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Abstract  
Alzheimer’s disease (AD) is characterized by complex etiology, long-lasting pathogenesis, and cell-
type-specific alterations. Currently, there is no cure for AD, emphasizing the urgent need for a 
comprehensive understanding of cell-specific pathology. Astrocytes, principal homeostatic cells of the 
central nervous system, are key players in the pathogenesis of neurodegenerative diseases, including 
AD. Cellular models greatly facilitate the investigation of cell-specific pathological alterations and the 
dissection of molecular mechanisms and pathways. Tumor-derived and immortalized astrocytic cell 
lines, alongside the emerging technology of adult induced pluripotent stem cells, are widely used to 
study cellular dysfunction in AD. Surprisingly, no stable cell lines were available from genetic mouse 
AD models. Recently, we established immortalized hippocampal astroglial cell lines from amyloid-β 
precursor protein/presenilin-1/Tau triple-transgenic (3xTg)-AD mice (denominated as wild type (WT)- 
and 3Tg-iAstro cells) using retrovirus-mediated transduction of simian virus 40 large T-antigen and 
propagation without clonal selection, thereby maintaining natural heterogeneity of primary cultures. 
Several groups have successfully used 3Tg-iAstro cells for single-cell and omics approaches to study 
astrocytic AD-related alterations of calcium signaling, mitochondrial dysfunctions, disproteostasis, 
altered homeostatic and signaling support to neurons, and blood-brain barrier models. Here we 
provide a comparative overview of the most used models to study astrocytes in vitro, such as primary 
culture, tumor-derived cell lines, immortalized astroglial cell lines, and induced pluripotent stem 
cell-derived astrocytes. We conclude that immortalized WT- and 3Tg-iAstro cells provide a non-
competitive but complementary, low-cost, easy-to-handle, and versatile cellular model for dissection 
of astrocyte-specific AD-related alterations and preclinical drug discovery.
Key Words: Alzheimer’s disease; astrocytes immortalization; astroglial Alzheimers’s disease model; 
blood-brain barrier; calcium signaling; central nervous system homeostasis; disproteostasis; 
endoplasmic reticulum-mitochondria contacts; induced pluripotent stem cell-derived astrocytes; 
protein synthesis

Introduction 
The progressive increase of Alzheimer’s disease (AD) incidence in the older 
adult population underlines the need for new disease-modifying therapeutic 
strategies to contrast neuronal degeneration (Merlo et al., 2021; Cummings, 
2022). Alterations of Ca2+ homeostasis, mitochondrial dysfunction, oxidative 
stress, dysproteostasis, and cell-cell communication are characteristic of 
cellular dysfunction in AD. The neuronal contribution has been widely 
documented, and numerous neuronal in vitro models have been described, 
such as neuronal cell lines, primary neuronal cultures, and recent induced 
pluripotent stem cell (iPSC)-derived models (Chang et al., 2020). However, 
in the last 20 years, the role of astroglial cells in AD pathology, with the 
involvement of the mechanisms mentioned above, has received growing 
attention (Verkhratsky et al., 2012, 2021; Lim et al., 2016b).

Astrocytes are the main homeostatic cells in the central nervous system 
(CNS), whose activity plays a crucial role in neuronal functions. Astrocytes 
provide metabolic support, ions, and neurotransmitter modulation and 
control extracellular environment and synaptic and blood-brain barrier (BBB) 
functions (Lim et al., 2016a; Adamsky and Goshen, 2018). Reports of recent 
decades brought a better understanding of their pathological contribution 
to neurodegenerative diseases. Indeed, astrocytes undergo complex yet 
brain region-specific and disease-stage-dependent alterations. Functional 
imaging studies on humans and works on animal models suggest that in early, 
preclinical, and prodromal disease stages, astrocytes become hypotrophic 
and asthenic (Verkhratsky et al., 2012, 2021). The asthenia is accompanied 
by a decrease in glucose utilization, reduction of glial fibrillary acidic protein 
(GFAP) immunoreactivity, and decrease in cell volume, suggesting reduced 
homeostatic support to neurons and other cells in the CNS. Another astrocytic 

disease state is represented by astrogliosis, characterized by hypertrophic 
changes, such as increased GFAP expression, microglial activation, and 
neuroinflammation. Astrogliosis is characteristic of advanced stages of many 
neurological and neurodegenerative diseases, including AD (Alberdi et al., 
2013; Lim et al., 2016b, 2021; Verkhratsky et al., 2021; Sims et al., 2022). It 
involves transcriptional, proteomic, and functional remodeling of astrocytes 
with still unclear meaning for disease outcomes (Boulay et al., 2017; Garcia-
Esparcia et al., 2017; Sakers et al., 2017; Escartin et al., 2021; Sims et al., 
2022). These findings emphasize an urgent need for comprehensive research 
studies on astrocytes to dissect these cells’ contribution to AD progression 
and discover new therapeutic targets (Cummings, 2022).

Detailed investigation of astrocytic cellular pathophysiology in AD requires 
the development of cellular models which combine several apparently 
incompatible features, such as i) maintenance of cell-type specificity; ii) 
faithful reproduction of AD-specific cellular pathophysiology; iii) stability 
and scalability of cultures to be suitable for a range of assays from single 
cell to high throughput analyses, and iv) suitability for the inter-laboratory 
logistics, cryopreservation, and transportation. Several in vitro astroglial 
models have been used to study AD cellular dysfunction, such as primary 
astroglial cultures, tumor-derived astroglial cell lines, immortalized astrocytes, 
and iPSC-derived astrocytes. Surprisingly, no stable cell lines from mouse 
AD models were available. To fulfill this gap, we have recently generated 
immortalized hippocampal astroglial cell lines from amyloid-β (Aβ) precursor 
protein/presenilin-1/Tau triple-transgenic (3xTg)-AD mice (denominated as 
wild type (WT)- and 3Tg-iAstro cells) (Rocchio et al., 2019). iAstro lines were 
generated by retrovirus-mediated transduction of simian virus 40 (SV40) 
large T-antigen and propagated without clonal selection, thereby maintaining 
the natural heterogeneity of primary cultures. Here we discuss the main 
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features, advantages, and limitations of iAstro models compared to currently 
available in vitro astrocytic models (Ruffinatti et al., 2018; Dematteis et al., 
2020; Tapella et al., 2022). Using search keywords “AD immortalized astrocyte 
models or in vitro AD astrocyte model or AD cell model,” we reviewed 
the literature on the currently available AD in vitro astroglial models using 
PubMed and Scopus resources. Although providing general information about 
astrocytic cellular models, this review is mainly focused on models suitable for 
studying AD-related pathology. We suggest that immortalized WT- and 3Tg-
iAstro cells provide a low-cost, easy-to-handle, and versatile cellular tool for 
the dissection astrocyte-specific AD-related alterations.

Astroglial In Vitro Models, Advantages and 
Disadvantages: Primary Cultures, Cell Lines, 
Immortalized Cell Lines and Induced Pluripotent 
Stem Cells
Primary astroglial cultures
Primary astrocytic cultures can be obtained from embryos or postnatal 
dissection of specific brain areas, such as the cortex, cerebellum, 
hippocampus, and others (Lange et al., 2012; Hertz et al., 2017). They 
provide a useful tool for studying astroglial physiology or pathology and 
are considered the gold standard for in vitro studies (Eichberg et al., 1976; 
Hansson, 1983; Fages et al., 1988; Fresu et al., 1999; Bernascone et al., 2010). 
They are reliable and can be isolated from different tissues and species, but 
they also present disadvantages due to the continuous need of laboratory 
animals and the rather limited number of passages, which limits the total 
amount of cells. The latter limitation is particularly critical for cultures from 
specific brain areas such as the hippocampus, entorhinal cortex, thalamus, 
amygdala, substantia nigra, etc. Moreover, primary cultures present a high 
degree of intra- and inter-cultural heterogeneity, leading to high variability 
between cultures and laboratories, which hampers the reproducibility of the 
results. 

Astroglial cell lines
Tumor-derived and spontaneously transformed cell lines
Several cell lines were generated from brain tumors or through spontaneous 
transformation cell lines of embryonic origin in non-tumor tissue. Many 
of these lines are available in the American Type Culture Collection cell 
bank (Table 1). Astroglial cell lines are generated from mice and rats from 
the cerebellum, diencephalon, cortex, and embryos and are described as 
astroglial healthy cellular models. Researchers widely use human cell lines 
derived from brain glioma tumors as an astrocyte model due to their ease of 
use and inexpensive management. However, compared with primary cultures, 
astroglial cell lines display a general downregulation of astrocyte-specific 
markers (Galland et al., 2019). 

Immortalized astroglial cell lines
An alternative to tumor-derived and spontaneously in vitro transformed 
cell lines is represented by artificially immortalized astrocytes. They can 
be generated through the transduction of primary cultures, from different 
brain regions of healthy animals, with SV40 large T-antigen and/or human 
telomerase reverse transcriptase (Figure 1). Human immortalized astrocytes 
were also generated from healthy human tissues, such as cortical, midbrain, 
and fetal brain cells (Table 2).

Once established, they can be manipulated and maintained in stable cell lines 
(Figure 1). Immortalized cells, derived from healthy tissues rather than tumors, 
maintain an astrocyte-like phenotype with the expression of specific astroglial 
markers. In the last decades, different immortalized astroglial cell lines have 
been described, and their use in both in vitro and in vivo (Sonoda et al., 
2001; Dai et al., 2010) studies has been reported. An et al. (2004, 2010) rat-
immortalized astrocytes overexpressing galanin to reduce neuropathic pain in 
a rat model of neuropathic pain injury by subarachnoid transplantation of the 
cells as lead carriers. Behrstock et al. (2000) generated immortalized mouse 
astrocytes expressing glutamate decarboxylase (GAD) and γ-aminobutyric 
acid-secreting as a tool to deliver γ-aminobutyric acid in specific brain 
regions. The expansion of trinucleotide repeats is the genetic cause of many 
neurodegenerative disorders. Claassen and Lahue (2007) studied the role 
of trinucleotide repeat in a human immortalized astroglial cell line. Dai et 
al. (2010) used normal human immortalized astrocytes to study the role of 
FoxM1B molecule in cellular transformation and tumor formation, produced 
by intracranial injection of FoxM1B-expressing immortalized normal human 
immortalized astrocytes, and displayed glioblastoma multiforme phenotypes. 
Studies from Frisa’s team (Frisa et al., 1994; Frisa and Jacobberger, 2002) used 
immortalized astrocytes to study the effect of population density on gene 
expression. Furihata et al. (2016) generated different astrocytic lines to study 
cell-cell communication and BBB as a tool for drug delivery. Kitamura et al. 
(2018) generated an immortalized human astrocyte cell line, termed HASTR/
ci35 cells, as an in vitro model for drug development studies. Roy et al. (2006) 
characterized beta-adrenergic receptors in a clonal cell line (C1) immortalized 
from cerebral cortical astroglial cells of FVB/N mice. Sacchettoni et al. (1998) 
studied the glutamate-dependent γ-aminobutyric acid modulation. Xu et 
al. (2008) found the therapeutic transplantation potential of immortalized 
astrocytes in chronic neuropathic pain. Morikawa et al. (2005) and Raofi et 
al. (2000) generated immortalized astrocytes from apolipoprotein E (APOE) 
knock-in mice for studying mechanisms that underline the isoform-specific 
effects of APOE in the CNS. APOE2, APOE3, and APOE4 expressing cell lines 

Table 1 ｜ Tumor-derived and spontaneously transformed cell lines list modified from 
American Type Culture Collection cell lines

Cell line Species Tissue Cell type Diseases

C8-D1A (astrocyte type 
I clone)

Mouse Cerebellum Astrocytes Normal 

C8-S (astrocyte type II 
clone)

Mouse Cerebellum Astrocytes, 
type II

Normal

C8-D1A (astrocyte type 
I clone)

Mouse Cerebellum Astrocytes, 
type III

Normal

DI TNC1 Rat Diencephalon Astrocytes, 
type II

Normal

CTX TNA2 Rat Cortex Astrocytes, 
type I

Normal

Swiss SFME (serum 
free mouse embryo)

Mouse Embryo Astrocytes Normal

BALB SFME (serum-free 
mouse embryo)

Mouse Embryo Astrocytes Normal

IDH1 mutant U-87 
isogenic-Luc2

Human Brain Epithelial-like Glioma

IDH1 mutant-U-87 
isogenic cell line

Human Brain Epithelial Glioma

U-87 MG Human Brain Epithelial Likely glioblastoma
U-118 MG Human Brain Mixed Glioblastoma, grade IV
U-87 MG dCas9-KRAB Human Brain Epithelial Likely glioblastoma
Hs 683 Human Brain Epithelial Glioma
U-87 MG-Luc2 Human Brain Epithelial Glioma
T98G [T98-G] Human Brain Epithelial Glioblastoma 

multiforme

All animal origin cell lines were from https://www.atcc.org/cell-products/animal-cells#q=
astrocyte&t=productTab&numberOfResults=24, and all human origin cell lines were from 
https://www.atcc.org/cell-products/human-cells#q=glioma&t=productTab&numberOfRe
sults=24.

Table 2 ｜ Immortalized astroglial cell lines

i-Astrocytes Species/tissue Type
Clone/
population References

Generic immortalized astrocytes from healthy/non-diseased tissue 
Immortalized 
astrocytes (IAST)

Rat cortex SV40 large T Clonal An et al., 2004, 
2010

Astrocytic cell 
line BAS8.1

Mouse cortex SV40 large T Clonal Behrstock et al., 
2000

Mouse cortical 
astrocytes

Mouse cortex SV40 large T Clonal Frisa et al., 1994;  
Frisa and 
Jacobberger, 
2002

Immortal 
astrocyte (C1)

Mouse cortex SV40 large T Clonal Lin et al., 1997; 
Raofi et al., 2000

C8 cells (also 
designated C8S)

Mouse 
cerebellum

Spontaneously 
immortalized 
astrocyte cell line

Clonal Alliot and 
Pessac, 1984; 
Sacchettoni et 
al., 1998

Normal human 
astrocytes 
(NHAs)

Human Human telomerase 
catalytic 
component (hTERT)

Clonal Sonoda et al., 
2001; Dai et al., 
2010

Immortal human 
astrocytes

Human midbrain 
or cortical tissues

hTERT Clonal Roy et al., 2006

HASTR/ci35 Human SV40 large T, hTERT Clonal Furihata et al., 
2016; Kitamura 
et al., 2018

SVG-A cells Sub-clone of SVG 
human fetal cells

SV40 large T Clonal Major et al., 
1985; Claassen 
and Lahue, 2007

Alzheimer’s disease astrocytic immortalized cell models

Immortal primary 
astrocytes

Mouse; APOE 
knock-in

SV40 large T Clonal Morikawa et al., 
2001, 2005

WT- and 3Tg-
iAstro

Mouse 
hippocampus

SV40 large T No clonal 
selection

Rocchio et al., 
2019; Dematteis 
et al., 2020; 
Tapella et al., 
2022

APOE: Apolipoprotein E; hTERT: human telomerase reverse transcriptase; SV40 large T: 
simian virus 40 large T-antigen.

were established, and clones were selected for secreting apoE in high-density 
lipoprotein-like particles at a similar level with primary astrocytes. The authors 
showed that astrocyte-secreted apoE3 and apoE4 are equally well associated 
with Aβ, and only a small fraction of Aβ formed sodium dodecyl sulfate-stable 
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complexes with apoE (apoE3 > apoE4), suggesting that these lines may be 
useful to study apoE related pathways in AD. 

Immortalized astrocytes from 3xTg-AD mice represent a reliable tool for 
studying astroglial AD dysfunction
Surprisingly, no commercially available or reported astrocytic cell lines were 
derived from a genetic mouse model of AD. The only astrocytic cell line 
suitable to study APOE-related aspects of AD has been generated by Morikawa 
et al. (2001, 2005) and is described in the previous paragraph. However, 
the APOE lines have been clonally selected to express high levels of APOE 
isoforms. Instead, no clonal selection using “a priori” chosen characteristics 
should be performed to represent AD-related cellular alterations. In other 
words, the cell population should maintain the intra-cultural heterogeneity 
of the primary culture. To exploit this rationale and create an AD-related 
astrocytic cell model, we have used retroviral delivery of SV40 large T-antigen 
into primary hippocampal astrocytes from 3xTg-AD mice, a well-characterized 
AD mouse model. A high rate of retroviral transduction permitted us to avoid 
clonal selection and to maintain immortalized astrocytes as populations with 
the natural heterogeneity of primary cultures (Figures 1 and 2; Rocchio et al., 
2019). 

co-passaged WT- and 3Tg-iAstro cells between 7 and 18 passages. In the 
following paragraphs, the key features and advantages of iAstro cell lines will 
be illustrated (Figure 2).

3Tg-iAstro cells maintain astrocytic phenotype and AD-related molecular 
alterations
To be considered a reliable model for studying AD-related astroglial 
dysfunction, immortalized iAstro cells should maintain cell type-specific 
characteristics of primary AD astrocytes such as astroglial markers, gene, 
and protein expression profiles. Therefore, the expression of astroglial 
markers (GFAP, glutamine synthetase, aldehyde dehydrogenase 1 family 
member L1, aquaporin 4) and morphology have been assessed and found 
to be comparable with primary cultures, with no macroscopic differences 
between WT- and 3Tg-iAstro cell lines (Rocchio et al., 2019). In AD animal 
models and human brains, during AD pathogenesis, as described in the 
Introduction, astrocytes undergo complex yet brain region-specific and 
disease-stage-dependent alterations (Lim et al., 2016b). Therefore, one could 
expect to find morphological differences between WT- and 3Tg-iAstro cells. 
However, iAstro cells are prepared from highly purified astrocytic cultures, 
and their morphological similarity in resting non-stimulated conditions 
may be explained by the absence of interaction with other cells of the CNS. 
Nevertheless, 3Tg-iAstro cells recapitulate gene expression alterations of 
3xTg-AD primary astroglial cultures and present multiple biochemical and 
functional differences compared with WT-iAstro cells (see below). 

WT-iAstro expresses functional inwardly rectifying K+ channels activity
Inwardly rectifying K+ (Kir) channels, expressed in astrocytes, is crucial for 
potassium buffering and maintenance of neuronal excitability. In patch-clamp 
experiments, we showed that both WT- and 3Tg-iAstro maintain a Kir channel 
functional expression similar to that of the primary astrocytes, although there 
were no differences in Kir currents between WT- and 3Tg-iAstro cells (Rocchio 
et al., 2019).

iAstro retains the ability to up-take glutamate from media
Astrocytes play a crucial role in extracellular glutamate homeostasis: they 
eliminate glutamate from the synaptic cleft, preventing excitotoxicity. High-
affinity glutamate transporter, glutamate transporter 1, is the most expressed 
in hippocampal astrocytes in vivo. In vitro, hippocampal astrocytes reduce the 
expression of glutamate transporter 1 and upregulate glutamate-aspartate 
transporter, which becomes the predominant glutamate transporter in 
cultured astrocytes (Tapella et al., 2022). Glutamate-aspartate transporter 
expression and activity have also been found in iAstro cells (Rocchio et al., 
2019). 

Transfectability of iAstro cells: crucial for single-cell and population 
Ca2+ signals and mitochondrial-endoplasmic reticulum interactions 
measurements
An important feature of iAstro cells is their high transfectability, compared 
to primary cultures, which allows the expression of heterologous proteins, 
genetically encoded sensors, or reporters, allowing a detailed analysis of 
intracellular alterations and signaling. 

Astrocytes respond to extracellular stimuli by generating Ca2+ signals. They 
engage metabotropic receptors linked to Ca2+ release from internal stores or 
calcium entry from the extracellular milieu through the plasma membrane. 
We and others have shown that both AD neurons and astrocytes show 
alteration in calcium signals (Grolla et al., 2013; Lim et al., 2013, 2014, 
2021). The deregulation of Ca2+ signaling has been confirmed and further 
investigated using iAstro cells. We analyzed cytosolic, endoplasmic reticulum 
(ER), and mitochondrial Ca2+ signals, using Fura-2 and aequorin-based sub-
cellular calcium measurements (Lim et al., 2016a; Dematteis et al., 2020; 
Tapella et al., 2022). The deficit of the ER-mitochondrial Ca2+ transfer has been 
correlated with the strength of the ER-mitochondrial interaction using SPLICS, 
a split-green fluorescent protein contact site sensor (Vallese et al., 2020). We 
detected an increased interaction between ER and mitochondria in 3Tg-iAstro 
cells, representing an emerging novel mechanism of cellular dysfunctions in 
neurodegenerative diseases, including AD (Dematteis et al., 2020; Lim et al., 
2021; Tapella et al., 2022). 

3Tg- and WT-iAstro cultures can be scaled up to allow the isolation of 
subcellular structures and multi-omics analyses
The increasing development and popularity of omics approaches have 
underlined the growing need for applying these techniques in neuroscience 
research. We performed proteomic analysis of WT- and 3Tg-iAstro cells using 
whole-cell lysates and subcellular fractions. While whole-cell proteomics can 
be done using a relatively small amount of material (2 × 106 cells equivalent 
to one 10 cm culture dish), proteomic analysis of sub-cellular fractions 
requires a significantly higher amount of material. Mitochondrial fractions 
enriched with ER-mitochondria contact sites have been isolated from as 
many as 100 10-cm culture dishes, exploiting the advantage of scalability. 
The results of this analysis allowed us to generate the hypothesis of ER-
mitochondria contact site-related bioenergetic deficit and protein kinase RNA-
like endoplasmic reticulum kinase-independent inhibition of protein synthesis 
(Dematteis et al., 2020; Tapella et al., 2022). Another point of application, in 
which reproducibility is of paramount importance, is represented by using 
an astrocyte-conditioned medium or co-culture of iAstro cells with other cell 
types. We used these approaches to study the mechanisms of the reduced 
support to neurons and failure to maintain the endothelial integrity in an 
in vitro model of the BBB (Kriaučiūnaitė et al., 2021; Tapella et al., 2022). 

Figure 1 ｜ Schematic representation of the immortalization procedure of primary 
astroglial cultures, from rat/mouse brain areas or of human origin, by infection with 
SV40 large T antigen or hTERT and clonal or population selection of immortalized 
astroglial lines. 
hTERT: Human telomerase reverse transcriptase; iAstro: immortalized astrocytes; SV40 
large T: simian virus 40 large T-antigen.

Figure 2 ｜ Schematic representation of main features of immortalized iAstro cells. 
In each balloon are reported practical examples of the most relevant advantages from 
recent reports (1–4). Scale bar: 50 µm. ACM: Astrocytes conditioned media; DAPI: 
4′,6-diamidino-2-phenylindole; GS: glutamine synthetase; Kir: inwardly rectifying 
K+ channels; MERCS: mitochondria-endoplasmic reticulum contact site; Mit-ER: 
mitochondrial-endoplasmic reticulum; Split-GFP: split green fluorescent protein-based 
contact site sensor. 

1. Maintain astrocytic 
features

• Expression of astrocytic markers
• Functional expression of Kir 
channels
• Glutamate up-take

2. Suitable forgenetic 
manipulation

• Sub-cellular calcium signaling 
assessment
• Mit-ER distances evaluation via 
split-GFP contact site sensors

3. Reproducibility

• In vitro model of tubulogenesis
• ACM
• Co-culture experiments
• Inter-lab shearing

4. Scalability

• Multi-omics approaches
• Sub-cellular fractionation for 
proteomic analysis
• Secretomic analysis
• Drug screening

GS/DAPI

Six immortalized cell lines have been established from WT- (WT-iAstro#1–6) 
and 3xTg-AD (3Tg-iAstro#1–6) mice from independent primary astrocytic 
cultures. Before immortalization, primary astroglial cultures were first 
depleted of microglial cells by magnetic-assisted cell sorting using anti-CD11b-
conjugated microbeads to avoid microglial contamination and to obtain a 
population of highly purified astrocytes. Transduced astrocytes were grown 
in G418, amplified, and stabilized for 7 passages before characterization. 
The cells were cryopreserved at the 7th–9th passages. Interestingly, the 
proliferative potential of iAstro cells is not unlimited: after about 20 passages, 
the proliferation rate slows down, and the morphological heterogeneity of 
cultures increases. Thus, iAstro cells can be defined as partially immortalized 
cells or cells with an extended lifespan. We, therefore, recommend using 
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Proteomic analysis of iAstro secretome suggests that 3Tg-iAstro astrocyte-
conditioned medium has reduced amounts of neurogenic and neuroprotective 
proteins such as secreted protein acidic and rich in cysteine and heat shock 
protein 90. Moreover, 3Tg-iAstro cells fail to secrete cell adhesion molecules 
and components of the extracellular matrix (Tapella et al., 2022). 

It should be acknowledged that iAstro cells share many characteristics 
with other astrocytic cell lines. Nonetheless, key differences such as i) non-
clonal populational maintenance of lines; ii) their origin from a genetic AD 
mouse model, and iii) faithful recapitulation of astrocytic and AD-related cell 
pathology make them an outstanding model for their potential in studying the 
astrocyte-specific alterations in AD.

iPSCs derived astrocytes
Since the groundbreaking discovery of the possibility to reprogram adult 
somatic cells in stem cells with consequent differentiation into virtually any 
cell type, iPSC technology has become the leading edge field in cell biology 
and medicine. As an unprecedented opportunity for regenerative medicine, 
personalized cell therapy, and diagnostics, iPSC technology presents key 
advantages compared with conventional human and animal cellular models. 
All major brain cell types can be differentiated from subject-/patient-
derived iPSCs, thus allowing deciphering of the cell-specific involvement and 
contribution to the disease pathogenesis. In addition, increasingly complex 
co-culture systems and three-dimensional models incorporating multiple 
brain cell types have been recently developed, providing great improvement 
for studying intercellular interactions (Figure 3).

The impact of iPSC technology on the study of AD pathogenesis are well 
covered by a growing number of comprehensive contributions (Hernández-
Sapiéns et al., 2020; Barak et al., 2022; Hasan and Trushina, 2022; Verheijen et 
al., 2022). Here we limit the discussion to the AD-related features reproduced 
with iPSC-derived astrocytes, while Table 3 provides a comparative overview 
of the different astroglial models used in preclinical research.

PATIENT/
HEALTHY 
SUBJECT

BIOPSES/
SAMPLES iPSCs NPC/NSC

DIFFERENTIATED 2D/3D 
NEURAL CULTURES

DIFFERENTIATION 
MATURATION

EXPERIMENTAL 
AIM

COLLECTION REPROGRAMMING DIFFERENTIATION

DIRECT DIFFERENTIATION

TRANSDIFFERENTIATION

NEURONS

ASTROGLIA

BRAIN ORGANOID

DiseasedHealthy/lsogienic 

AD phenotype study

AD pathogenic mechanism

Drug screening

Cell therapy

Figure 3 ｜ Schematic representation of iPSC-derived neuron and glia to study AD 
pathology. 
Created by https://www.freepik.com/. AD: Alzheimer’s disease; iPSC: adult-induced 
pluripotent stem cells; NPC: neural progenitor cell; NSC: neural stem cell.

Many studies have been published in the last few years on iPSC-derived 
astrocytes from AD patients. Sienski et al. (2021) and de Leeuw et al. (2022) 
used iPSC to study APOE allele and its role in lipid homeostasis, and Lin et 
al. (2018) used clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated protein 9 (Cas9) to study the modulation of 
pathological outcomes in iPSC-derived neurons and astrocytes from AD 
patient after convertion of APOE4 into APOE3. APOE genotype determines 
a neurotrophic effect of human iPSC-derived astrocytes when cocultured 
with neurons and seems to have a role in the endocytosis pathway involving 
PICALM (Zhao et al., 2017; Narayan et al., 2020). Bassil et al. (2021) set 
up an automated platform to generate a human cell-based AD model in 

Table 3 ｜ Advantages and disadvantages of in vitro astroglial cell models to study Alzheimer’s disease or neurodegenerative diseases

Models Benefits Drawbacks

Primary cultures
Astroglial primary cultures · Genetically stable · Use of animals 

· From different species and brain areas · Inter-cultural variability
· Better respect astroglial phenotype · Low number of passages

· Limited amount of cells (from small brain areas)
· Less suitable for genetic manipulations
· Not suitable for cryopreservation and logistic

Stable cell lines
Astroglial cell lines · Low handling costs · Generally de-differentiated cells with poor expression of 

astroglial makers
· Unlimited proliferative potential · Transformed cells with activated cancerogenic signaling
· Suitable for genetic manipulation 
· From animals and humans, and different brain areas
· Unlimited amount of cells
· Cryopreservation and logistics

Immortalized astroglial lines with clonal 
selection

· Selected for a priory-defined criteria · Express immortagens 
· Express specific markers · Clonal selection 
· Low handling costs 
· High-to-unlimited proliferative potential
· Suitable for genetic manipulation 
· Unlimited amount of cells
· From animals and humans, and different brain areas
· Unlimited amount of cells
· Cryopreservation and logistics

Immortalized astroglial lines without clonal 
selection (iAstro cells)

· No clonal selection, maintain natural heterogeneity of primary cultures · Express immortagens
· Express most astrocytic markers at levels comparable with primary 
cultures

· High but not unlimited proliferative potential

· Low costs for generation and handling
· Can be generated on demand each time when needed 
· Can be generated from disease model animals
· Suitable for genetic manipulation 
· Unlimited amount of cells
· Cryopreservation and logistics
· Correlation with in vivo alterations in parent mouse models

iPSC-derived astrocytes
iPSC-differentiated astrocytes · Human origin (healthy or disease-carrying) · Generated using genetic reprogramming 

· Subject-specific · High generation and handling costs
· Express most astrocytic markers · Long work-flow process
· Suitable for genetic manipulation · High inter-and intra-culture heterogeneity
· Suitable for cell therapy, personalized medicine, and diagnostics · Ethical and privacy issues

iAtro: Immortalized astrocytes; iPSC: adult-induced pluripotent stem cells.
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vitro by adding soluble Aβ42 species on iPSC-derived neurons, astrocytes, 
and microglia. This AD model recapitulates critical hallmarks of human AD 
pathology, including severe synapse loss, followed by phosphorylated Tau 
induction and resulting in neuronal loss, which cannot be reproduced in 
mouse models overexpressing mutant APP and/or PSEN. Consistently with the 
human pathology, this iPSC-based model recapitulates Aβ plaque formation, 
including surrounding phosphorylated Tau-positive dystrophic neurites 
and microglia in close contact with plaques (Bassil et al., 2021). Astrocyte 
stimulation with Aβ42 alters GFAP expression in this setting, consistently with 
astrogliosis. Astrocytic cultures obtained from AD patients’ iPSC have been 
successfully adopted to define the cell-specific main alterations induced by 
the pathology. Indeed, AD astrocytes showed cell-autonomous morphological 
atrophy and altered basal astrocyte secretome profile, regardless of whether 
they carried FAD or SAD mutations (Jones et al., 2017). AD-related mutations 
impair the iPSC-derived astrocyte ability to promote the survival, maturation, 
and function of cocultured human neurons, possibly by affecting astrocytic 
Ca2+ homeostasis and reactive oxygen species production and altering the 
cytokine and Aβ42 release (Kuijlaars et al., 2016; Oksanen et al., 2017; Zhao et 
al., 2017; Konttinen et al., 2019).

To understand the toxic effect of blood extracellular vesicles of astrocytic 
origin from AD patients, Nogueras-Ortiz et al. (2020) used iPSC-derived 
astrocytes and neurons as a reliable tool. iPSC-derived astrocytes were 
used to demonstrate that Aβ degradation is increased when cocultured 
with microglia (Rostami et al., 2021). The pathway of glutamate synthesis 
involving the branched-chain amino acids, leucine, isoleucine, and valine have 
also been investigated in iPSC-derived astrocytes, and Salcedo et al. (2021) 
demonstrated that it is impaired in cells from AD patients.

iPSC-derived astrocytes can be prepared as single-cell cultures or embedded 
in three-dimensional structures, commonly defined as cerebral organoids (Fan 
et al., 2019; Barak et al., 2022), allowing the understanding of multicellular 
crosstalk (Kuijlaars et al., 2016). When included in three-dimensional 
culturing systems, astrocytes showed dramatic improvement in development 
and maturation compared to two-dimensional monolayer cultures, providing 
opportunities to study glial contribution and cell-specific alterations of 
development and function in neurological disorders (Zhang et al., 2016; 
Quadrato et al., 2017; Sloan et al., 2017). Interestingly, this culture condition 
enabled the investigation of the effect of cell-specific AD-related mutations 
by the generation of chimeric cerebral organoids containing neurons and 
astrocytes with different genotypes, namely APOE3 or APOE4. By this 
approach, it was shown that astrocytic APOE4 was sufficient to significantly 
promote lipid droplet formation and cholesterol accumulation in neurons, 
while co-occurrence of astrocytic and neuronal APOE4 was required to 
elevate neuronal phosphorylated Tau levels (Huang et al., 2022). 

The mitochondrial peptidase pitrilysin metallopeptidase 1 loss of function 
was also studied in cerebral organoids and recapitulates AD features such as 
the accumulation of protein aggregates, Tau pathology, and neuronal death. 
Single-cell RNA sequencing showed mitochondria dysfunction and altered 
transcriptional signatures in astrocytes (Pérez et al., 2021).

iPSC-derived organoids have also been adopted to investigate the detrimental 
effect on BBB leakage in AD. Chen and colleagues mimicked the serum 
exposure consequence of BBB breakdown in AD patient brains by treating 
brain organoids with human serum. In this setting, the authors observed a 
recapitulation of disease-specific alterations in vitro, including the increase 
of Aβ and phosphorylated Tau levels and the immune response stimulation 
in astrocytes (Chen et al., 2021). Activated astroglia was shown to exert a 
protective effect in a fully human iPSC-derived BBB model against cytokine-
induced BBB dysfunction (Mantle and Lee, 2018). 

Personalized medicine is one of the most promising fields of application 
for iPSC. Cell lines can originate from a single patient and be used to set a 
personalized therapy and/or a drug screening directly on the affected cells 
and tissues (Jones et al., 2017; Sullivan and Young-Pearse, 2017). AD-patient 
iPSC-derived cells were used, indeed, to study the druggability of a variety 
of AD-related pathways, including i) cholesterol metabolism (van der Kant et 
al., 2019), ii) membrane-type 5 matrix metalloproteinase, which has been 
highlighted as a new key player in APP-processing (Arnst et al., 2021), iii) 
APOE gene isoforms (Brookhouser et al., 2021; Jun et al., 2022) expression 
or iv) secretion of apoE protein modulated by an U.S. Food and Drug 
Administration-approved 5-hydroxytryptamine 3 antagonist (Ondansetron; 
Shinohara et al., 2019), v) fatty acid oxidation that can be reduced by the 
synthetic peroxisome proliferator-activated receptor delta agonist GW0742 
(Konttinen et al., 2019).

In spite of undisputed advantages, iPSC-based models still present several 
features which limit their widespread usage and comprehensive investigation. 
Among them, the main limitations are i) high cost of generation and 
maintenance of iPSC and control lines; ii) months-long processes for their 
establishment and differentiation; and iii) high degree of heterogeneity 
among differentiated cultures, hampering comparison of the result and 
standardization of protocols between labs. Some of these limitations 
can be overcome, e.g., the timing of iPSC generation, maintenance, and 
differentiation can be shortened by cryopreservation and consequent usage 
of committed differentiating iPSCs. Single-cell RNA sequencing can help to 
overcome intra-cultural heterogeneity (Doss and Sachinidis, 2019). Genetic 
differences can also represent a major hindrance to experimental analysis 

since they may mask or exacerbate a phenotype, which calls for the need of 
isogenic controls. Thus, tools for manipulating gene expression and generating 
mutations in iPSC and their derivatives, like the CRISPR/Cas9 system, have 
been exploited to introduce or correct specific mutations without altering 
the remaining genetic background (Cong et al., 2013; Paquet et al., 2016; van 
Essen et al., 2021).

Conclusions and Perspectives
The impact of cell type-specific pathology in AD pathogenesis can be studied 
at different levels using human subjects and animal or cellular AD models. 
Despite the undisputed translational value of human material and model 
animals, the dissection of cell-autonomous and non-cell-autonomous 
dysfunctions, signaling pathways, and key molecules responsible for the 
dysfunction requires simplified models which can easily be adopted for 
interdisciplinary investigations. In this frame, astrocytic cell lines generated 
from a specific brain region of an AD animal model may be particularly useful. 
Additional motivation for the use of cellular models in preclinical studies is 
given by a recent resolution of the Joint Research Center of the European 
Commission, which urges the acceleration of the transition to innovation 
without using animals in research. The generation of in vitro astroglial AD 
models will hopefully help overcome animal models’ unmotivated use and 
limitations.

Except for human iPSC-derived astrocytes, whose implication in AD field 
has been extensively covered; the spectrum of cellular models currently 
available for studying astrocyte-specific AD-related cell pathology includes 
i) tumor-derived and spontaneously transformed astrocytic cell lines, many 
of which are commercially available (Table 1); ii) artificially immortalized 
astrocytes from different brain regions with the consequent clonal selection 
according to a priori defined criteria (some of the lines are commercially 
available); iii) partially immortalized astrocytes from an AD mouse model, 
propagated without clonal selection, exemplified by WT- and 3Tg-iAstro cells 
from hippocampi of 3xTg-AD mice. In this panel, surprisingly little attention 
has been made to the generation and usage of conditionally immortalized 
cell lines from genetic animal models of different diseases. In part, this may 
be caused by the conventional immortalization workflow, which traditionally 
includes the selection of single clones according to defined criteria. Such 
a selection eliminates “natural” disease phenotype, characteristic of 
primary cultures, making these lines useless for studying disease-related 
cellular dysfunctions. Instead, highly efficient viral transgenesis (in terms of 
percentage of transduced cells), with consequent propagation of transduced 
cells without clonal selection, makes it possible to maintain a “natural” cell 
phenotype that faithfully respects that of primary astrocytic cultures. We 
have demonstrated the feasibility of this approach on the example of WT- 
and 3Tg-iAstro cells generated from primary hippocampal astrocytes of 3xTg-
AD mice. In several reports and inter-lab collaborations, we confirmed that 
3Tg-iAstro cells maintain many physio-pathological features of AD astrocytes 
while being extremely versatile in terms of logistical convenience and culture 
scalability. An important advantage of conditionally immortalized astrocytes 
is represented by very contained costs of generation and handling, making 
these lines affordable for many labs worldwide.

Additionally, due to the reduced time scale of the immortalization process, 
which does not require the selection and characterization of clones, the 
lines can be generated each time upon demand within 4–6 weeks. This 
approach can be pursued for the generation of immortalized astrocytes 
from any genetic animal model and, potentially, from adult human primary 
astrocytes, which, we believe, will greatly accelerate basic and preclinical 
research and drug discovery processes. Importantly, the hypothesized niche 
for use and applications in biomedical research for immortalized astrocytes 
is not overlapping but complementary to the iPSC technology. We envisage 
that the illustrated immortalized astrocytes technology will cover the highly 
demanded need in the low-cost, easily handled, versatile, and representative 
cell model for studying disease-related cellular pathology, identifying targets 
for drug development, and routine drug screening.

Acknowledgments: The authors would like to thank Adelaide De Paola for 
contributing to Figure 3.
Author contributions: Conceptualization, data interpretation, writing, editing, 
fundraising: AAG, DL, MDP, GD, and LT; methodology: GD, MDP, LT, DL. All 
authors approved the final version of the manuscript. 
Conflicts of interest: The authors declare no conflict of interest. 
Availability of data and materials: All data generated or analyzed during this 
study are included in this published article and its supplementary information 
files.
Open access statement: This is an open access journal, and 
articles are distributed under the terms of the Creative Commons 
AttributionNonCommercial-ShareAlike 4.0 License, which allows others 
to remix, tweak, and build upon the work non-commercially, as long as 
appropriate credit is given and the new creations are licensed under the 
identical terms.
Open peer reviewer: Chinnakkaruppan Adaikkan, Indian Institute of Science, 
India.
Additional file: Open peer review report 1.



NEURAL REGENERATION RESEARCH｜Vol 18｜No. 8｜August 2023｜1677

NEURAL REGENERATION RESEARCH
www.nrronline.orgReview

References
Adamsky A, Goshen I (2018) Astrocytes in memory function: pioneering findings and 

future directions. Neuroscience 370:14-26.
Alberdi E, Wyssenbach A, Alberdi M, Sánchez-Gómez MV, Cavaliere F, Rodríguez JJ, 

Verkhratsky A, Matute C (2013) Ca(2+) -dependent endoplasmic reticulum stress 
correlates with astrogliosis in oligomeric amyloid β-treated astrocytes and in a model 
of Alzheimer’s disease. Aging Cell 12:292-302.

Alliot F, Pessac B (1984) Astrocytic cell clones derived from established cultures of 8-day 
postnatal mouse cerebella. Brain Res 306:283-291.

An K, Tian YK, Yang F, Gao F, Wang P (2004) Construction of immortalized rat astrocyte 
strain by transfection of simian virus 40 large T antigen gene. Zhonghua Mazui Xue 
Zazhi 24:838-841.

An K, Xu Y, Yang H, Shu HH, Xiang HB, Tian YK (2010) Subarachnoid transplantation of 
immortalized galanin-overexpressing astrocytes attenuates chronic neuropathic pain. 
Eur J Pain 14:595-601.

Arnst N, Belio-Mairal P, García-González L, Arnaud L, Greetham L, Nivet E, Rivera S, 
Dityatev A (2021) Deficiency in MT5-MMP supports branching of human iPSCs-
derived neurons and reduces expression of GLAST/S100 in iPSCs-derived astrocytes. 
Cells 10:1705.

Barak M, Fedorova V, Pospisilova V, Raska J, Vochyanova S, Sedmik J, Hribkova H, Klimova 
H, Vanova T, Bohaciakova D (2022) Human iPSC-derived neural models for studying 
alzheimer’s disease: from neural stem cells to cerebral organoids. Stem Cell Rev Rep 
18:792-820.

Bassil R, Shields K, Granger K, Zein I, Ng S, Chih B (2021) Improved modeling of human 
AD with an automated culturing platform for iPSC neurons, astrocytes and microglia. 
Nat Commun 12:5220.

Behrstock SP, Anantharam V, Thompson KW, Schweitzer ES, Tobin AJ (2000) Conditionally-
immortalized astrocytic cell line expresses GAD and secretes GABA under tetracycline 
regulation. J Neurosci Res 60:302-310.

Bernascone S, Erriquez J, Ferraro M, Genazzani AA, Distasi C (2010) Novel adenosine and 
cAMP signalling pathways in migrating glial cells. Cell Calcium 48:83-90.

Boulay AC, Saubaméa B, Adam N, Chasseigneaux S, Mazaré N, Gilbert A, Bahin M, 
Bastianelli L, Blugeon C, Perrin S, Pouch J, Ducos B, Le Crom S, Genovesio A, Chrétien 
F, Declèves X, Laplanche JL, Cohen-Salmon M (2017) Translation in astrocyte distal 
processes sets molecular heterogeneity at the gliovascular interface. Cell Discov 
3:17005.

Brookhouser N, Raman S, Frisch C, Srinivasan G, Brafman DA (2021) APOE2 mitigates 
disease-related phenotypes in an isogenic hiPSC-based model of Alzheimer’s disease. 
Mol Psychiatry 26:5715-5732.

Chang CY, Ting HC, Liu CA, Su HL, Chiou TW, Lin SZ, Harn HJ, Ho TJ (2020) Induced 
pluripotent stem cell (iPSC)-based neurodegenerative disease models for phenotype 
recapitulation and drug screening. Molecules 25:2000.

Chen X, Sun G, Tian E, Zhang M, Davtyan H, Beach TG, Reiman EM, Blurton-Jones M, 
Holtzman DM, Shi Y (2021) Modeling sporadic Alzheimer’s disease in human brain 
organoids under serum exposure. Adv Sci (Weinh) 8:e2101462.

Claassen DA, Lahue RS (2007) Expansions of CAG.CTG repeats in immortalized human 
astrocytes. Hum Mol Genet 16:3088-3096.

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu PD, Wu X, Jiang W, Marraffini LA, 
Zhang F (2013) Multiplex genome engineering using CRISPR/Cas systems. Science 
339:819-823.

Cummings J (2022) Disease modification is not all - we need symptomatic therapies for 
Alzheimer disease. Nat Rev Neurol 18:3-4.

Dai B, Pieper RO, Li D, Wei P, Liu M, Woo SY, Aldape KD, Sawaya R, Xie K, Huang S (2010) 
FoxM1B regulates NEDD4-1 expression, leading to cellular transformation and full 
malignant phenotype in immortalized human astrocytes. Cancer Res 70:2951-2961.

de Leeuw SM, Kirschner AWT, Lindner K, Rust R, Budny V, Wolski WE, Gavin AC, 
Nitsch RM, Tackenberg C (2022) APOE2, E3, and E4 differentially modulate cellular 
homeostasis, cholesterol metabolism, and inflammatory response in isogenic iPSC-
derived astrocytes. Stem Cell Reports 17:110-126.

Dematteis G, Vydmantaitė G, Ruffinatti FA, Chahin M, Farruggio S, Barberis E, Ferrari E, 
Marengo E, Distasi C, Morkūnienė R, Genazzani AA, Grilli M, Grossini E, Corazzari M, 
Manfredi M, Lim D, Jekabsone A, Tapella L (2020) Proteomic analysis links alterations 
of bioenergetics, mitochondria-ER interactions and proteostasis in hippocampal 
astrocytes from 3xTg-AD mice. Cell Death Dis 11:645.

Doss MX, Sachinidis A (2019) Current challenges of iPSC-based disease modeling and 
therapeutic implications. Cells 8:403.

Eichberg J, Shein HM, Hauser G (1976) Lipid composition and metabolism of cultured 
hamster brain astrocytes. J Neurochem 27:679-685.

Escartin C, Galea E, Lakatos A, O’Callaghan JP, Petzold GC, Serrano-Pozo A, Steinhäuser C, 
Volterra A, Carmignoto G, Agarwal A, Allen NJ, Araque A, Barbeito L, Barzilai A, Bergles 
DE, Bonvento G, Butt AM, Chen WT, Cohen-Salmon M, Cunningham C, et al. (2021) 
Reactive astrocyte nomenclature, definitions, and future directions. Nat Neurosci 
24:312-325.

Fages C, Khelil M, Rolland B, Bridoux AM, Tardy M (1988) Glutamine synthetase: a marker 
of an astroglial subpopulation in primary cultures of defined brain areas. Dev Neurosci 
10:47-56.

Fan W, Sun Y, Shi Z, Wang H, Deng J (2019) Mouse induced pluripotent stem cells-derived 
Alzheimer’s disease cerebral organoid culture and neural differentiation disorders. 
Neurosci Lett 711:134433.

Fresu L, Dehpour A, Genazzani AA, Carafoli E, Guerini D (1999) Plasma membrane 
calcium ATPase isoforms in astrocytes. Glia 28:150-155.

Frisa PS, Jacobberger JW (2002) Cell density related gene expression: SV40 large T 
antigen levels in immortalized astrocyte lines. BMC Cell Biol 3:10.

Frisa PS, Goodman MN, Smith GM, Silver J, Jacobberger JW (1994) Immortalization of 
immature and mature mouse astrocytes with SV40 T antigen. J Neurosci Res 39:47-
56.

Furihata T, Ito R, Kamiichi A, Saito K, Chiba K (2016) Establishment and characterization 
of a new conditionally immortalized human astrocyte cell line. J Neurochem 136:92-
105.

Galland F, Seady M, Taday J, Smaili SS, Gonçalves CA, Leite MC (2019) Astrocyte culture 
models: Molecular and function characterization of primary culture, immortalized 
astrocytes and C6 glioma cells. Neurochem Int 131:104538.

Garcia-Esparcia P, Sideris-Lampretsas G, Hernandez-Ortega K, Grau-Rivera O, Sklaviadis 
T, Gelpi E, Ferrer I (2017) Altered mechanisms of protein synthesis in frontal cortex in 
Alzheimer disease and a mouse model. Am J Neurodegener Dis 6:15-25.

Grolla AA, Fakhfouri G, Balzaretti G, Marcello E, Gardoni F, Canonico PL, DiLuca M, 
Genazzani AA, Lim D (2013) Aβ leads to Ca²⁺ signaling alterations and transcriptional 
changes in glial cells. Neurobiol Aging 34:511-522.

Hansson E (1983) Accumulation of putative amino acid neurotransmitters, monoamines 
and D-Ala2-Met-enkephalinamide in primary astroglial cultures from various brain 
areas, visualized by autoradiography. Brain Res 289:189-196.

Hasan MF, Trushina E (2022) Advances in recapitulating Alzheimer’s disease phenotypes 
using human induced pluripotent stem cell-based in vitro models. Brain Sci 12:552.

Hernández-Sapiéns MA, Reza-Zaldívar EE, Cevallos RR, Márquez-Aguirre AL, Gazarian K, 
Canales-Aguirre AA (2020) A three-dimensional Alzheimer’s disease cell culture model 
using iPSC-derived neurons carrying A246E mutation in PSEN1. Front Cell Neurosci 
14:151.

Hertz L, Chen Y, Song D (2017) Astrocyte cultures mimicking brain astrocytes in 
gene expression, signaling, metabolism and K(+) uptake and showing astrocytic 
gene expression overlooked by immunohistochemistry and in situ hybridization. 
Neurochem Res 42:254-271.

Huang S, Zhang Z, Cao J, Yu Y, Pei G (2022) Chimeric cerebral organoids reveal the 
essentials of neuronal and astrocytic APOE4 for Alzheimer’s tau pathology. Signal 
Transduct Target Ther 7:176.

Jones VC, Atkinson-Dell R, Verkhratsky A, Mohamet L (2017) Aberrant iPSC-derived 
human astrocytes in Alzheimer’s disease. Cell Death Dis 8:e2696.

Jun GR, You Y, Zhu C, Meng G, Chung J, Panitch R, Hu J, Xia W, Bennett DA, Foroud TM, 
Wang LS, Haines JL, Mayeux R, Pericak-Vance MA, Schellenberg GD, Au R, Lunetta 
KL, Ikezu T, Stein TD, Farrer LA (2022) Protein phosphatase 2A and complement 
component 4 are linked to the protective effect of APOE ɛ2 for Alzheimer’s disease. 
Alzheimers Dement doi: 10.1002/alz.12607.

Kitamura K, Ito R, Umehara K, Morio H, Saito K, Suzuki S, Hashimoto M, Saito Y, Anzai 
N, Akita H, Chiba K, Furihata T (2018) Differentiated HASTR/ci35 cells: A promising 
in vitro human astrocyte model for facilitating CNS drug development studies. J 
Pharmacol Sci 137:350-358.

Konttinen H, Gureviciene I, Oksanen M, Grubman A, Loppi S, Huuskonen MT, Korhonen 
P, Lampinen R, Keuters M, Belaya I, Tanila H, Kanninen KM, Goldsteins G, Landreth 
G, Koistinaho J, Malm T (2019) PPARβ/δ-agonist GW0742 ameliorates dysfunction in 
fatty acid oxidation in PSEN1ΔE9 astrocytes. Glia 67:146-159.

Kriaučiūnaitė K, Kaušylė A, Pajarskienė J, Tunaitis V, Lim D, Verkhratsky A, Pivoriūnas A 
(2021) Immortalised hippocampal astrocytes from 3xTG-AD mice fail to support BBB 
integrity in vitro: role of extracellular vesicles in glial-endothelial communication. Cell 
Mol Neurobiol 41:551-562.

Kuijlaars J, Oyelami T, Diels A, Rohrbacher J, Versweyveld S, Meneghello G, Tuefferd 
M, Verstraelen P, Detrez JR, Verschuuren M, De Vos WH, Meert T, Peeters PJ, Cik M, 
Nuydens R, Brône B, Verheyen A (2016) Sustained synchronized neuronal network 
activity in a human astrocyte co-culture system. Sci Rep 6:36529.

Lange SC, Bak LK, Waagepetersen HS, Schousboe A, Norenberg MD (2012) Primary 
cultures of astrocytes: their value in understanding astrocytes in health and disease. 
Neurochem Res 37:2569-2588.

Lim D, Iyer A, Ronco V, Grolla AA, Canonico PL, Aronica E, Genazzani AA (2013) Amyloid 
beta deregulates astroglial mGluR5-mediated calcium signaling via calcineurin and Nf-
kB. Glia 61:1134-1145.

Lim D, Ronco V, Grolla AA, Verkhratsky A, Genazzani AA (2014) Glial calcium signalling in 
Alzheimer’s disease. Rev Physiol Biochem Pharmacol 167:45-65.

Lim D, Rocchio F, Mapelli L, Moccia F (2016a) From pathology to physiology of calcineurin 
signalling in astrocytes. Opera Med Physiol 2:122-140.



1678  ｜NEURAL REGENERATION RESEARCH｜Vol 18｜No. 8｜August 2023

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

Lim D, Rodríguez-Arellano JJ, Parpura V, Zorec R, Zeidán-Chuliá F, Genazzani AA, 
Verkhratsky A (2016b) Calcium signalling toolkits in astrocytes and spatio-temporal 
progression of Alzheimer’s disease. Curr Alzheimer Res 13:359-369.

Lim D, Dematteis G, Tapella L, Genazzani AA, Calì T, Brini M, Verkhratsky A (2021) Ca(2+) 
handling at the mitochondria-ER contact sites in neurodegeneration. Cell Calcium 
98:102453.

Lin YC, Chow CW, Yuen PH, Wong PK (1997) Establishment and characterization 
of conditionally immortalized astrocytes to study their interaction with ts1, a 
neuropathogenic mutant of Moloney murine leukemia virus. J Neurovirol 3:28-37.

Lin YT, Seo J, Gao F, Feldman HM, Wen HL, Penney J, Cam HP, Gjoneska E, Raja WK, Cheng 
J, Rueda R, Kritskiy O, Abdurrob F, Peng Z, Milo B, Yu CJ, Elmsaouri S, Dey D, Ko T, 
Yankner BA, et al. (2018) APOE4 causes widespread molecular and cellular alterations 
associated with Alzheimer’s disease phenotypes in human iPSC-derived brain cell 
types. Neuron 98:1141-1154.e7.

Major EO, Miller AE, Mourrain P, Traub RG, de Widt E, Sever J (1985) Establishment of a 
line of human fetal glial cells that supports JC virus multiplication. Proc Natl Acad Sci U 
S A 82:1257-1261.

Mantle JL, Lee KH (2018) A differentiating neural stem cell-derived astrocytic population 
mitigates the inflammatory effects of TNF-α and IL-6 in an iPSC-based blood-brain 
barrier model. Neurobiol Dis 119:113-120.

Merlo S, Spampinato SF, Lim D (2021) Molecular aspects of cellular dysfunction 
in Alzheimer’s disease: the need for a holistic view of the early pathogenesis. 
Biomolecules 11:1807.

Morikawa M, Asai K, Kokubo M, Fujita K, Yoneda K, Yamamoto N, Inoue Y, Iida J, Kishimoto 
T, Kato T (2001) Isolation and characterization of a new immortal rat astrocyte with a 
high expression of NGF mRNA. Neurosci Res 39:205-212.

Morikawa M, Fryer JD, Sullivan PM, Christopher EA, Wahrle SE, DeMattos RB, O’Dell 
MA, Fagan AM, Lashuel HA, Walz T, Asai K, Holtzman DM (2005) Production and 
characterization of astrocyte-derived human apolipoprotein E isoforms from 
immortalized astrocytes and their interactions with amyloid-beta. Neurobiol Dis 
19:66-76.

Narayan P, Sienski G, Bonner JM, Lin YT, Seo J, Baru V, Haque A, Milo B, Akay LA, Graziosi 
A, Freyzon Y, Landgraf D, Hesse WR, Valastyan J, Barrasa MI, Tsai LH, Lindquist S (2020) 
PICALM rescues endocytic defects caused by the Alzheimer’s disease risk factor 
APOE4. Cell Rep 33:108224.

Nogueras-Ortiz CJ, Mahairaki V, Delgado-Peraza F, Das D, Avgerinos K, Eren E, Hentschel 
M, Goetzl EJ, Mattson MP, Kapogiannis D (2020) Astrocyte- and neuron-derived 
extracellular vesicles from Alzheimer’s disease patients effect complement-mediated 
neurotoxicity. Cells 9:1618.

Oksanen M, Petersen AJ, Naumenko N, Puttonen K, Lehtonen Š, Gubert Olivé M, 
Shakirzyanova A, Leskelä S, Sarajärvi T, Viitanen M, Rinne JO, Hiltunen M, Haapasalo 
A, Giniatullin R, Tavi P, Zhang SC, Kanninen KM, Hämäläinen RH, Koistinaho J (2017) 
PSEN1 mutant iPSC-derived model reveals severe astrocyte pathology in Alzheimer’s 
disease. Stem Cell Reports 9:1885-1897.

Paquet D, Kwart D, Chen A, Sproul A, Jacob S, Teo S, Olsen KM, Gregg A, Noggle S, Tessier-
Lavigne M (2016) Efficient introduction of specific homozygous and heterozygous 
mutations using CRISPR/Cas9. Nature 533:125-129.

Pérez MJ, Ivanyuk D, Panagiotakopoulou V, Di Napoli G, Kalb S, Brunetti D, Al-Shaana 
R, Kaeser SA, Fraschka SA, Jucker M, Zeviani M, Viscomi C, Deleidi M (2021) Loss 
of function of the mitochondrial peptidase PITRM1 induces proteotoxic stress and 
Alzheimer’s disease-like pathology in human cerebral organoids. Mol Psychiatry 
26:5733-5750.

Quadrato G, Nguyen T, Macosko EZ, Sherwood JL, Min Yang S, Berger DR, Maria N, 
Scholvin J, Goldman M, Kinney JP, Boyden ES, Lichtman JW, Williams ZM, McCarroll SA, 
Arlotta P (2017) Cell diversity and network dynamics in photosensitive human brain 
organoids. Nature 545:48-53.

Raofi S, Wong PK, Wilcox RE (2000) Modulation of G-protein linked cAMP accumulation 
in immortalized murine cortical astrocytes by retroviral infection. Brain Res 862:230-
233.

Rocchio F, Tapella L, Manfredi M, Chisari M, Ronco F, Ruffinatti FA, Conte E, Canonico 
PL, Sortino MA, Grilli M, Marengo E, Genazzani AA, Lim D (2019) Gene expression, 
proteome and calcium signaling alterations in immortalized hippocampal astrocytes 
from an Alzheimer’s disease mouse model. Cell Death Dis 10:24.

Rostami J, Mothes T, Kolahdouzan M, Eriksson O, Moslem M, Bergström J, Ingelsson M, 
O’Callaghan P, Healy LM, Falk A, Erlandsson A (2021) Crosstalk between astrocytes and 
microglia results in increased degradation of α-synuclein and amyloid-β aggregates. J 
Neuroinflammation 18:124.

Roy NS, Cleren C, Singh SK, Yang L, Beal MF, Goldman SA (2006) Functional engraftment 
of human ES cell-derived dopaminergic neurons enriched by coculture with 
telomerase-immortalized midbrain astrocytes. Nat Med 12:1259-1268.

Ruffinatti F, Tapella L, Gregnanin I, Stevano A, Chiorino G, Canonico PL, Distasi C, 
Genazzani AA, Lim D (2018) Transcriptional remodeling in primary hippocampal 
astrocytes from an Alzheimer’s disease mouse model. Curr Alzheimer Res 15:986-
1004.

Sacchettoni SA, Benchaibi M, Sindou M, Belin MF, Jacquemont B (1998) Glutamate-
modulated production of GABA in immortalized astrocytes transduced by a glutamic 
acid decarboxylase-expressing retrovirus. Glia 22:86-93.

Sakers K, Lake AM, Khazanchi R, Ouwenga R, Vasek MJ, Dani A, Dougherty JD (2017) 
Astrocytes locally translate transcripts in their peripheral processes. Proc Natl Acad Sci 
U S A 114:E3830-E3838.

Salcedo C, Andersen JV, Vinten KT, Pinborg LH, Waagepetersen HS, Freude KK, Aldana 
BI (2021) Functional metabolic mapping reveals highly active branched-chain amino 
acid metabolism in human astrocytes, which is impaired in iPSC-derived astrocytes in 
Alzheimer’s disease. Front Aging Neurosci 13:736580.

Shinohara M, Shinohara M, Zhao J, Fu Y, Liu CC, Kanekiyo T, Bu G (2019) 5-HT3 antagonist 
ondansetron increases apoE secretion by modulating the LXR-ABCA1 pathway. Int J 
Mol Sci 20:1488.

Sienski G, Narayan P, Bonner JM, Kory N, Boland S, Arczewska AA, Ralvenius WT, Akay 
L, Lockshin E, He L, Milo B, Graziosi A, Baru V, Lewis CA, Kellis M, Sabatini DM, Tsai 
LH, Lindquist S (2021) APOE4 disrupts intracellular lipid homeostasis in human iPSC-
derived glia. Sci Transl Med 13:eaaz4564.

Sims SG, Cisney RN, Lipscomb MM, Meares GP (2022) The role of endoplasmic reticulum 
stress in astrocytes. Glia 70:5-19.

Sloan SA, Darmanis S, Huber N, Khan TA, Birey F, Caneda C, Reimer R, Quake SR, Barres 
BA, Paşca SP (2017) Human astrocyte maturation captured in 3D cerebral cortical 
spheroids derived from pluripotent stem cells. Neuron 95:779-790.e6.

Sonoda Y, Ozawa T, Hirose Y, Aldape KD, McMahon M, Berger MS, Pieper RO (2001) 
Formation of intracranial tumors by genetically modified human astrocytes defines 
four pathways critical in the development of human anaplastic astrocytoma. Cancer 
Res 61:4956-4960.

Sullivan SE, Young-Pearse TL (2017) Induced pluripotent stem cells as a discovery tool for 
Alzheimer׳s disease. Brain Res 1656:98-106.

Tapella L, Dematteis G, Moro M, Pistolato B, Tonelli E, Vanella VV, Giustina D, La Forgia 
A, Restelli E, Barberis E, Cali T, Brini M, Villani S, Del Grosso E, Grilli M, Manfredi M, 
Corazzari M, Grolla AA, Genazzani AA, Lim D (2022) Protein synthesis inhibition and 
loss of homeostatic functions in astrocytes from an Alzheimer’s disease mouse model: 
a role for ER-mitochondria interaction. Cell Death Dis 13:878.

Vallese F, Catoni C, Cieri D, Barazzuol L, Ramirez O, Calore V, Bonora M, Giamogante F, 
Pinton P, Brini M, Calì T (2020) An expanded palette of improved SPLICS reporters 
detects multiple organelle contacts in vitro and in vivo. Nat Commun 11:6069.

van der Kant R, Langness VF, Herrera CM, Williams DA, Fong LK, Leestemaker Y, 
Steenvoorden E, Rynearson KD, Brouwers JF, Helms JB, Ovaa H, Giera M, Wagner 
SL, Bang AG, Goldstein LSB (2019) Cholesterol metabolism is a druggable axis that 
independently regulates Tau and amyloid-β in iPSC-derived Alzheimer’s disease 
neurons. Cell Stem Cell 24:363-375.e9.

van Essen M, Riepsaame J, Jacob J (2021) CRISPR-Cas gene perturbation and editing in 
human induced pluripotent stem cells. CRISPR J 4:634-655.

Verheijen MCT, Krauskopf J, Caiment F, Nazaruk M, Wen QF, van Herwijnen MHM, 
Hauser DA, Gajjar M, Verfaillie C, Vermeiren Y, De Deyn PP, Wittens MMJ, Sieben A, 
Engelborghs S, Dejonckheere W, Princen K, Griffioen G, Roggen EL, Briedé JJ (2022) 
iPSC-derived cortical neurons to study sporadic Alzheimer disease: A transcriptome 
comparison with post-mortem brain samples. Toxicol Lett 356:89-99.

Verkhratsky A, Sofroniew MV, Messing A, deLanerolle NC, Rempe D, Rodríguez JJ, 
Nedergaard M (2012) Neurological diseases as primary gliopathies: a reassessment of 
neurocentrism. ASN Neuro 4:e00082.

Verkhratsky A, Augusto-Oliveira M, Pivoriūnas A, Popov A, Brazhe A, Semyanov A (2021) 
Astroglial asthenia and loss of function, rather than reactivity, contribute to the ageing 
of the brain. Pflugers Arch 473:753-774.

Xu Y, Tian XB, An K, Yang H, Tian YK (2008) Lumbar transplantation of immortalized 
enkephalin-expressing astrocytes attenuates chronic neuropathic pain. Eur J Pain 
12:525-533.

Zhang ZN, Freitas BC, Qian H, Lux J, Acab A, Trujillo CA, Herai RH, Nguyen Huu VA, Wen 
JH, Joshi-Barr S, Karpiak JV, Engler AJ, Fu XD, Muotri AR, Almutairi A (2016) Layered 
hydrogels accelerate iPSC-derived neuronal maturation and reveal migration defects 
caused by MeCP2 dysfunction. Proc Natl Acad Sci U S A 113:3185-3190.

Zhao J, Davis MD, Martens YA, Shinohara M, Graff-Radford NR, Younkin SG, Wszolek ZK, 
Kanekiyo T, Bu G (2017) APOE ε4/ε4 diminishes neurotrophic function of human iPSC-
derived astrocytes. Hum Mol Genet 26:2690-2700.

P-Reviewer: Adaikkan C; C-Editors: Zhao M, Liu WJ, Yu J; T-Editor: Jia Y


