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Abstract

Cell culture is an essential tool in both fundamental and translational research, particularly for understanding complex diseases
like Alzheimer’s disease (AD). The use of cell lines provides the advantage of genetic homogeneity, ensuring reproducible and
consistent results. This article explores the application of mammalian cell cultures to model AD, focusing on the transfection of
cells with key genes associated with the disease to replicate the cellular environment of AD. It explains various transfection
methods and challenges related to the process. These models offer a robust platform for investigating cellular biology, molecular
pathways, physiological processes, and drug discovery efforts. A range of assays, including RT-PCR, western blotting, ELISA, mito-
chondrial respiration, and reactive oxygen species analysis, are employed to assess the impact of genetic modifications on cellular
functions and to screen potential AD therapies. Researchers often design experiments with multiple variables such as genetic
modifications, chemical treatments, or time points, paired with positive and negative controls. By using a consistent control
group across all conditions and under identical experimental conditions, researchers can minimize variability and enhance
data reproducibility. This approach is particularly valuable in AD research, where small experimental differences can significantly
influence outcomes. Using a shared control group ensures data comparability across experiments, saving time and resources by
eliminating redundant control tests. This strategy not only streamlines the research process but also improves the reliability of
results, making it a sensible, resource-efficient method that ultimately conserves public funding in the pursuit of AD treatments.
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Introduction

Cell culture is a foundational technique in biomedical research,
enabling the in vitro study of cellular processes in a controlled
environment. This method involves the growth and mainten-
ance of cells derived from multicellular organisms, allowing
researchers to investigate cellular behaviors, drug responses,
and molecular pathways often challenging to study in vivo.
Cell culture systems have evolved significantly since their
inception, with advancements in culture conditions, media for-
mulations, and cell lines that have expanded their applications
in various fields, including cancer research, drug development,
and regenerative medicine.

In the context of biomedical research, cell culture pro-
vides a versatile platform for dissecting complex biological
mechanisms at the cellular and molecular levels. It allows
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for the manipulation of the extracellular environment, enab-
ling the study of specific variables such as nutrient avail-
ability, oxygen levels, and the presence of signaling
molecules, which can influence cell behavior and fate.
Moreover, cell culture models serve as critical tools for pre-
clinical drug testing, offering a preliminary assessment of a
compound’s efficacy and toxicity before advancing to
animal models and human clinical trials (Figure 1.2

Despite its widespread use, cell culture is not without
limitations. One of the primary challenges is replicating
the in vivo environment, as cells in culture often lack
complex interactions with other cell types and the extracel-
lular matrix that they would experience in a living organ-
ism. Additionally, prolonged culture can lead to genetic
and phenotypic drift, potentially altering the cells’ behavior
and responses over time.> Nonetheless, ongoing advance-
ments in three-dimensional culture systems, co-culture
techniques, and organ-on-a-chip technologies are helping
to address these limitations, bringing cell culture models
closer to mimicking physiological conditions.

In conclusion, cell culture remains an indispensable tool
in biomedical research, offering unparalleled insights into
cellular functions and disease mechanisms. As technologies
continue to advance, the accuracy and relevance of cell
culture models will only improve, further solidifying their
role in the future of biomedical research.

The purpose of this article is to discuss the use/reuse of
the same untreated control group in experiments, highlight-
ing its importance in reducing variability, enhancing data
robustness, and saving resources. By using consistent con-
trols, the study emphasizes the potential to minimize experi-
mental costs, ultimately benefiting research funding
efficiency, including saving taxpayers’ money through
more economical use of public research funds. This
approach helps ensure that funds are allocated efficiently
for high-quality research while reducing unnecessary dupli-
cation of effort and resources.

Cell lines for aging and Alzheimer’s disease
research

Cell lines play a crucial role in aging and Alzheimer’s
disease (AD) research, providing models to study the cellu-
lar and molecular mechanisms underlying these complex
processes. These cell lines offer insights into the patho-
physiology of aging and AD, as well as platforms for
drug testing and therapeutic development. Below are
some key cell lines used in this field (Table 1, Figure 2).

SH-SY5Y cells

Type: human neuroblastoma cell line. Application: Widely
used in neurobiology, these cells can be differentiated into
neuron-like cells (Figure 3(a)), making them a popular

model for studying neurodegenerative diseases, including
AD. SH-SYSY cells express amyloid-f protein precursor
(ABPP) and are often used to investigate the processing of
APPP and the formation of amyloid-f (AP) plaques,
which are hallmarks of AD.* Another researcher utilized
in vitro AP;_4, peptide treated differentiated human neuro-
blastoma SH-SYSY cell lines as cellular AD model to study
mitochondrial viability, oxidative status, and neuronal
apoptosis.”® Same SH-SY5Y cell lines treated with ApP,s_
35 peptide also used to examine mitochondrial oxidative
phosphorylation and neurotoxicity.” In AD research, trans-
fection is also used to introduce tau protein mutations (e.g.,
MAPT mutations), which are implicated in neurofibrillary
tangle formation, a characteristic feature of AD. For
example, transfecting cells with wild-type or mutant tau
plasmids can help researchers study tau phosphorylation,
aggregation, and the effects of small molecules that
inhibit tau aggregation.®

M7 cell line

Tybe: human neuroblastoma cell line. Application: M17 cells
(treated with AP;_4p) were also applied to examine the pro-
tective effects of DHA and CoQ10, both alone and in com-
bination, against alterations in mitochondrial function
caused by Ap.°

N2a cells

Tybe: mouse neuroblastoma cell line. Application: N2a cells
are widely used in neuroscience research, particularly in
the study of neurodegenerative diseases like AD. They
can be differentiated into neuron-like cells and are often
employed to investigate APPP processing, A production,
and the effects of various compounds on neuronal function.
N2a cells are valuable for studying the molecular mechan-
isms underlying amyloid plaque formation, one of the key
pathological features of AD.'® Mouse neuroblastoma
(N2a) cells incubated with the AP peptide and electron
and confocal microscopy, gene expression analysis, and
biochemical methods were applied to study AP induced
changes in mitochondrial structure and function, and
neurite outgrowth.'!

PCI2 cell line

Tybe: mouse neuroblastoma cell line. Application: In vitro
APPP mutant-overexpressed and AP peptide-treated PC12
cell lines were used to conduct ATP production assay,
MTT assay and reactive oxygen species (ROS)-induced
apoptosis assays.'>'? Decreased mitochondrial membrane
potential, the cleavage of poly (ADP-ribose) polymerase,
an increase in the Bax/Bcl-X(L) ratio, and activation of
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Figure |. Experimental models in studying the AD pathophysiology ranging from cell biology to clinical trials.

c-Jun N-terminal kinase and oxidative cell death were also
reported in a PC12 cell lines after Ap treatment.'*

HT22 cells

Type: mouse hippocampal cell line. Application: HT22 cells
are derived from the mouse hippocampus and are used as
a model for studying oxidative stress and excitotoxicity,
both of which are relevant to AD (Figure 3(a)). These
cells are particularly useful for investigating the role of glu-
tamate toxicity and oxidative damage in neuronal cell death,
processes that are implicated in the neurodegeneration
observed in AD."> HT22 cells also serve as a model for
testing neuroprotective compounds like mitophagy enhan-
cers.'® Transfection is often employed to knock down
genes involved in the antioxidant response, such as Nrf2
(nuclear factor erythroid 2-related factor 2), or to

overexpress oxidative stress-inducing proteins, to better
understand neurotoxicity and cell death mechanisms. For
example, transfecting HT22 cells with plasmids encoding
superoxide dismutase (SOD1) or catalase helps investigate
the role of oxidative stress in neurodegeneration and the
protective effects of antioxidants.'”

Microglial cell lines (e.g., BV2)

Tybe: mouse microglial cell line. Application: Microglia are
the resident immune cells of the brain, playing a critical
role in neuroinflammation, which is a key feature of AD.
BV2 cells are commonly used to study microglial activa-
tion, cytokine production, and their interactions with
amyloid-beta, providing insights into the inflammatory pro-
cesses in AD.'" Transfection of these cells with
pro-inflammatory  cytokine genes or microRNAs
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Table I. Cell lines utilized in aging and Alzheimer’s disease.

SI.

no.

Cell line

Origin

Cell type

Applications in AD research

SH-SYS5Y Cells

MI17 cell line
N2a Cells

PCI12 cell line

HT22 Cells

BV2 cells

H4 Cells

C6 cells

HEK293 Cells

IMR-90 cells

WI-38 Cells

Primary neurons (Hippocampal/
cortical)

Primary neurons (Hippocampal/
cortical)

iPSC-Derived Neurons

Human

Human
Mouse

Mouse

Mouse

Mouse

Human

Rat

Human

Human

Human

Rat/
Mouse

Human

Human

neuroblastoma

neuroblastoma
neuroblastoma

neuroblastoma cell line

Immortalized hippocampal
cells

microglial cell

neuroglioma

Glioma

Embryonic kidney cells

Fibroblasts

Fibroblasts

Dissociated neuronal cells

Neurons

Neurons

synaptic changes

mitochondrial oxidative phosphorylation
neurotoxicity

mitochondrial functions

molecular mechanisms underlying amyloid
plaque formation

gene expression analysis

mitochondrial structure and function,
neurite outgrowth

ATP production assay

mitochondrial membrane potential
MTT assay

apoptosis assays

mitochondrial biogenesis

mitochondrial dynamics

synaptic proteins

ApB-induced inflammation

microglia activation

cytokines production

mechanisms of tau phosphorylation and
aggregation

effects of therapeutic compounds on tau
pathology

metabolomic and proteomic analysis
apoptosis

intracellular calcium overload generated by
AB140

nitric oxide generation

therapeutic compounds screening
intracellular AB4, aggregation
mitochondrial biogenesis

mitochondrial structure and function
role of senescence in neurodegeneration
oxidative stress

apoptosis

H,O,-induced premature senescence
MTT assay

[-galactosidase activity assessment
telomerase activity determination

cell cycle analysis

axo-dendritic branching and growth
synaptic alteration

mitochondrial H,O, production

cell viability

mitochondrial membrane potential
respiratory chain activity

AP accumulation

synaptic dysfunction,

tau pathology

neurodegeneration

drug screening

neurotoxicity

AB4o and APy, production

oxidative stress

RNA-seq

neuroinflammation
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(miRNAs) involved in inflammatory pathways helps dissect
the role of microglia in AD-related neuroinflammation. For
example, transfecting BV2 cells with plasmids encoding
IL-1p or TNF-a can simulate inflammatory responses
seen in AD, allowing researchers to explore the effects of
neuroinflammation on neuronal survival.'®

H4 cells

Type: human neuroglioma cell line. Application: H4 cells are
used in AD research to study tau protein pathology, a major
component of neurofibrillary tangles in AD. Researchers
often use these cells to explore the mechanisms of tau phos-
phorylation and aggregation, as well as the effects of poten-
tial therapeutic compounds on tau pathology.?
Furthermore, metabolomic and proteomic investigation
were performed in APOE4-carrying H4 neuroglioma cells
to explore AD pathophysiology.?'

C6 cell line

Type: rat astroglioma cell line. Application: Apoptosis is
observed in rat astroglioma C6 cells treated with AP,s_3s
or AP;_4> where melatonin notably avoided intracellular
calcium overload generated by AP;_49, successfully sup-
pressed nitric oxide generation induced by Af;_4,, and dir-
ectly protected cells from free radical damage.**

3xTg-AD mouse-derived cells

Type: derived from triple-transgenic AD mouse model.
Application: Cells derived from the 3xTg-AD mouse
model, which carries mutations in ABPP, presenilin-1, and
tau, are used to study the interplay between amyloid
plaques and tau tangles. These cells are instrumental in
examining the combined effects of these pathological fea-
tures and testing therapeutic strategies aimed at multiple
targets in AD.*

HEK293 cells

Type: human embryonic kidney cell line. Application:
HEK?293 cells (Figure 3(a)) are used in AD research primar-
ily for their ease of genetic manipulation. They are com-
monly transfected with genes related to AD, such as
mutant forms of APPP, tau, presenilin-1, and presenilin-2,
to study the molecular pathways involved in amyloid
plaque formation and tau phosphorylation.’*® In vitro
A4,-CFP-overexpressed HEK293 cell line were utilized
to study the role of Selenoprotein M in antioxidation, neu-
roprotection, and intracellular calcium regulation, which are
the key factors for preventing the onset and progression of
AD by reducing the intracellular A4, aggregation rates and
by mitigating the intumescentia of mitochondria.*’

IMR-90 and WI-38 cells

Type: human fibroblast cell lines. Application: IMR-90 and
WI-38 are primary fibroblast cell lines derived from lung
tissue and are commonly used to study cellular aging.
These cells exhibit features of cellular senescence, a state
of irreversible growth arrest that is associated with aging
and has been implicated in the progression of AD. They
provide a model to investigate the role of senescence in neu-
rodegeneration and the impact of senolytic drugs.”®*°
Fibroblasts from AD patients and age-matched and young
controls were studied to examine levels of oxidative stress
and apoptotic markers.*®

Rat/mouse corticallhippocampal neurons

Type: primary human neurons derived from the hippocampus/
cortex. Axonal growth, dendritic branching, and synaptic
features have been studied using primary hippocampal or
cortical cultured neurons in their different developmental
stages (Figure 3(b)).>'? Moreover, cell biology features
like cell viability, autophagy, apoptosis, mitochondrial bio-
genesis and dynamics, endoplasmic reticulum stress have
also been regularly studied in primary neuronal cells. For
example, primary neuronal cultures of APPP mice
(Tg2576 line) and wild-type mice were prepared and
treated with MitoQ (20 nM), SS31 (1 nM), and resveratrol
(5 pM), and were used for experiments to investigate mito-
chondrial features in AD."" In a similar fashion, in vitro Ap
peptide treated mouse hippocampal neurons were also used
as AD model to study mitochondrial HO5 production.** In
another instance, cell viability, mitochondrial membrane
potential, and the respiratory chain activity were measured
in AP,s_ss treated rat hippocampal neurons.>*

Human cortical neurons

Type: primary human neurons derived from the cerebral
cortex. Application: Human cortical neurons are primary cells
isolated from the cerebral cortex of human brains and are consid-
ered highly relevant for studying AD. These neurons closely
mimic the cellular environment of the human brain, making
them ideal for exploring the effects of AD-related pathology,
such as amyloid-beta accumulation, tau phosphorylation, and
neuroinflammation. Human cortical neurons are also used in
drug screening and neurotoxicity studies, providing a more
physiologically relevant model compared to immortalized cell
lines.* In vitro AB;_4» peptide treated human cortical neurons
were used to study AD-induced apoptosis and effects of antiox-
idants on this phenomenon.

Human hippocampal neurons

Type: primary human neurons derived from the hippocampus.
Application: The hippocampus is a critical region of the
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Cell culture models for Alzheimer's
disease study
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Figure 2. Different types of cell lines and their applications in AD pathophysiology study.

brain involved in memory and learning, and it is one of the
first areas affected in AD. Human hippocampal neurons are
used to study the mechanisms of synaptic dysfunction, tau
pathology, and neurodegeneration specific to the hippocam-
pus. These cells provide insights into the region-specific
vulnerabilities in AD and are instrumental in researching
therapeutic interventions targeting hippocampal dysfunc-
tion.””*® Transfecting human hippocampal neurons with
APPP or tau plasmids allows researchers to examine synap-
tic dysfunction and axonal transport defects, both key fea-
tures of AD.*

Induced pluripotent stem cells-derived neurons

Type: induced pluripotent stem cells (iPSCs). Application:
iPSCs can be reprogrammed from somatic cells of AD
patients and differentiated into neurons, offering a patient-
specific model to study the genetic and environmental
factors contributing to AD. These models are particularly
valuable for exploring the impact of genetic mutations on
neuronal function and for screening drugs tailored to indi-
vidual genetic profiles.*® Transfection is commonly used
in these cells to correct ABPP, PSEN1/2, or MAPT muta-
tions, allowing for patient-specific studies of AD pathology.
CRISPR-Cas9 technology is often employed for genome
editing in iPSC-derived neurons to either introduce or

repair AD-associated mutations, enabling direct compari-
sons between wild-type and mutant neurons. For example,
transfecting iPSC-derived neurons with CRISPR-Cas9
components to correct mutations in ABPP or PSEN1 pro-
vides insights into the specific genetic contributions to Af
accumulation.*”

Implications iPSCs cell culture for
Alzheimer’s disease

Human iPSC technologies have evolved over the past
decade and created a paradigm shift in preclinical research
through its utility of developing 2D and 3D human brain
organoids.*' Researchers has the sophisticated techniques
and tools now to differentiate all major brain cell types
from iPSCs (Figure 4) which creates the opportunity to
develop increasingly complex co-culture system emulat-
ing human brain in a dish.***? Cortical neurons generated
from human iPSCs in a mouse glia-supported co-culture
(Figure 5) are becoming a popular model for studying
patient specific disease profile. iPSC-derived cells can
be used to mimic many of the cellular processes disrupted
in AD in vitro, and co-culture platforms are starting to
provide light on the intricate relationships that arise
between different brain cell types during neurodegenera-
tion.** Considering these, iPSC-based technologies have
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Figure 3. Example images of different cell lines (A) and rat hippocampal neurons (B). Developmental stages are shown at DIVI, DIV3,

and DIVI 1. Scale bar, 40 uM.

great potential to further attempts to treat neurodegenera-
tive diseases like AD.

Takahashi and Yamanaka initially demonstrated in
20062007 that the retroviral transfer of four transcription
factors, referred to as Yamanaka’s factors—Oct4, Sox2,
Klf4, and c-Myc—is sufficient for cellular reprogramming
of mouse or human skin fibroblasts into stem-cell-like
cells known as iPSCs.****® The technique of reprogramming
iPSCs has advanced significantly in recent years with
improved reprogramming techniques using novel delivery
systems in order to ensure functional derivatives for clinical
applications. Non-integrating viral and non-viral vectors,
substitute reprogramming factors, small molecules, inhibi-
tors of particular signaling or epigenetic modulators facili-
tate reprogramming efficiency.*’*® These modified iPSCs
have undergone differentiation into the intended subtypes
of neurons, astrocytes, or microglia. Therefore, patient-
specific iPSC-derived neural cells have been utilized in
cell biology, genetic manipulation, disease modeling, drug
discovery, biomarker study, toxicological testing, and
regenerative medicine (Figure 1). The development of
more widely used iPSC-based personalized medications
will be made possible by future advancements in iPSC tech-
nology employing patient specific cells.

Recently, neuroscientists have many viable protocols
for reprogramming human primary cells like fibroblasts
(AD patients versus healthy control) into iPSCs which
is then differentiated to neurons.*~>' For example,
Israel et al. (2012) collected fibroblasts from two
patients with familial AD, two with sporadic AD and
two non-demented control individuals. Next, iPSCs
were generated from those fibroblasts and later differen-
tiated to control and mutant neurons. Significantly
increased levels of AP;_49, phospho-tau, and active
glycogen synthase kinase-3p (aGSK-3f) were found in
the neurons of the AD patients compared to control,>?
whereas, Wang et al. (2018) generated human neurons
from iPSCs that expressed apolipoprotein E4
(APOE4), one of major genetic risk factor for AD.
They found that applying a small-molecule structural
corrector to APOE4-expressing neurons resulted in a
dose-dependent drop in Afsy and APy, production/
secretion as well as a significant reduction in p-tau
levels.® Considering the fact that astrocytes are
greatly involved in AD pathogenesis, one research
group generated astrocytes from iPSCs derived from
AD patients with PSEN1 AE9 mutation, as well as
healthy and gene-corrected isogenic controls.”*
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Compared to control, AD astrocytes displayed elevated
AP formation, increased oxidative stress, and impaired
neuronal supporting function. In another occasion, impaired
AP clearance and increased cholesterol content were
reported in APOE4 astrocytes generated from human
iPSCs.>> However, there are still many unanswered ques-
tions regarding the pathophysiology of AD due to lack of
appropriate models that can accurately recreate the multi-
stage intercellular interactions seen in AD brains in
humans. Nowadays scientists are making their efforts to
make 3D co-culture mix of neurons, astrocytes and micro-
glia to emulate human brain like organoids in a dish to
investigate AD progression and development. Park et al.
(2018) utilized a three-dimensional (3D) microfluidic plat-
form to develop a 3D human AD co-culture model incorp-
orating iPSC-derived neurons, astrocytes, and immortalized
human microglia (Figure 4).°® This novel model recapitu-
lated AD phenotypes like AP aggregation, phosphorylated
tau accumulation along with microglial recruitment and
neuroinflammatory activity.

Advantages and challenges in cell culture
studies

Preparing and maintaining a uniform and homogenous cell
culture system in vitro has both advantages and challenges.
Cell culture allows us for proper control of the physico-
chemical environment, such as temperature, pH, and
oxygen tension in our experiment which guide us to get a
consistent and reproducible results. We can study the physi-
ology and biochemistry of cells in a culture flask/dish where
cells can also be exposed to chemicals or drugs directly.
However, scientists should follow a well-written estab-
lished protocol. Cell culture medium should be chosen care-
fully to ensure optimum growth of the cells. Moreover,
coating material for the surface of plate/flask should also
be appropriate. Serum and other growth factors like
BDNF, VEGF, and FGF are being used to maintain a
robust and healthy cell condition. DNA, RNA or protein
samples should be collected when the cells are at the
optimum growth condition. It is well known that production
of proteins is at peak when the cells are at 60-70% con-
fluency of the growth flask. For rat hippocampal primary
neurons in culture, different proteins are expressed in differ-
ent stage of their growth namely axonal growth (day in vitro
1-3), dendritic branching stage (day in vitro 5-9), spine
development and synapse generation (day in vitro 12—18).

Researchers should cautiously choose the time of harvesting
the biological samples based on their desired study. Moreover,
collection methods of protein and specificity of the antibody is
crucial for obtaining reliable data for western blotting and
immunofluorescence study. Taken together, we should con-
sider the selection of proper growth medium, growth surface,
environment (temperature, pH, and oxygen status), and

growth phase of cells to establish a homogenously grown con-
sistent and reproducible culture system.

Methods implemented in AD cell models

After transfecting cell lines in aging and AD research,
several assays can be performed to evaluate the effects of
gene expression, protein production, and cellular functions
(Figure 6). These assays help researchers investigate key
pathological mechanisms like AP aggregation, tau phos-
phorylation, oxidative stress, inflammation, and neuronal
dysfunction. Below are the common assays that can be
performed.

Western blotting

Purpose: to analyze protein expression levels and
post-translational ~ modifications  (e.g,  phosphorylation,
acetylation). Application: After transfecting cells with
genes like ABPP, PSEN1/2, or MAPT (tau), western blot-
ting can be used to detect the expression of Ap, tau, phos-
phorylated tau, and other disease-related proteins.

Example: Detecting changes in the levels of amyloid-
beta or phosphorylated tau in N2a or SH-SYSY cells trans-
fected with mutant APPP or tau plasmids.’’

ELISA (enzyme-linked immunosorbent assay)

Purpose: quantitative detection of proteins, peptides, or
cytokines secreted into the culture media or present in cell
lysates. Application: ELISA is frequently used to measure
AP4os42 levels in cell culture supernatants after transfecting
neurons or neuroblastoma cells with ABPP or PSEN1/2
constructs.

Example: Measuring AP production from transfected
N2a or SH-SYSY cells to evaluate the effects of different
mutations or drug treatments on amyloidogenic
processing.”®

Immunocytochemistry (ICC)/immunofluorescence (IF)

Purpose: to visualize the localization and expression of specific
proteins within cells. Application: ICC or IF can be used to
observe the distribution of proteins like Ap, tau, or synaptic
markers in transfected cells. These techniques can also
assess cellular processes such as tau aggregation, synaptic
dysfunction, or oxidative stress responses.

Example: Visualizing tau phosphorylation or Ap aggre-
gation in primary neurons or HT22 cells transfected with
tau or ABPP constructs.”

Luciferase reporter assay

Purpose: to measure gene promoter activity or transcription
factor binding. Application: Transfection with luciferase
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Application of patient specific iPSCs in AD disease modeling
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Figure 4. Schematic illustration showing AD disease modeling using human iPSCs derived brain cells.

reporter plasmids can be used to monitor the activity of
AD-related pathways, such as Nrf2 (oxidative stress),
NF-xB (inflammation), or CREB (synaptic plasticity).

Example: Using a luciferase reporter assay to evaluate
Nrf2 pathway activation in HT22 cells after oxidative
stress or transfection with Nrf2-regulated genes.®

RNA expression analysis (GPCR or rt-gPCR)

Purpose: to quantify gene expression at the mRNA level.
Application: After transfection, qPCR can be used to
analyze the expression levels of AD-relevant genes, such
as ABPP, PSEN1, MAPT, or BACEI, as well as inflamma-
tory or oxidative stress markers.

Example: Measuring changes in APPP or BACEL
mRNA levels in SH-SY5Y cells transfected with small
interfering RNA (siRNA) or CRISPR constructs targeting
these genes.61

Mitochondrial function assays

Purpose: to assess mitochondrial health, respiration, and
bioenergetic function. Application: Given the role of mito-
chondrial dysfunction in both aging and AD, assays like
the Seahorse XF Analyzer can measure oxygen consump-
tion rates (OCR) and extracellular acidification rates
(ECAR) in transfected cells.

Example: Analyzing mitochondrial respiration and gly-
colysis in N2a or HT22 cells after transfection with ABPP
or tau constructs, which are linked to mitochondrial dys-
function in AD.*?

Reactive oxygen species assay

Purpose: to measure intracellular ROS levels, indicating
oxidative  stress. Application: Cells transfected with
AD-relevant genes like ABPP, PSEN1, or MAPT can be
tested for oxidative stress, which plays a critical role in
both aging and neurodegeneration.

Example: Using ROS-sensitive fluorescent dyes (e.g.,
DCFDA) to measure oxidative stress in transfected HT22
cells, which are prone to glutamate-induced oxidative
damage."

Apoptosis assays

Purpose: to detect and quantify cell death via apoptotic
pathways. Application: In AD research, apoptosis is a sig-
nificant factor in neuronal loss. Transfected cells can be
assessed for apoptotic markers like caspase activation,
DNA fragmentation (TUNEL assay), or annexin V
staining.

Example: Measuring apoptosis in SH-SYSY cells trans-
fected with mutant tau or ABPP, both of which contribute to
neurodegeneration in AD.%*%*

Synaptic function assays

Purpose: to measure synaptic activity, plasticity, and integrity.
Application: Synaptic dysfunction is a hallmark of AD.
Transfected cells can be tested for synaptic markers (e.g.,
synaptophysin, PSD95) or synaptic transmission using elec-
trophysiological methods.
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Example: Detecting synaptic deficits in human cortical
neurons or SH-SY5Y cells transfected with APPP or tau
constructs using electrophysiological recordings or synaptic
marker quantification.®

Microglial activation assay

Purpose: to study neuroinflammation by analyzing the activation
of microglia. Application: Transfecting microglial cells

(e.g., BV2 cells) with AD-relevant genes can help assess
the role of inflammation in disease progression. After trans-
fection, assays can measure the release of inflammatory
cytokines like IL-1p, TNF-a, and IL-6 using ELISA or
multiplex cytokine assays.

Example: Measuring cytokine release from BV2 cells
after transfection with mutant ABPP or tau to model micro-
glial activation in AD.%¢
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Autophagy assays

Purpose: to measure the activity of autophagy, a key pathway
involved in protein degradation and cellular homeostasis.
Application: Since dysregulation of autophagy is implicated
in AD, transfected cells can be tested for markers of autop-
hagy, such as LC3 conversion and p62 degradation, using
western blot or immunofluorescence.

Example: Assessing autophagy in N2a cells transfected with
mutant ABPP or PSEN1 constructs, as impaired autophagy con-
tributes to the accumulation of misfolded proteins in AD.®’

Live cell imaging

Purpose: to monitor dynamic cellular processes in real-time.
Application: Live-cell imaging can be used to study protein
aggregation (e.g., AP or tau), mitochondrial dynamics,
calcium homeostasis, or synaptic activity in transfected cells.

Example: Using fluorescence-tagged tau to observe their
aggregation and trafficking in primary neurons or
iPSC-derived neurons.®®

A wide range of assays can be performed on transfected
cell lines to investigate various aspects of aging and AD
pathology, including protein expression, oxidative stress,
mitochondrial function, inflammation, apoptosis, and syn-
aptic dysfunction. These assays provide critical insights
into the molecular and cellular mechanisms underlying neu-
rodegeneration and help evaluate the efficacy of potential
therapeutic interventions.

Transfection as a method to create AD cell
culture model

Transfection is a method used in molecular biology to intro-
duce nucleic acids (such as DNA or RNA) into eukaryotic
cells. This technique allows researchers to study gene func-
tion and regulation, protein expression, and the effects of
genetic mutations, as well as to create genetically modified
cell lines for various applications. Transfection can involve
plasmids, siRNAs, miRNAs, or CRISPR components to
modulate gene expression or genome editing.

Transfection is a critical tool in molecular biology, enab-
ling the functional analysis of genes and the development of
genetically modified cells for research. With advancements
in transfection reagents and methods, scientists continue to
improve the efficiency, specificity, and applicability of this
technique across a broad range of biological fields.

Transfection is a valuable technique in aging and AD
research, especially for investigating gene function, protein
expression, and cellular processes involved in neurodegenera-
tion. In cell lines used for studying aging and AD, transfection
allows researchers to modulate the expression of genes asso-
ciated with key pathological features, such as amyloid-beta pro-
duction, tau phosphorylation, oxidative stress, and
inflammation.

Types of transfections

Transient transfection. In transient transfection, the intro-
duced nucleic acids do not integrate into the host genome
and are only expressed temporarily. This method is useful
for short-term studies, such as gene expression analysis,
reporter assays, or drug screening.

Applications: Protein expression, RNA interference,
functional assays

Advantages: Rapid expression, easier protocols

Disadvantages: Temporary gene expression, loss of
expression after a few days

Stable transfection. In stable transfection, the introduced DNA
integrates into the host cell genome, leading to long-term and
stable expression of the gene. This requires the selection of
transfected cells using markers like antibiotic resistance.

Applications: Long-term studies, generation of cell lines,
continuous protein production

Advantages: Permanent gene expression, useful for
long-term experiments

Disadvantages: Time-consuming,
processes

requires selection

Methods of transfection

Chemical  transfection. Lipofection (Liposome-based):
Lipid-based transfection reagents encapsulate nucleic
acids and facilitate their entry into cells by fusing with the
cell membrane. Lipofection is efficient for both transient
and stable transfection.

Calcium phosphate precipitation: This method forms a
precipitate containing the DNA, which is taken up by
cells via endocytosis.

Polyethylenimine (PEI): A polymer that forms com-
plexes with DNA, allowing its uptake by the cell.

Physical transfection. Electroporation: High-voltage elec-
trical pulses create pores in the cell membrane, through
which nucleic acids enter the cell. It is highly efficient but
can cause cell damage.

Microinjection: Direct injection of nucleic acids into the
nucleus or cytoplasm of individual cells using a fine needle.
This method is precise but labor-intensive and is used for spe-
cialized applications like single-cell studies.

Biolistic (Gene Gun): Nucleic acids are attached to
micro-particles (typically gold or tungsten) and are physic-
ally shot into cells.

Viral transfection (transduction). In viral transfection, viruses
such as lentivirus, adenovirus, or retrovirus are engineered
to carry the gene of interest. The virus infects the host
cell, delivering the genetic material.

Advantages:  High efficiency,
hard-to-transfect cells

especially  in
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Disadvantages: Risk of insertional mutagenesis, labor-
intensive, biosafety considerations

Applications of transfection

Gene function studies: Transfection is used to overex-
press or knock down genes, helping researchers study
their function in various biological processes.

Protein production: Transfection allows for the expres-
sion of recombinant proteins in cell lines for research or
therapeutic purposes.

Gene editing: Techniques like CRISPR-Cas9 rely on trans-
fection to introduce components needed for genome editing
into cells.

Drug discovery and screening: Cells transfected with
disease-relevant genes are used to screen potential drug
candidates.

Reporter gene assays: Transfection of reporter con-
structs, such as luciferase or GFP, helps monitor gene
expression and promoter activity.

Challenges and considerations in transfecting cells in
culture

Cell Type: Some cell types, such as primary neurons or
immune cells, are more difficult to transfect, and specific
optimization is required.

Efficiency: The efficiency of transfection can vary depend-
ing on the cell line, nucleic acid type, and method used.

Cytotoxicity: Some transfection reagents and methods
can induce cytotoxic effects, necessitating careful optimiza-
tion to minimize cell death.

Considering the above-mentioned factors, cell type specific
transfection methods are listed below to optimize the validity
and reproducibility of the experiment findings:

Lipofection: Commonly used for SH-SY5Y and N2a
cells to introduce plasmids or siRNAs.

Electroporation: Often used for primary neurons and
1PSC-derived neurons, as these cells are more difficult to
transfect with chemical methods.

Viral transfection (transduction): Lentivirus or
adenovirus-mediated transfection is frequently used in
primary neurons or difficult-to-transfect cells, providing
high efficiency and stable expression.

Transfection is essential in aging and AD research
for modeling disease mechanisms, studying gene func-
tion, and testing potential therapies. By using various
cell lines such as N2a, SH-SYSY, HT22, and primary
neurons, researchers can explore the molecular under-
pinnings of AD and age-related neurodegeneration.
Advances in transfection technologies and gene-editing
tools like CRISPR-Cas9 are making it increasingly pos-
sible to create more accurate models of the disease,
leading to better therapeutic insights.

Concerns regarding statistical significance
across experimental transfections

Some reviewers have expressed concerns about the similar-
ity in p-values across different experimental transfections,
particularly when using the same cell line, such as HT22
cells transfected with mutant ABPP and mutant tau plas-
mids. It is essential to address this scientifically and
reinforce that this outcome is both expected and justified,
given the experimental design.

Biological consistency of cell lines

When employing the same cell line for different experimen-
tal transfections, the cellular background remains identical.
HT?22 cells, for instance, exhibit the same baseline physio-
logical characteristics across transfections. This intrinsic
uniformity naturally leads to comparable biological
responses when subjected to different plasmid conditions
(mutant ABPP and mutant tau). Since the foundational cel-
lular properties do not change, statistical similarities in
p-values are not just expected, but are a reflection of con-
sistent experimental conditions. The differences observed
are more likely due to the specific plasmid-induced
effects, rather than cellular variability.

Controlled experimental environment

In highly controlled experiments, factors such as cell culture
conditions, transfection efficiency, and assay timings are
meticulously standardized. These controlled parameters
further minimize experimental variation, contributing to
similar P-values. The transfection of mutant APPP or tau
into the same cell line under uniform conditions allows
for a more accurate comparison of how each plasmid
impacts cellular behavior. Consequently, any variations in
cellular response are due to the specific genetic constructs
and not the experimental environment, reinforcing the con-
sistency of statistical outcomes.

Use of a common control group

The decision to use a shared control group across different
transfection conditions strengthens the robustness of the
data. This approach allows researchers to streamline com-
parisons between different conditions while eliminating
unnecessary experimental variability. By maintaining an
identical control across plasmid transfections, it
becomes evident that any observed effects are attributable
to the differences in transfection conditions rather than
changes in control behavior. This enhances the interpret-
ability of the data, as it directly compares how the same
cell line responds to different plasmids relative to a con-
sistent baseline.
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Efficient resource utilization

In high-cost, resource-intensive experiments—such as those
involving transmission electron microscopy (TEM), cell sur-
vival assay, seahorse bioanalyzer, and immunofluorescence
microscopy—the use of a common control group is not only
scientifically sound but also economically strategic. TEM,
known for its high cost and time requirements, benefits signifi-
cantly from shared controls, reducing the number of samples
required without compromising data integrity. By minimizing
redundancy in control samples, this approach enables more
efficient experimentation, ensuring that results remain statistic-
ally robust while economizing on limited resources.

Scientific rationale for similar p-values

The uniformity in p-values across these transfection experi-
ments is not a sign of experimental weakness but rather an
indicator of methodological rigor. By using the same cell
line under similar conditions, the baseline cellular proper-
ties remain constant, and therefore, the variance between
experimental groups remains minimal. This consistency is
critical in high-throughput studies, where the goal is to
isolate the effects of specific interventions (in this case,

mutant APPP and tau) without introducing noise from
experimental inconsistencies.

The similarity in p-values reflects the controlled, uniform
conditions under which the experiments were performed, as
well as the consistency in the cellular model used. By main-
taining a shared control group and adhering to strict experi-
mental protocols, the results are both reliable and
scientifically valid. This approach not only minimizes vari-
ability but also ensures the robustness of the data, providing
a clear understanding of how different plasmid transfections
affect the same cellular model. Thus, the statistical out-
comes are justified, logical, and indicative of the study’s
rigorous design (Figure 7).

Discussion

Transfection of cell lines in aging and AD research plays a
crucial role in uncovering the molecular mechanisms of
neurodegeneration and the potential therapeutic targets
for treating or slowing the progression of these diseases.
By introducing genetic constructs into cells such as
APPP and PSEN1 (which are linked to AP pathology) or
MAPT (related to tau aggregation), researchers can
mimic key features of AD and observe the effects on
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Figure 7. The same cell line is used under different transfection conditions; the baseline cellular properties remain consistent. The
similarity in p-values can be attributed to the uniform nature of the cells, which respond similarly under controlled conditions when

subjected to different transfection agents.
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various cellular processes. After successful transfection,
multiple assays are typically conducted to examine the
impacts of these genetic modifications on AP production,
tau hyperphosphorylation, oxidative stress, synaptic dys-
function, inflammation, and neuronal death. One of the
main advantages of using transfected cell lines, such as
N2a, SH-SYSY, and HT22, is the ability to manipulate
specific genes and pathways involved in aging and neuro-
degeneration, allowing for precise control and investiga-
tion of disease-related processes. For example,
overexpressing mutant ABPP in N2a cells can increase
AP production, enabling researchers to assess the effects
of various substances, drugs, or genetic interventions on
amyloidogenic pathways. Similarly, transfection of
SH-SYSY or primary human neurons with tau constructs
can be used to study the mechanisms behind tau aggrega-
tion, a key hallmark of AD.®*"!

Use/reuse of common controls in experiments

An essential consideration in designing transfection
experiments is the need for appropriate controls. In

experiments where different substances or treatments
are being tested on transfected cells, the use of the
same control groups is not only valid but also highly
beneficial, provided that all experiments are performed
under identical conditions at the same time. This
approach minimizes variability and ensures that any
observed differences in outcomes can be attributed dir-
ectly to the substances or treatments being tested,
rather than to variations in experimental conditions.
For example, if HT22 cells are transfected with a
mutant APPP and tau-expressing plasmid and are
treated with different therapeutic compounds to test
their effects on APPP and tau phosphorylation, the
control group (transfected but untreated cells) can
serve as a baseline across all treatments. This allows
for direct comparisons of how each compound affects
APPP and tau phosphorylation relative to the untreated
control. Using a single control group for multiple experi-
mental conditions in the same batch of transfected cells
ensures consistency and reduces the number of experi-
mental replicates required, saving both time and
resources (Figure 8).
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Figure 8. Using the same untreated control group offers the advantage of economizing on resources, particularly for expensive assays
such as TEM (transmission electron microscopy), seahorse bioanalyzer, and cell survival assay. By sharing control across conditions, we
can reduce the number of control samples, minimizing the financial and logistical burden of complex and costly techniques.
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Table 2. Application of different types of cell line for Alzheimer’s disease studies in Reddy lab.

S
no. Cell line Experiments Major findings Reference
| N2a cells expressing either  Immunoblotting ApB is localized to the inner 72
mutant human ABPP or mitochondrial membrane
WT human ABPP
2 N2a cells treated with Electron microscopy, gene expression Mitochondria-Targeted Antioxidants H
MitoQ, SS31, and analysis, and biochemical methods. Protect Against AP Toxicity
resveratrol, and then
incubated with AP
2 primary neurons from Immunofluorescence, immunoblotting and  over-accumulation of oligomeric AR, 7374
ABPP transgenic mice ELISA impaired mitochondrial biogenesis
and dynamics, and synaptic
degeneration
3 HT22 cells transfected with Mitochondrial functional assays by Abnormal mitochondrial dynamics and ~ 7*
mutant ABPP cDNA measuring H,O,, lipid peroxidation, defective biogenesis, reduced
construct cytochrome c oxidase activity, and MTT mitophagy, & reduced dendritic spines
determination, and apoptosis assay,
mRNA expression
Assay, immunoblotting
4 SH-SY5Y cells incubated Quantification of mitochondrial dynamics, Aqua-soluble DDQ protects AD 76
with AP peptide 142 biogenesis and synaptic genes neurons from Af-induced
expression using real-time RT-PCR mitochondrial and synaptic toxicities
5 Human skin fibroblast and ~ Real-time RT-PCR miR-455-3p level was observed in the 77.78
B-lymphocytes cell cells of sporadic AD patients
culture compared to healthy controls
6 HT 22 cells transfected with  Immunoblotting, Cell survival assay, Showed protective effects of mitophagy '®

mutant Tau cDNA
construct

Mitochondrial functional assay, qRT-PCR,
TEM, Immunostaining

enhancers against phosphorylated
tau-induced mitochondrial and

synaptic toxicities in AD

Assay considerations

After transfection, various assays can be performed to
evaluate cellular responses to aging and AD-related
stressors. Western blotting, for instance, allows for the
detection of changes in protein levels, such as the
amount of phosphorylated tau or A in different treat-
ment groups. The use of the same control for multiple
experimental treatments ensures that the data can be dir-
ectly compared across groups, facilitating a more accur-
ate assessment of treatment efficacy. Similarly, in
ELISA assays, where the levels of secreted Af peptides
(A4 and APy4;) are quantified, using the same control
ensures that the baseline AP secretion can be consist-
ently measured. This is especially important when evalu-
ating the effects of different drugs or gene knockdowns
on amyloidogenic pathways. In mitochondrial respir-
ation assays or ROS assays, using a shared control
group allows researchers to determine how various treat-
ments influence mitochondrial function or oxidative
stress relative to a baseline condition. Given the critical
role of oxidative stress in both aging and AD, consist-
ency in controls helps clarify the effects of interventions
on cellular health and neurodegeneration (Table 2:
Reddy group articles).

Significance of control group consistency

The use of a single control group for transfection experi-
ments performed at the same time is scientifically sound
as long as the cells are handled consistently and treated
identically, apart from the substance or treatment being
applied. This practice is especially important in aging and
AD research, where small differences in experimental con-
ditions can introduce significant variability. Maintaining a
common control group across all experimental conditions
not only streamlines the research process but also enhances
the robustness of the data. In AD research, subtle differ-
ences in transgene expression, oxidative stress levels, or
inflammation can significantly impact the results of the
study. Thus, ensuring that a single control group is used
for multiple experimental treatments guarantees that differ-
ences between groups are due to the specific interventions
being tested rather than confounding factors such as
changes in cell culture conditions or transfection efficiency.
Furthermore, this approach allows for direct comparisons
between substances that may target different aspects of
AD pathology. For example, one substance may primarily
reduce AP production, while another may affect tau phos-
phorylation. By using the same control group, researchers
can determine which substance has a more profound
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effect on the disease-related processes being studied, pro-
viding a more comprehensive understanding of therapeutic
potential.

Transfection of cell lines is a powerful tool in aging
and AD research, allowing for the detailed study of
disease-related mechanisms such as amyloid-beta gener-
ation, tau hyperphosphorylation, oxidative stress, and
synaptic dysfunction. The assays performed after trans-
fection, including western blotting, ELISA, mitochondrial
respiration, and ROS analysis, provide critical insights
into the cellular and molecular changes that occur in
response to genetic manipulation. Using the same
control group for multiple experimental treatments
within the same transfection experiment ensures consist-
ency, reduces variability, and facilitates meaningful com-
parisons across treatment groups. This strategy is
especially important in the context of aging and AD
research, where small variations in experimental condi-
tions can lead to significant differences in outcomes. By
applying a common control, researchers can more effect-
ively assess the impact of different therapeutic substances
and interventions on the cellular processes involved in
neurodegeneration, paving the way for the development
of more effective treatments for AD.
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