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Abstract.  Alzheimer’s disease (AD) is a progressive neurodegenerative disorder
characterized by cognitive decline, amyloid plaque accumulation, and tau pathology. The
Apolipoprotein E4 (ApoE4) allele is the strongest genetic risk factor for late-onset AD,
contributing to increased amyloid burden, neuroinflammation, and brain atrophy. However,
the cellular and structural mechanisms underlying ApoE4’s impact on disease progression
remain incompletely understood. In this paper, we analyzed multi-modal datasets from the
Seattle Alzheimer’s Disease Brain Cell Atlas (SEA-AD) to investigate differences between
ApoE4+ and ApoE4- individuals. 116 parameters were assessed, including neuropathology,
imaging, and clinical outcomes and we identified 15 key parameters that are more
significant and representative between the groups. ApoE4+ individuals exhibited earlier
cognitive decline, greater tau and amyloid pathology, and accelerated brain atrophy,
particularly in cortical and subcortical regions. RNA sequencing of the Prefrontal Cortex
(PFC) and Middle Temporal Gyrus (MTG) revealed significant reductions in Sst Chodl,
Sncg, and Vip interneurons in ApoE4+ individuals. These findings suggest that ApoE4
carriers experience widespread neurodegenerative changes, including altered inhibitory
neuron composition, which may contribute to disease progression. Understanding how
ApoE4 affects inhibitory networks could provide new insights into Alzheimer’s pathology
and potential therapeutic targets.
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1. Introduction

The Alzheimer’s Disease (AD), broadly causing dementia among the elderly people, is a rapidly
growing global health concern recognized by the World Health Organization (WHO), that has
significant impacts for individuals and families worldwide [1,2]. In 1906, physician Alois
Alzheimer’s discovery of a woman with memory loss and hallucinations marks the beginning of
research into the disease that came to bear his name [3]. By the 1990s, Alzheimer’s disease was
defined pathologically by the presence of amyloid plaques and neurofibrillary tangles at postmortem
[4], although their role in disease still remained controversial at the time [5]. Later advanced
biomarkers in fluid and imaging have facilitated the detection of these pathological markers in
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patients, including amyloid-β and tau [6]. The identification of amyloid-β in 1984 and tau in 1987
were major milestones in AD research, with amyloid-β buildup remaining central to the
understanding of the disease and APP gene mutations linked to familial AD [7].

In 1993, researchers identified a version of APOE that critically increases the risk of developing
late-onset Alzheimer’s disease [8]. The APOE gene, which encodes a protein involved in fat-binding
metabolism in the brain, is recognized as a primary risk factor for the most common form of the
disease [7]. APOE codes for apolipoprotein E (ApoE), a glycoprotein that binds to fatty substances
such as cholesterol, and forms lipoprotein particles. This is substantial for redistributing cholesterol
and other lipids throughout the brain [9]. As a key genetic risk factor for Alzheimer’s disease (AD),
ApoE has three variants (ApoE2, ApoE3, and ApoE4) that affect AD risk differently [10]. ApoE4
increases the risk of AD by impairing amyloid-β clearance and causing microglial dysfunction,
while ApoE2 is protective [11]. Research shows that individuals with two copies of ApoE4 are
significantly more likely to develop AD, and those with two copies of ApoE2 have the lowest risk
[12]. Meanwhile, the copies of ApoE4 gene person have may greatly affect the age of Alzheimer
development [13].

The objective of this paper is to investigate the role of the ApoE4 variant in cell generation and
degeneration within the context of Alzheimer’s Disease. By exploring its contribution to
neurodegeneration, this research aims to enhance our understanding of how ApoE4 drives the
progression of AD. Gaining insight into these mechanisms will not only provide a clearer picture of
the genetic risk factors associated with the disease but also offer potential directions for developing
treatments that specifically address the effects of ApoE4-related degeneration. Understanding these
pathways is essential for improving therapeutic strategies, particularly for individuals carrying the
ApoE4 variant.

2. Method

All datasets were obtained from the Seattle Alzheimer’s Disease Brain Cell Atlas (SEA-AD) [14].
The datasets included: Donor metadata, which contained demographic and genetic information,
including APOE genotype. MRI volumetric data, providing structural measurements of cortical and
subcortical brain regions. Quantitative neuropathology summary data, reporting tau pathology,
amyloid burden, neuroinflammation markers, and cellular density. RNA sequencing data  from
the  Middle Temporal Gyrus (MTG)  and  Prefrontal Cortex (PFC)  regions, available in the  “donor
object” subfolder [15]. The first three data sets were merged into a single comprehensive database,
integrating donor-level genetic, imaging, pathology, and clinical data. The APOE genotype column
was used to categorize individuals into ApoE4+ (carriers of at least one APOE4 allele) and ApoE4-
(non-carriers) groups for further analysis. All statistical analyses were performed in Python (Pandas,
NumPy, and SciPy): Two-sample t-tests were used to compare groups. A significance threshold of p
< 0.05 was applied. Figures were generated using Matplotlib, with bar graphs showing mean values,
error bars representing standard deviation, and significant p-values displayed on the graphs.

2.1. Identification of significant parameters in pathology, imaging, and clinical data

To identify differences in  pathological, imaging, and clinical  parameters between  ApoE4+ and
ApoE4-  individuals, an initial screening was completed first, where a total of  116 significant
parameters  were identified by applying  two-sample t-tests  to all numeric variables in the dataset.
Parameters with p < 0.05 were considered statistically significant. A final selection was made of a
subset of 15 significant parameters that was selected for visualization, focusing on measures related
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to grey matter pathology, brain volume, and clinical progression. Statistical analysis was conducted
in Python using SciPy. Figures were generated using Matplotlib, where bar graphs displayed mean
values, with error bars representing the standard error of the mean. Parameters with p < 0.05 were
marked as statistically significant.

2.2. Cell type identification and comparison in the MTG and PFC

For Figures 4 and 5, RNA sequencing data from the MTG and PFC regions were analyzed to
identify differences in brain cell composition between ApoE4+ and ApoE4- individuals. Cell
classification was conducted using single-cell RNA sequencing (scRNA-seq) data analysis
workflows established previously [16]. Briefly, raw sequencing data were processed using Scanpy, a
Python-based computational toolkit widely employed for scRNA-seq data analysis [17]. This
process involved quality control, normalization, dimensionality reduction, clustering, and cell type
annotation according to standard procedures outlined in recent literature [18]. Unique cell types
were identified, and their relative abundances were calculated as a percentage of total cells within
each region. Then a two-sample t-tests were performed for each of the 24 identified cell types  to
determine significant differences between ApoE4+ and ApoE4- groups. This analysis was conducted
separately for MTG and PFC datasets. Statistical analysis was performed using Python (SciPy), with
a significance threshold [6] of p < 0.05. Figures were generated using Matplotlib, where bar graphs
displayed  mean cell proportions,  error bars indicating standard deviation, and  p-values above
significant comparisons.

3. Result

The effects of the ApoE4 gene on Alzheimer's disease pathology were assessed by comparing
several key parameters between ApoE4+ and ApoE4- groups. Specifically, neuroinflammation
markers, amyloid burden, brain volume metrics, and clinical symptoms were analyzed, represented
by 15 significant parameters. The initial analysis included 116 significant parameters obtained from
84 patients, but only 15 parameters related to the total or number of grey matter regions were
graphed here, as all different layers under one category showed similar results.

3.1. Accelerated clinical progression in ApoE4+ individuals

Age-related clinical measurements, including age of onset for cognitive symptoms and interval from
the last Mini-Mental State Examination (MMSE), were compared across groups. ApoE4+
individuals had a significantly lower age at death compared to ApoE4- individuals (Figure 1A).
ApoE4+ individuals demonstrated an earlier age of onset of cognitive symptoms by approximately 5
years compared to ApoE4- individuals (Figure 1B). The interval from the last MMSE in months was
shorter in ApoE4+ individuals, reflecting potentially faster disease progression (Figure 1C),
although the difference was marginal.
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Figure 1. Comparison of key clinical parameters between APOE4+ and APOE4- Groups (A) Age at
death bar graph showing the mean age at death for APOE4+ and APOE4- groups. Error bars

represent SEM (p < 0.05) (B) Age of onset for cognitive symptoms bar graph illustrating the mean
age of onset for cognitive symptoms in APOE4+ and APOE4- groups. Error bars represent SEM.

The APOE4+ group shows a significantly earlier onset (p < 0.05) (C) Interval from Last MMSE in
Months Bar graph depicting the mean interval from the last MMSE in months for APOE4+ and

APOE4- groups. Error bars represent SEM (p < 0.05)

3.2. Enhanced pathology markers in ApoE4+ alzheimer’s disease

The total AT8 positive area in grey matter, a marker of tau pathology, was significantly higher in the
ApoE4+ group compared to the ApoE4- group, with mean increase of 32%, p =7.80e-06 (Figure
2A). Similarly, the total 6e10 positive area in grey matter, which specifically detects amyloid beta
(Aβ) protein, indicating the amyloid burden, showed a mean increase of 28% in the ApoE4+
individuals (p =6.52e-04) (Figure 2B). The number of Iba1 and 6e10 positive co-localized objects,
which reflects neuroinflammation and amyloid association, was also significantly increased in
ApoE4+ participants compared to ApoE4- participants with a mean increase of 25% (p =0.002)
(Figure 2C). These data suggest that the presence of the ApoE4 gene exacerbates both tau and
amyloid pathology, along with related inflammatory responses. ApoE4+ individuals exhibited
significantly larger total GFAP positive areas in grey matter, with mean increase of 20% (p < 0.05)
(Figure 2E). Moreover, the number of hematoxylin-positive nuclei, which indicate changes in
cellular density, proliferation, or other cellular responses to pathology, was also increased in the
ApoE4+ group (p =0.0068) (Figure 2D). These results imply an ongoing response to injury or stress
in brain regions vulnerable to Alzheimer's pathology among ApoE4+ individuals.
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Figure 2. Comparison of key pathological parameters between APOE4+ and APOE4- groups (A)
Total AT8 positive area in grey matter bar graph comparing the mean total AT8 positive area in grey
matter between APOE4+ and APOE4- groups. Error bars represent the standard error of the mean
(SEM). Showed statistically significant increase in the APOE4+ group (p < 0.0001) (B) Total 6e10
positive area in grey matter bar graph showing the mean total 6e10 positive area in grey matter for
APOE4+ and APOE4- groups. Error bars represent SEM (p < 0.001) (C) Number of Iba1 and 6e10

Co-localized objects in grey matter bar graph illustrating the mean number of Iba1 and 6e10 co-
localized objects in grey matter for APOE4+ and APOE4- groups. Error bars represent SEM. The
APOE4+ group shows a statistically significant increase (p < 0.01) (D) Number of Hematoxylin-

Positive Nuclei in Grey Matter Bar graph depicting the mean number of hematoxylin-positive nuclei
in grey matter for APOE4+ and APOE4- groups. Error bars represent SEM. Showed a significant
increase in the APOE4+ group (p < 0.01) (E) Total GFAP Positive Area in Grey Matter Bar graph

comparing the mean total GFAP positive area in grey matter between APOE4+ and APOE4- groups.
Error bars represent SEM. The APOE4+ group exhibits a significant increase (p < 0.05)

3.3. Imaging reveals volume loss in ApoE4+ alzheimer’s

Analysis of cortical and subcortical volumes showed significant reductions in specific regions
among ApoE4+ individuals. The left inferior temporal cortex and right lateral occipital cortex
volumes were notably reduced in the ApoE4+ group with mean reduction of 15% and 12%,
respectively (both p < 0.05) (Figures 3A and 3F). Similar volume reductions were observed in the
right frontal pole and superior frontal cortex (Figures 3E and 3D). The graphs presented here focus
on parameters where the difference between ApoE4+ and ApoE- was statistically significant,
indicating that the ApoE4 gene contributes to the acceleration of Alzheimer-related
neurodegenerative processes, with implications for disease progression and cognitive decline.
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Figure 3. Comparison of key imaging parameters between APOE4+ and APOE4- groups (A) Left
inferior temporal cortex volume bar graph comparing the mean volume of the left inferior temporal

cortex between APOE4+ and APOE4- groups. Error bars represent SEM (p < 0.05) (B) Left Pars
Orbitalis Cortex Volume Bar graph showing the mean volume of the left par orbitalis cortex for

APOE4+ and APOE4- groups. Error bars represent SEM (p < 0.05) (C) Left Pars Triangularis White
Matter Volume Bar graph illustrating the mean volume of the left pars triangularis white matter for

APOE4+ and APOE4- groups. Error bars represent SEM (D) Right Lateral Occipital Cortex Volume
Bar graph showing the mean volume of the right lateral occipital cortex for APOE4+ and APOE4-
groups. Error bars represent SEM. The APOE4+ group shows a significant reduction (p < 0.05) (E)
Right Superior Frontal Cortex Volume Bar graph depicting the mean volume of the right superior
frontal cortex for APOE4+ and APOE4- groups. Error bars represent SEM. Showing a statistically
significant reduction in the APOE4+ group (p < 0.05) (F) Right Frontal Pole Cortex Volume Bar

graph comparing the mean volume of the right frontal pole cortex between APOE4+ and APOE4-
groups. Error bars represent SEM (p < 0.05) (G) Right Frontal Pole White Matter Volume Bar graph
illustrating the mean volume of the right frontal pole white matter for APOE4+ and APOE4- groups.

Error bars represent SEM. (p < 0.05) reflects white matter loss in APOE4+ group. N=25 in
APOE4+, N=59 in APOE4-

3.4. Regional analysis of PFC brain cell types

To investigate the impact of the ApoE4 genotype on brain cell populations in the prefrontal cortex
(PFC), RNA sequencing (RNA-seq) analysis was performed, focusing on 24 distinct brain cell
types. Among these, Sst Chodl was identified as the only cell type showing a statistically significant
difference between ApoE4+ and ApoE4- groups. ApoE4+ individuals exhibited a reduced proportion
of Sst Chodl cells compared to ApoE4- individuals (p = 0.027865; Figure 4). This finding highlights
a potential regional specificity of ApoE4-related alterations in inhibitory interneurons within the
PFC.
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Figure 4. Reduced Sst Chodl cell proportions in the PFC of ApoE4+ individuals. The proportion of
Sst Chodl cells was significantly lower in ApoE4+ individuals compared to ApoE4- individuals (p =
0.027865). Bars represent mean cell proportions, with error bars indicating standard deviation. The

p-value is displayed above the bars

3.5. Regional analysis of MTG brain cell types

To determine whether the previously identified difference in Sst Chodl was region-specific or part of
a broader pattern, RNA sequencing (RNA-seq) analysis was conducted on the middle temporal
gyrus (MTG) region of the brain. A total of 24 cell types were analyzed using two-sample t-tests to
compare ApoE4+ and ApoE4- individuals. Two cell types, Sncg and Vip, were significantly different
between the ApoE4+ and ApoE4- groups. The proportion of Sncg cells was significantly lower in
ApoE4+ individuals compared to ApoE4- individuals (t-stat = -2.117567, p = 0.038687). The
proportion of Vip cells was also significantly reduced in ApoE4+ individuals (t-stat = -2.300484, p =
0.024877).

Figure 5. Reduced Sncg and Vip cell proportions in the MTG region of ApoE4+ individuals. (A) The
proportion of Sncg cells was significantly lower in ApoE4+ individuals compared to ApoE4-

individuals (t-stat = -2.117567, p = 0.038687). (B) The proportion of Vip cells was also significantly
reduced in ApoE4+ individuals (t-stat = -2.300484, p = 0.024877). Bars represent mean cell

proportions, with error bars indicating standard deviation. The p-values are displayed above the bars
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4. Discussion

This study showed the significant impact of the ApoE4 gene on Alzheimer’s disease pathology,
clinical progression, and brain cell composition. By comparing ApoE4+ and ApoE4- individuals, it
is observed that the ApoE4 genotype is associated with more severe pathology, faster disease
progression, and specific cellular alterations. The disease usually starts with mild memory problems
and progressively leads to cognitive decline, difficulties in performing complex daily tasks, and
other cognitive impairments [1,19]. By the time Alzheimer’s disease (AD) is clinically diagnosed,
significant neuronal loss and neuropathological lesions are present in various brain regions [20,21].

ApoE4+ individuals showed clear signs of accelerated clinical decline compared to ApoE4-
individuals. The earlier onset of cognitive symptoms, approximately five years earlier on average,
indicates the role of ApoE4 in facilitating disease progression. Additionally, according to the lower
age at death, ApoE4+ individuals had a shorter lifespan. While the interval between the last Mini-
Mental State Examination (MMSE) and death was also shorter, this difference was less pronounced.
These findings emphasize the need for early detection and intervention for ApoE4 carriers, who
appear to face a faster trajectory of cognitive decline and disease progression [22,23]. Research
shows cognitive decline begins 12 years before dementia, first affecting semantic memory, followed
by global deficits, mild dependence after two years, and rapid worsening in the final three years
[24]. The ability to identify individuals with very mild symptoms before the onset of dementia is
significant [25,26]. Several diagnostic criteria related to imaging techniques and cerebrospinal fluid
biomarkers have been published to establish a multivariate classification for Alzheimer’s disease
[27,28].

Neuroimaging results revealed significant volume reductions in cortical and subcortical regions
in ApoE4+ individuals. Specifically, reductions in the left inferior temporal cortex and right lateral
occipital cortex, with mean decreases of 15% and 12%, respectively, suggest that ApoE4 contributes
to widespread neurodegeneration. Additional volume loss in the right frontal pole and superior
frontal cortex further underscores the vulnerability of critical brain regions to ApoE4-mediated
damage. AD leads to a significant reduction in brain weight and volume, with certain brain regions
and neuronal populations being more affected than others. While neuronal loss is evident in specific
areas, much of the overall brain volume decline appears to result from the shrinkage and
degeneration of neuronal processes [29,30]. These structural changes align with the observed
clinical decline, reinforcing the connection between ApoE4, brain volume loss, and cognitive
impairment.

Our analysis of molecular markers further supports the exacerbating role of ApoE4 in
Alzheimer’s pathology. Research has shown that the ApoE4 allele is strongly associated with
cognitive function near death [31]; however, this relationship is largely mediated by AD pathology,
which remained a strong predictor of cognitive decline, with similar findings observed across
different measures of neurotic plaques [9], diffuse plaques, and neurofibrillary tangles [32]. The
significant increase in tau pathology, as shown by a 32% higher AT8-positive area in ApoE4+
individuals, underscores the role of ApoE4 in amplifying tau aggregation. Similarly, the 28%
increase in amyloid burden, reflected by 6e10-positive areas, suggests that ApoE4 contributes to
amyloid pathology [22,33]. Diverse lines of evidence suggest that amyloid-β (Aβ) peptides lead to
AD pathogenesis30. In addition, the significant rise in Iba1 and 6e10 co-localized objects, which are
markers of neuroinflammation, indicate an enhanced inflammatory response in ApoE4+ individuals
[34]. Markers of cellular stress and glial activation, such as increased GFAP-positive areas and
hematoxylin-positive nuclei, further emphasized the heightened cellular responses to pathology in
ApoE4+ individuals [35,36]. Together, these findings indicate that ApoE4 not only accelerates the
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core pathological features of Alzheimer’s disease but also drives inflammation and glial activation,
which may amplify the neurodegenerative process [37,38].

Among the 24 brain cell types analyzed in the Prefrontal Cortex (PFC) region, Sst Chodl was the
only cell type that showed a statistically significant difference between ApoE4+ and ApoE4- groups.
ApoE4+ individuals exhibited a reduced proportion of Sst Chodl cells (p = 0.027865). The Sst
Chodl GABAergic cortical interneuron is a rare inhibitory neuron that produces somatostatin and
chondrolectin [39,40]. It helps regulate neural activity by balancing excitatory signals, preventing
excessive excitation in the brain [41]. Significant synaptic rewiring in somatostatin due to reduced
cholinergic drive has been observed in mice with AD-like pathology [42]. This disruption
contributes to memory deficits, underscoring the crucial role of somatostatins in AD-related
dysfunction [43,44]. By controlling the timing and synchronization, the GABAergic interneurons
play an essential part in shaping the dynamic cortical network activities underlying complex brain
functions, such as learning, memory, and attention [45]. The reduction in these cells suggests that
ApoE4 may disrupt inhibitory signaling, potentially contributing to network instability and cognitive
decline, which are features of Alzheimer’s disease [46].

The analysis of the middle temporal gyrus (MTG) region revealed significant reductions in the
proportions of Sncg and Vip cells in ApoE4+ individuals compared to ApoE4- individuals. Vip cells,
though constituting only 1–2% of cortical neurons, play a crucial role in modulating local network
activity. Research across multiple cortical regions indicates that VIP cells strongly inhibiting
somatostatin networks [47,48]. Vip interaction with Somatostatin cells is particularly notable in
layers 2/3, where they provide strong inhibition, and to a lesser extent in layer [5], forming
disinhibitory circuits. These circuits become active during specific behavioral processes such as
associative learning, reinforcement, locomotion, and attention [49]. Sncg is a transcriptomic
signature in the Vip interneuron [50]. Both cell types are inhibitory interneurons, suggesting a
broader impact of the ApoE4 genotype on maintaining excitatory-inhibitory balance in the brain
[39]. Hyperphosphorylation of tau and related pathology (tauopathy) has been observed to be
accelerated in the presence of the ApoE4 isoform [22]. These findings align with evidence that the
ApoE4 allele predisposes neurons to injury and promotes the release of phosphorylated tau (p-tau),
independently of glial APOE, accelerating neurodegeneration and tau pathology in Alzheimer’s
disease patients [33]. Together with prior findings in the prefrontal cortex (PFC), this suggests that
ApoE4-related alterations in inhibitory interneurons may contribute to the spread of tau pathology
and the progression of Alzheimer’s disease across multiple brain regions [38]. The observed
reduction in Vip cells is particularly notable as these cells are vasoactive intestinal polypeptide-
expressing interneurons, which play a critical role in regulating inhibitory circuits by modulating
interneuron activity through disinhibition [36]. Alterations in VIP-INs have been implicated in
disrupted hippocampal circuits and impaired excitatory-inhibitory balance, which are early
pathological features of Alzheimer’s disease [51]. These findings, in combination with reductions in
other inhibitory neuron subtypes, such as Sst Chodl in the prefrontal cortex, suggest a widespread
and potentially region-specific impact of the ApoE4 genotype on interneuron populations. Research
shown that the modulation of microglial activation, phagocytosis, and secretion by VIP is a
promising therapeutic option for the treatment of Alzheimer's disease [52]. Further studies are
needed to explore how these changes contribute to network dysfunction and Alzheimer’s disease
progression.
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5. Conclusion

This study demonstrates that the ApoE4 genotype has a significant impact on accelerating several
aspects of Alzheimer's disease. The ApoE4 carriers evidenced earlier cognitive impairment, greater
tau and amyloid pathology, and notable cortical and subcortical atrophy compared with non-carriers.
At the cellular level, reduction in inhibitory interneuron subtypes, including Sst Chodl, Sncg, and
Vip, suggests that ApoE4 disrupts excitatory–inhibitory balance and promotes network instability.
Together, these results demonstrate biphasic ApoE4 molecular and structural function and establish
ApoE4 as a key genetic risk factor and probable therapeutic target. To verify these observations and
to investigate interventions that restore the function of inhibitory networks in ApoE4-associated
Alzheimer's disease, larger longitudinal cohorts will be required in subsequent studies.
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