodriguez et  al. (2013), reported that young 
ApoE4-TR mice showed poor spatial learning in Barnes Maze test. 
Furthermore, young (3–6 months) (Rodriguez et al., 2013), middle aged 
(10–13 months) (Siegel et al., 2012; Rodriguez et al., 2013; Boehm-Cagan 
and Michaelson, 2014; Salomon-Zimri et al., 2014), and aged (24 months) 
(Yin et al., 2011). ApoE4 mice showed deficits in acquisition learning and 
memory retrieval in Morris Water Maze test. One major reason for these 
studies witnessing a robust change in memory impairment could be the 
choice of controls used, as most of these results are compared against 
ApoE3 mice. For example, in the above-mentioned study by Rodriguez 
et  al., young ApoE4 mice (6 months) were compared against ApoE3 
animals to reveal a significant reduction in spatial learning. But when 
compared against WT animals, Yin et al. (2011), reported that young 
ApoE4 mice showed intact spatial memory. Our results are in line with 

FIGURE 4

Dendritic spine density differences in the apical and basal dendrites: (A) Spine density changes in the apical dendrites and (B) basal dendrites in WT and 
APOE4KI mice after treatment with LPS. All values represent the Mean  ±  Standard Error of the Mean (SEM). (WT Saline & LPS, ApoE4 Saline & LPS  =  24 
dendrites, Two-way ANOVA), *p  <  0.05.
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Yin et al.’s study, where our APOE4KI animals, when compared to WT 
controls, showed intact spatial memory.

These discrepancies can be attributable to the differential effect of 
animals used as controls in behavior experiments. Such sharp contrast 
could arise from the inherent difference between endogenous murine 
ApoE in the WT mice and humanized ApoE3  in the targeted 
replacement/knock-in mice. It can be seen from the literature that the 
lipid binding properties of murine ApoE are more similar to human 
ApoE4 than ApoE3 (Rajavashisth et al., 1985; Nguyen et al., 2014) and 
that mouse ApoE is more amyloidogenic than ApoE3 or E2 (Liao 
et al., 2015). Additionally, animals carrying murine ApoE performed 
similar to that of human ApoE4 transgenic mice in Y-maze active 
avoidance task (Bour et al., 2008). Owing to the existing similarities 
between murine ApoE and human ApoE4, we could conclude that the 

choice of WT mice with murine ApoE as control in our experiments 
might have concealed the behavioral changes in our ApoE4KI animals.

It should be noted that most of these studies have been carried out 
in the ApoE4 targeted replacement mice obtained from Taconic, while 
we used ApoE4KI mice obtained from Jackson laboratory. Although 
these two mouse strains have almost similar modifications made to the 
ApoE gene, there are some subtle differences in the developmental 
process which could have resulted in the differential effects we see in 
our results. A recent study by Sepulveda et al., compared the behavioral 
and inflammatory profiles of these two different mouse strains, which 
aligns well with our results for the ApoE4KI mice (Sepulveda et al., 
2022). By performing Barnes maze, they reported intact spatial 
memory in 6 months old Jax ApoE4KI mice, which is what we observed 
in our study with regards to ApoE4KI mice. This age factor could 

FIGURE 5

Unaltered glial cell activation profile: (A) Stereological quantification of Iba1+ microglial cells and (B) GFAP+ astroglial cells in the dorsal hippocampal. 
All values represent the Mean  ±  Standard Error of the Mean (SEM). WT Saline  =  6, WT LPS  =  8, ApoE4 Saline  =  7, ApoE4 LPS  =  7. Scale bar: 250  μm 
zoomed out and 100  μm zoomed in images.
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be the additional reason for not observing a profound behavior deficit 
in our proposed sporadic AD model. It can be seen from the literature 
that some of the well-known familial AD models like APP/PS1, 
AppNL-G-F/MAPT tend to show working and spatial memory 
impairments as late as 9 months of age (Malm et al., 2007; Saito et al., 
2019). The same study by Yin et al. (2011), observed deficits in spatial 
memory in 12, 18, and 24 months old ApoE4 mice compared to age 
matched WT controls. In our study, we expected the combination of 
ApoE4 and neuroinflammation risk factor to induce behavior changes 
at an early age of 6 months. Since we did not observe such profound 
behavioral changes, future studies should therefore possibly (i) Check 
for behavior alterations at a later time-point where these changes start 
to become apparent, (ii) Employ ApoE3 animals as controls.

It has been previously reported that intraperitoneally, and 
intracerebroventricularly given LPS induced inflammation in WT 
mice significantly impairs working and spatial memory (Zhao et al., 
2019; Feng et al., 2021; Bahaidrah et al., 2022). This could be attributed 
to the fact that the studies involving LPS injections often use a high 
dosage of LPS for consecutive days to induce robust changes in 
behaviors. For instance, the study by Zhao et al. (2019), used LPS at a 
dosage of 0.75 mg/kg intraperitoneally for 7 consecutive days or 
intracerebroventricular injections of 12 μg/3 μL to witness significant 
cognitive decline in mice. However, it has been reported that a single 
intraperitoneal injection of 1 mg/kg is sufficient to induce sickness 
behavior in mice that prolonged for several hours when assessed for 
murine sickness score (Savage et al., 2019). Therefore, we chose a low 
dosage of 0.2 mg/kg LPS and administered with an interval of 7 days 
to avoid causing sickness behavior in mice and at the same time, 
mimic chronic neuroinflammation. We should also acknowledge the 
possibility of “tolerance” to our multiple injections and this could 
be one of the reasons for not witnessing sickness behavior in our LPS 
animal groups. Given that we do not observe an apparent behavior 
change with our LPS administration regime, it would be  ideal to 
increase the dosage or frequency of injection. However, we should 
be recognizant of the consequences (such as sickness behavior) while 
altering the LPS administration regime for future experiments. In 
conclusion, we did not observe a profound behavior deficit in our 
ApoE4KI + LPS mice and the reasons for this could be the choice of 
control animals used, age at which we looked for changes and the 
dosage and frequency of LPS administration employed in our study.

4.3 Combined effect of LPS and ApoE4 
resulted in decreased spine density

Synaptic loss has been reported to occur in the early stages of 
human AD cases and has been so far the best correlator of the disease 
(Masliah et al., 2001). Accordingly, one of the earliest hallmarks of AD 
that could become evident is spine loss and therefore we checked for 
differences in spine density in our proposed sporadic AD mice. 
Interestingly, we  found that our ApoE4KI cohort receiving LPS 
showed a significant reduction in the number of apical spines in the 
CA1 region of hippocampus, while mice with either risk factor alone, 
showed no differences. This indicates that having both the risk factors 
together in our proposed AD model mice, made them susceptible to 
spine loss. Literature reports for the spine density changes in ApoE4KI 
mice remains inconsistent. While Dumanis et  al. (2009), did not 
observe a reduction in hippocampal spines in their ApoE4KI mouse, 

several other studies report reduced dendritic arborization and spine 
density in ApoE4 based mouse models (Jain et al., 2013; Taxier et al., 
2022). This inconsistency could be a result of differences in the age as 
well as mouse strains used in these studies. For example, the study by 
Jain et al. (2013), checked for spine density differences in 19–21 months 
old mice whereas our animals were 6 months old.

On the other hand, LPS on its own has been reported to decrease 
spine density (Huifeng et al., 2020; Wang et al., 2020) in animals. This 
could again be a result of high dosages of LPS as discussed previously. In 
summary, we observed a significant decrease in spine density in our 
ApoE4KI + LPS animals. The fact that we find spine reduction in our 
ApoE4KI + LPS cohort even before the onset of behavioral changes could 
be in par with studies reporting synaptic changes occurring in mild-
Alzheimer’s disease and mild cognitive impairment (Scheff et al., 2006, 
2007) and that synapse loss is a very early pathology preceding behavior 
changes (DeKosky and Scheff, 1990; Oddo et al., 2003; Jang et al., 2021). 
Loss of synapses as a major correlate of cognitive impairment has been 
consistently reported in the literature (DeKosky and Scheff, 1990; Terry 
et al., 1991; Sze et al., 1997). Thus, we could conclude that our proposed 
sporadic AD model could be considered mimicking the pathological 
manifestations of human Alzheimer’s disease with the observed spine 
reduction before behavioral manifestations.

4.4 No obvious changes in glial cell numbers 
after LPS injection in ApoE4KI mice

The migration, proliferation, and activation of glial cell plays a 
crucial role in Alzheimer’s disease. Therefore, we checked for changes in 
astrocytes and microglial cell number since our ApoE4KI mice received 
LPS which is known to induce inflammation in the brain via activation, 
proliferation, and migration of glial cells. However, we did not notice a 
significant difference in microglia and astrocyte cell numbers in our WT 
or ApoE4 animals treated with LPS. The results for ApoE4 mice, 
resembles the study results for this specific mouse strain published 
recently (Sepulveda et al., 2022). The levels of key proinflammatory 
cytokines such as TNF-α and IL-6 remained unchanged in APOE4KI 
mice compared to controls at 6 months age, indicating that these animals 
do not show changes in inflammatory profiles yet. Nevertheless, results 
for LPS injection contradicts what we see in the literature in terms of 
brain immune cell response after LPS administration. For instance, the 
study conducted by Zhu et al. (2012), where single I.C.V injection of LPS 
given to the ApoE4-TR mice resulted in prominent increases of both 
astrocytes and microglia. This difference could result from the variations 
in the mode of LPS administration as our animals received 
intraperitoneal LPS injections whereas the above-mentioned study used 
an I.C.V injection of LPS. Likewise, LPS injections alone have been 
reported to increase astrocyte and microglial cell numbers in cortex and 
hippocampus of Wildtype mice (Ryu et al., 2019; Fernández-Calle et al., 
2020; Sardari et al., 2020; Garcia-Hernandez et al., 2022). This is not 
surprising as these studies involved a high dosage of LPS injections 
ranging from 1 mg/kg to 10 mg/kg, where we  used a low dosage of 
0.2 mg/kg LPS in our experiments.

We speculate that the absence in glial cell replication upon low dose 
LPS treatment might be because of the following reasons. The interval 
between our last LPS administration and tissue collection in our study is 
comparatively longer than other studies in the literature. This is because 
we performed behavior experiments which lasted for a week after the final 
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LPS injection, followed by tissue collection. This could be a potential 
factor leading to the observed differences in the activation state of these 
cells. In addition to counting the total cell numbers, adapting a more 
detailed method of quantification including morphological analysis like 
dendritic branching, measuring cell soma intensity would make it possible 
to reveal any subtle changes occurring at the cellular level. In most studies, 
a common measure of neuroinflammation in LPS treated animals include 
quantification of serum and brain cytokine levels (Liu et al., 2017; Zhao 
et al., 2019), whereas we only looked for changes in glial cell numbers in 
our study. We designed our chronic LPS injection paradigm based on 
studies from 3xTg (Sy et al., 2011) and APPSwe (Sheng et al., 2003) mice 
with repeated LPS injections leading to a profound increase in AD 
pathological markers including microglia, astrocytes and amyloid 
plaques. In the future, it would be preferable to adapt more than one 
technique to check for changes in LPS induced neuroinflammation, i.e., 
by performing ELISA and Western blot to check for specific inflammatory 
cytokine levels in addition to performing immunostaining for glial cells. 
This would help capture any early changes occurring in the brain in 
response to LPS injections. Additionally, checking for inflammatory 
cytokines would be helpful in gaging any differences in neuroinflammation 
after multiple injections, to understand if the animals had developed 
tolerance to LPS. This last point is particularly important for the 
development of a sporadic AD model, since if our proposed model did 
indeed result in tolerance to LPS rather than sustained inflammation, 
future studies need to first confirm this limitation and subsequently, 
develop novel ways to model chronic inflammation. In summary, there 
was no obvious change of microglia and astrocytes cell numbers in our 
proposed AD model which could either indicate the absence of 
neuroinflammation with our LPS injection regime, or the inability to 
detect specific cellular changes with our detection methods.

5 Conclusion

In conclusion, we attempted to develop a sporadic model for AD 
with risk factors ApoE4 and neuroinflammation. Although we did not 
observe any cognitive changes, we  noticed a significant decrease in 
dendritic spine density which is one of the earliest indicators of 
Alzheimer’s disease phenotype. This could be considered a significant 
step toward developing a better sporadic model of AD. Future studies 
should consider focusing on examining cognitive changes at an advanced 
age, which resonates better with late onset/sporadic Alzheimer’s disease.
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