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Abstract

The prevalence of neurodegenerative diseases is
steadily increasing worldwide, and epidemiolog-
ical studies strongly suggest that many of the
diseases are sex-biased. It has long been
suggested that biological sex differences are cru-
cial for neurodegenerative diseases; however,
how biological sex affects disease initiation, pro-
gression, and severity is not well-understood.
Sex is a critical biological variable that should
be taken into account in basic research, and this
review aims to highlight the utility of human-
induced pluripotent stem cells (iPSC)–derived
models for studying sex-specific differences in
neurodegenerative diseases, with advantages and
limitations. In vitro systems utilizing species-
specific, renewable, and physiologically relevant
cell sources can provide powerful platforms for
mechanistic studies, toxicity testings, and drug
discovery.Matched healthy, patient-derived, and
gene-corrected human iPSCs, from both sexes,
can be utilized to generate neuronal and glial cell
types affected by specific neurodegenerative
diseases to study sex-specific differences in
two-dimensional (2D) and three-dimensional
(3D) human culture systems. Such relatively

simple and well-controlled systems can signifi-
cantly contribute to the elucidation of molecular
mechanisms underlying sex-specific differences,
which can yield effective, and potentially
sex-based strategies, against neurodegenerative
diseases.
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1 Introduction

Neurodegenerative diseases are characterized by
progressive loss of neurons in the central nervous
system (CNS), associated with irreversible
defects in cognitive and motor functions (Dugger
and Dickson 2017). Research shows an increas-
ing burden of neurodegenerative diseases world-
wide (Deuschl et al. 2020; Collaborators et al.
2021), highlighting the urgent need for effective
prevention and treatment options. Toward that
goal, there has been significant research interest
to elucidate factors causing or contributing to
disease initiation, progression, and severity.
Aging is considered a primary risk factor in neu-
rodegenerative diseases (Hou et al. 2019); how-
ever, many other potential risk factors have been
suggested, including biological sex as a critical
variable contributing to the diseases (Vegeto et al.
2020). Epidemiological studies demonstrate the
striking prevalence and incidence differences
between males and females in many neurodegen-
erative diseases (Hanamsagar and Bilbo 2016;
Collaborators 2019b). Additionally, there are
sex-specific differences concerning the age of
disease onset, symptoms, progression, severity,
and response to available treatment options
(Pinares-Garcia et al. 2018). Understanding the
effects of biological sex differences on disease
initiation and progression is crucial to develop
effective modalities against neurodegenerative
diseases. Simple, well-controlled, species-spe-
cific, and physiologically relevant model systems
can facilitate such studies.

The vast majority of clinical trials aiming to
develop treatment options against neurodegener-
ative conditions have been unsuccessful despite
large investments, with a failure rate exceeding
99% in clinical trials (Huang et al. 2020;
Aldewachi et al. 2021). Failures in the drug devel-
opment processes have been attributed in part to
the animal models being extensively utilized in
the relevant fields (Drummond and Wisniewski
2017). Although these models provided critical
knowledge on neurodegenerative diseases, espe-
cially rodent models do not fully recapitulate the
disease, indicating the need for species-specific

model systems to complement, or if possible,
replace, existing model systems (Veening-
Griffioen et al. 2019). Additionally, sex has not
been routinely taken into account in animal
studies (Bhargava et al. 2021). Human neural
cells and CNS samples represent valuable
resources for neurobiology research, with
advantages and disadvantages. Post-mortem
human tissue samples are highly valuable; how-
ever, difficulties associated with obtaining high-
quality post-mortem CNS tissues make such
samples less attractive, especially for large-scale
studies. Immortalized human neural cell lines can
be utilized in large quantities in a cost-effective
manner for neurodegenerative disease research
and drug discovery; however, cancerous
propensities of the lines make them less desirable.
Advances in pluripotent stem cell biology with
two-dimensional (2D) and, more recently, three-
dimensional (3D) human culture systems offer
unique approaches to study neurodegenerative
diseases in a species-specific manner, with a
potentially limitless supply of patients’ own
neurons and glial cells derived from human-
induced pluripotent stem cells (iPSC) (Penney
et al. 2019). It has been suggested that the 3D
culture systems can represent a topological envi-
ronment that allows cell-to-cell interactions and
the formation of neuronal networks in a more
physiologically relevant system than 2D culture
(Gopalakrishnan 2019). However, 2D systems
also provide certain advantages, including mech-
anism of action studies in relatively pure and
better controlled neuronal or glial culture systems
(Essayan-Perez et al. 2019). Therefore, it may be
critical to test specific hypotheses in 2D and 3D
systems and compare/contrast the results, which
is not yet common in the literature.

This review focuses on sex-specific
differences in neurodegenerative diseases and
the importance of in vitro modeling, with an
emphasis on the utility of human iPSC-based
model systems to study sex-specific differences
at the cellular level. Gender and sex are not inter-
changeable concepts, which have been discussed
in elegant reviews (Bhargava et al. 2021;
Mauvais-Jarvis et al. 2020), and this review uses
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“sex” to emphasize biological differences.
Although the main focus here is neurodegenera-
tive diseases, we also touch upon other selected
CNS disorders, including some neurodeve-
lopmental and mental disorders. Here we summa-
rize our current knowledge on the sex-specific
differences in the prevalence and incidence of
selected CNS diseases, molecular mechanisms
implicated in sex-specific differences, and the
importance of human model systems and sex of
the cell. We also provide an overview of human
cellular systems for studying sex-specific
differences in CNS diseases, and the main focus
is the advantages and disadvantages of human
iPSC-based 2D and 3D model systems, which
represent highly promising platforms for mecha-
nistic studies, toxicity testings, and drug
screening.

2 Sex as a Risk Factor in CNS
Diseases

A better understanding of the biological basis of
sex-specific differences observed in neurodegen-
erative conditions is crucial to develop efficient
and potentially sex-dependent therapeutic options
against such diseases. Many neurodevelopmental,
psychiatric, and neurodegenerative diseases
exhibit sex-based differences, and here we focus
on some selected CNS diseases.

2.1 Alzheimer’s Disease

Alzheimer’s disease (AD), a chronic neurodegen-
erative condition without a cure, has a substantial
burden for patients, families, and communities
worldwide (Collaborators 2019b; Cummings
et al. 2020). Approximately two-thirds of AD
patients are females (Fig. 1), and importantly,
the sex gap in the number of AD patients is
expected to increase according to the estimations
covering the range between 2020 and 2060
(Rajan et al. 2021). Interestingly, the treatment
of patients with AD drugs also exhibits
sex-specific differences (Scacchi et al. 2014).
Although higher life expectancy may partially

explain the greater prevalence in women, an
increasing body of literature suggests that
biological sex differences, beyond longevity and
other gender-related effects, could significantly
contribute to underlying reasons (Laws et al.
2016). Females are estimated to have a two-fold
greater risk than males for developing AD at ages
45 and 65 (Sampathkumar et al. 2020; 2021
Alzheimer’s disease facts and figures 2021;
Chene et al. 2015). However, overall AD inci-
dence differences between sexes are unclear as
there have been conflicting studies, suggesting no
difference, higher incidence for males or females
(Mielke et al. 2018; Rocca 2017). Nonetheless,
previous literature strongly suggests that AD is
sex-biased and sex also affects the disease’s pro-
gression and severity. For example, after diagno-
sis, AD progresses faster in females as compared
to males (Ardekani et al. 2016), and cognitive
decline is more significant in females than males
at the same stage of AD (Levine et al. 2021). It
has also been reported that brain atrophic rates are
faster in female AD patients, and females exhibit
higher AD tau pathology as compared to males
(Barnes et al. 2005; Hohman et al. 2018;
Oveisgharan et al. 2018). Taken together, females
are more adversely affected than males by the
disease, and biological sex-specific differences
may play an important role in AD (Ferretti et al.
2020).

2.2 Parkinson’s Disease

Parkinson’s disease (PD), the second most com-
mon neurodegenerative disease following AD,
develops upon progressive deterioration and
death of dopaminergic neurons in the brain, lead-
ing to movement disability (Dickson et al. 2009).
PD is considered a multifactorial disease in which
multiple genetic and environmental factors play a
role in disease initiation and progression (Poewe
et al. 2017). In addition to motor symptoms, PD
patients also suffer from cognitive and mood-
related issues, including anxiety, depression, and
sleep problems (Postuma et al. 2012). Opposite to
AD, PD disproportionally affects men, as roughly
3/5 patients are males (Elbaz et al. 2016) (Fig. 1).
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The age-standardized PD male-to-female inci-
dence ratio is about 1.5 (Picillo et al. 2017), and
it has been demonstrated that the male-to-female
ratio in terms of both prevalence and incidence
increases with age (Moisan et al. 2016). Sex
appears to be important for the disease progres-
sion as well. For example, females experience
relatively milder motor deterioration, especially
at the earlier stages of the disease (Haaxma et al.
2007). Non-motor symptoms of PD also exhibit
sex-specific differences, affecting females more
negatively (Meoni et al. 2020). The degree of
cognitive impairments in PD is also
sex-dependent, affecting males more severely
(Reekes et al. 2020). It has been shown that
sexual dimorphism exists in the gene expression

profiles of basal ganglia in PD patients and
healthy individuals (Cantuti-Castelvetri et al.
2007; Simunovic et al. 2010). Also, male PD
patients exhibit a significantly higher neuronal
loss in many different cortical areas compared to
female PD patients (Tremblay et al. 2020). It has
been suggested various factors play a role in the
observed sex-specific differences in the preva-
lence and severity of the disease, including estro-
gen levels and signaling (Vaidya et al. 2021). The
lack of treatment options causes a severe eco-
nomic burden on patients and societies, especially
with the increase in the elderly population.
Numerous model systems have been utilized in
PD research (Thomas et al. 2020), and among
these, human iPSC-based modeling offers highly

Fig. 1 Patient sex ratio differences in selected CNS
diseases. Approximately 2/3 of Alzheimer’s disease and
major depressive disorder patients, and 3/4 of multiple
sclerosis patients are females (see Sects. 2.1, 2.5, and
2.4., respectively). The age-standardized male-to-female
incidence ratio in PD is approximately 1.5, as discussed in
Sect. 2.2. Autism spectrum disorder affects males about

four times more than females, although lower and higher
male-to-female prevalence ratios have also been reported
(Sect. 2.5). The global male-to-female prevalence ratio of
motor neuron diseases is calculated to be 1.25; however, as
discussed in Sect. 2.3, the male-to-female ratio in ALS is
higher, especially at the age group of 20–49 years
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useful systems for PD research and drug
discovery.

2.3 Motor Neuron Diseases

Motor neuron disease is an umbrella term includ-
ing various diseases affecting upper and lower
motor neurons, including amyotrophic lateral
sclerosis (ALS), spinal muscular atrophy
(SMA), and progressive muscular atrophy
(PMA) (Dion et al. 2009). Degeneration of
motor neurons, which control muscle cell con-
traction, eventually leads to progressive weakness
and respiratory failure (van Es et al. 2017). Motor
neuron diseases disproportionally affect males
compared to women, and the global male-to-
female prevalence ratio is calculated to be 1.25
(Fig. 1). ALS is the most studied motor neuron
disease, and both incidence and prevalence of
ALS are higher among males (Deuschl et al.
2020). However, there are significant differences
in male-to-female ratios depending on age
(Manjaly et al. 2010). One study demonstrated
while the male-to-female ratio in the age group
20–49 years is 2.26, the number drops to 1.41 in
the age category of 50–84 years (Ahmadzai et al.
2018). The lifetime risk of developing motor neu-
ron disease is also higher in males (Alonso et al.
2009; Johnston et al. 2006). Sex is an important
variable for ALS disease phenotype (Trojsi et al.
2020), and future work elucidating biological
sex-specific differences in ALS may be critical
for better understanding the disease and develop-
ing effective modalities.

2.4 Multiple Sclerosis

Multiple sclerosis (MS) is another CNS disease
that exhibits apparent sexual dimorphism (Gilli
et al. 2020). MS is characterized by inflammation
in the CNS and demyelination of axons, leading
to axonal damage and neuronal loss that cause
neurological symptoms (Filippi et al. 2018).
Although many genetic and environmental
factors have been hypothesized as the underlying
cause of the disease, specific factors critical for

disease initiation or progression are not well
understood (Thompson et al. 2018). There is cur-
rently no cure for MS, and existing drugs gener-
ally aim to suppress the immune system to
prevent acute attacks (Hauser and Cree 2020).
The disability that develops over time in MS is
mainly due to the loss of the myelin layer (demy-
elination) of the axons (Lubetzki et al. 2020).
Approximately 3/4 of patients diagnosed with
MS are females (Orton et al. 2006; Krysko et al.
2020) (Fig. 1). Although various female-to-male
ratios have been reported from different geo-
graphic locations and age groups (Asmarian
et al. 2021; Romanelli et al. 2020; Collaborators
2019a), it is well established that both incidence
and prevalence of the disease are significantly
higher in females than in males (Rotstein et al.
2018). Previous literature demonstrated that sex-
ual dimorphism also affects the susceptibility and
progression of the disease (Gold et al. 2019). For
example, the age at the onset of the disease and
the frequency of attacks differ in male and female
patients, suggesting sex as an important variable
for MS (Gilli et al. 2020).

2.5 Other CNS Diseases

Sex-specific differences have been reported in a
range of neurological diseases in addition to the
diseases mentioned above, some of which exhibit
significantly higher prevalence in one of the
sexes. For example, migraine is 2–3 times more
prevalent in females than males, and disease
severity also exhibits sex-specific differences
(Vetvik and MacGregor 2017). On the other
hand, stroke disproportionally affects males in
terms of incidence of the disease, with variations
by age (Vyas et al. 2021). CNS tumors also
exhibit sex-dependent differences in disease inci-
dence (Ostrom et al. 2020). For example, glio-
blastoma multiforme (GBM), the most aggressive
CNS cancer, affects males more than women,
with the male-to-female incidence ratio of 1.58
(Ostrom et al. 2020). There are also CNS diseases
exhibiting roughly similar prevalence and inci-
dence between females and males. For example,
Huntington’s disease (HD), a progressive

Human-Induced Pluripotent Stem Cell–Based Models for Studying Sex-Specific. . .



neurodegenerative condition caused by the
polyglutamine repeat expansion in the huntingtin
gene (Bates et al. 2015), affects both sexes
roughly equally. However, recent analyses of a
large cohort in the United States have suggested
that HD prevalence is slightly higher in females
than males (Bruzelius et al. 2019). HD symptoms
also appear to be sex-specific (Hentosh et al.
2021), and there is growing interest in under-
standing sex-specific differences in the disease
(Zielonka and Stawinska-Witoszynska 2020).

Neurodevelopmental disorders, including
attention deficit hyperactivity disorder, intellec-
tual disability, and autism spectrum disorder,
have also been reported to exhibit prevalence
differences between males and females, with sig-
nificantly higher prevalence in males (May et al.
2019). For example, autism affects males about
four times more than females (Fig. 1), although
lower and higher male-to-female prevalence
ratios have been reported in different geographic
locations (Fombonne 2009; Elsabbagh et al.
2012; Baio et al. 2018). Similarly, there are sex
differences in mental disorders regarding disease
severity and prevalence. For example, schizo-
phrenia symptoms, age at onset, and response to
treatment differ between sexes, although preva-
lence appears to be similar in males and females,
with slightly higher numbers in males (Hsu et al.
2019; Gonzalez-Rodriguez et al. 2020; Sommer
et al. 2020; Wittchen et al. 2011). Major depres-
sive disorder also exhibits symptom differences
and significant prevalence differences between
sexes, which is nearly doubled in females
(Wittchen et al. 2011; McLean et al. 2011; Boyd
et al. 2015; Kuehner 2017) (Fig. 1).

3 Mechanisms Implicated in Sex
Differences
in Neurodegenerative Diseases

As summarized above, many neurological
disorders exhibit significant differences in males
and females in terms of disease prevalence,
symptoms, disease progression, and severity. It
has been suggested that biological sex differences
beyond gender-related effects might have a role in

the outcome, and sex is an important biological
variable that should be taken into account in CNS
disease research (Rich-Edwards et al. 2018).
Many pathways have been implicated in
sex-dependent differences in neurodegenerative
processes, including potentially female and male
sex-specific risk genes and other differentially
regulated pathways (Guo et al. 2021; Vaidya
et al. 2021; Meoni et al. 2020). Here we briefly
focus on some selected factors commonly
associated with sex-specific differences.

3.1 Sex and Genetic Factors

Previous literature suggests a correlation between
sex and known genetic risk factors for many CNS
diseases, including AD (Guo et al. 2021) and PD
(Vaidya et al. 2021). A great example comes from
the AD field. Several groups have demonstrated
that the best-known genetic risk factor for AD,
apolipoprotein E (APOE)-ε4 genotype, may have
sex-dependent effects, making females more vul-
nerable to both dementia progression (Altmann
et al. 2014; Cho et al. 2021; Wang et al. 2019) and
neurodegeneration (Hohman et al. 2018). A meta-
analysis study suggested that females with APOE
ε3/ε4 genotype have a particularly increased risk
of developing AD between the ages of 65 and
75 compared to males with the same genotype
(Neu et al. 2017). APOE-ε4 association with
cerebrospinal fluid (CSF) biomarkers, especially
tau, also appears to be sex-specific, with a stron-
ger association in females (Hohman et al. 2018;
Liu et al. 2021; Altmann et al. 2014). Taken
together, a large body of literature suggests that
effect(s) of APOE genotype on the risk of devel-
oping AD is more significant in females (Belloy
et al. 2019); however, molecular mechanisms
underlying the sex-specific effects of APOE in
AD are not clear. One potential hypothesis
involves the cross-talk between APOE genotype
and the sex hormone estrogen signaling. Estrogen
is reported to be a regulator of APOE gene
expression (Stone et al. 1997). Importantly, estro-
gen receptor (ER)α activation leads to enhanced
APOE mRNA and protein expression, while the
activation of ERβ leads to opposite results (Wang
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et al. 2006), suggesting a tight regulation of
APOE levels by estrogen signaling. The potential
cross-talk between APOE and estrogen might be
indirect as well. A recent study identified a sig-
nificant positive correlation with CSF APOE and
sex hormone-binding globulin (SBHG), which
inhibits the functions of biologically active testos-
terone and estrogen (Liu et al. 2021). Plasma
levels of AD patients have been reported to have
higher levels of SBHG, which may potentially
lead to the inactivation of testosterone and estro-
gen and thereby bioavailability of the hormones
(Xu et al. 2016). Overall, a better understanding
of the correlation between biological sex and
genetic risk factors may open new research
avenues for CNS diseases.

3.2 Sex Hormones

Potential roles of sex hormones, especially estro-
gen, have long been recognized and studied in the
context of various CNS diseases, including AD,
PD, ALS, and anxiety and related disorders
(Li and Graham 2017; Vegeto et al. 2020; Trojsi
et al. 2020). Estrogen signaling attracts significant
attention in AD research since a potential mecha-
nism underlying the sex-specific differences in
AD is the rate of sex hormone depletion with
age (Uddin et al. 2020). Male hormone levels
gradually decline with aging (Morley et al.
1997). However, the depletion is more severe
for females as menopause is a critical contributor,
in addition to aging, to the hormone levels
(Russell et al. 2019). Estrogen, mainly 17-
β-estradiol (E2) as the main circulating female
sex hormone, is produced in the brain and
gonadal tissues and is neuroprotective against
neurodegeneration (Raghava et al. 2017; Akwa
2020). E2 exerts its effect primarily through ERα
and ERβ, mediating membrane-initiated and
transcription-dependent pathways (Yasar et al.
2017). E2 is involved in various vital physiologi-
cal functions, including regulating CNS homeo-
stasis (Russell et al. 2019). Therefore, it has been
suggested that such sharp depletion of E2 could
make females more vulnerable to AD than males
of the same age. E2 is indeed lower in female AD

patients compared to controls, while there is no
difference between healthy and AD males (Yue
et al. 2005; Rosario et al. 2011), and therefore,
the level of E2 has been associated with
sex-dependent differences observed in AD
(Sahab-Negah et al. 2020). The decline of E2
correlates with the severity of AD pathogenesis
(Pike 2017). Studies in in vitro and animal models
have provided compelling evidence that E2 has
neuroprotective effects against AD (Azcoitia et al.
2019). However, clinical studies with estrogen-
based approaches have yielded controversial
results as some researchers found the hormone
therapy beneficial effects against AD (Tang
et al. 1996; Song et al. 2020), while some other
researchers reported either no benefit (Wang et al.
2000; Mulnard et al. 2000) or, worse, increased
risk for AD or some other conditions (Resnick
et al. 2009; Savolainen-Peltonen et al. 2019;
Espeland et al. 2004). It has been suggested that
the time window of the therapy might be crucial
(Merlo et al. 2017). Regardless, a better under-
standing of the biological basis of sex-specific
differences observed in AD is crucial to deter-
mine whether E2-mediated neuroprotection can
indeed be an attractive approach for AD. In addi-
tion to the neuroprotective roles of estrogen in
neuronal cells, the signaling pathway has been
shown to also play important roles in glial cells.
For example, estrogen signaling appears to be
critical for the differentiation and myelination
processes of oligodendrocyte precursor cells
(OPC), relevant to MS disease (Khalaj et al.
2016; Kumar et al. 2013). Although the basis for
sex-specific differences in MS are not well under-
stood, it has been suggested that sex hormones
may play an important role in the disease initia-
tion and progression (Bove and Gilmore 2018;
Miller et al. 2014; Triantafyllou et al. 2016).

3.3 Inflammation

Inflammation has been implicated in many CNS
diseases, and sex has been reported to be an
important factor for inflammatory dysregulation
(Hanamsagar and Bilbo 2016). There are sex
differences in immunological responses in
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diseases (Klein and Flanagan 2016), and it has
long been suggested that sexual dimorphism in
the immune system may be critical for CNS
diseases (Lopez-Lee et al. 2021). Inflammatory
dysregulation is reported to be sex-biased. For
example, female MS patients suffer from higher
inflammation compared to males (Ramien et al.
2016). Microglia is the primary immune cell in
the CNS, which reacts differently under homeo-
static and pathological conditions (Kettenmann
et al. 2011). Under pathological conditions,
microglia is highly active with many functions,
including the destruction of pathogens (Boche
et al. 2013). Microglia dysfunction has been
implicated in various neurodegenerative diseases
(Ashford et al. 2021; Salter and Stevens 2017).
Female and male microglia exhibit significant
differences at the molecular level (Guneykaya
et al. 2018; Villa et al. 2018; Hammond et al.
2019), and importantly sex differences in
microglia may be contributing to well-established
sex bias in neurodegenerative diseases (Kodama
and Gan 2019).

3.4 Neurotrophin Signaling

Another crucial pathway implicated in
sex-specific differences in neurodegenerative
diseases is neurotrophin signaling (Chan and Ye
2017). The neurotrophin family of growth
factors is composed of brain-derived neurotrophic
factor (BDNF), nerve growth factor,
neurotrophin-3, and neurotrophin-4 (Tessarollo
1998); and among these, BDNF is the most
associated one with sex-specific differences in
neurodegeneration (Wei et al. 2017). BDNF has
a central role in brain development, physiology,
and pathology (Miranda et al. 2019) and
transduces its effect primarily through its high-
affinity tyrosine kinase receptor, TrkB, mediated
signaling (Chao 2003). BDNF has a
neuroprotective role against neurodegeneration,
and defects in BDNF and TrkB levels and
functions have long been associated with many
CNS diseases (Mitre et al. 2017). For example,

BDNF and TrkB are downregulated in AD, and
the correlation between AD and defects in BDNF
signaling have been reported (Ginsberg et al.
2019; Caffino et al. 2020). Previous studies sug-
gest BDNF-TrkB signaling may contribute to
sex-specific differences in cells that make up the
nervous system (Chan and Ye 2017). Involve-
ment of BDNF in AD, in a sex-specific manner,
may involve a cross-talk with estrogen signaling,
potentially through many mechanisms. The first
potential mechanism involves the regulation of
BDNF expression by estrogen. Indeed, it has
been shown that E2 can modulate the expression
of both BDNF and its receptor TrkB (Milne et al.
2015; Bora et al. 2005; Sohrabji et al. 1995), and
BDNF is regulated in a sex-specific manner in the
brain (Liu et al. 2012). The second potential
mechanism is the BDNF association with APOE
in a sex-specific manner. Potential cross-talk of
APOE and estrogen signaling is discussed above
(Sect. 3.1.). It has been shown that APOE
regulates BDNF processing and release,
suggesting a direct regulation between two
factors in AD (Sen et al. 2017). Lastly, there
may also be a sex-specific convergence between
the E2-ER and BDNF-TrkB signaling at the cyto-
plasmic level regardless of gene expression
changes (Chan and Ye 2017; Wong et al. 2011).
ER and TrkB receptors are co-localized in hippo-
campal and cortical neurons (Miranda et al.
1993), which are highly affected in AD. It has
been shown that TrkB overexpression in cells
can induce ERα phosphorylation, suggesting the
cytoplasmic signaling cross-talk (Wong et al.
2011). Importantly, phosphorylation and the dis-
tribution of TrkB in the brain is sex-specific
(Spencer-Segal et al. 2011; Hill and van den
Buuse 2011), and TrkB and ERα signaling
share common downstream effectors in neurons
(Chan and Ye 2017). Additionally, small
molecule-based TrkB activation exhibits
sex-specific effects in hypoxia-ischemia-induced
brain injury models, and observed TrkB-mediated
protective effect requires ERα signaling (Uluc
et al. 2013; Cikla et al. 2016). Lastly, a recent
study utilizing two different neuroimaging
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methods demonstrated that estrogen modulates
the effects of BDNF in hippocampal function in
women’s brains (Wei et al. 2018), further
suggesting the convergence of the two pathways
in the human brain. Despite these efforts, the
molecular mechanism(s) underlying the potential
intersection between BDNF-TrkB and E2-ER sig-
naling in neurons is still largely unexplored, and
their potential integrated effects in CNS diseases
are not well understood.

Sex-specific effects of BDNF have also been
implicated in other molecular mechanisms. For
example, BDNF has been shown to affect inflam-
matory responses in a sex-specific manner
(Rossetti et al. 2019), and BDNF polymorphism
Val66Met also leads to sexually dimorphic
effects, affecting females more negatively (Chen
et al. 2014; Fukumoto et al. 2010). Although the
examples provided above have focused on AD,
BDNF pathways have also been implicated in
many other CNS diseases. For example, the
BDNF-TrkB signaling pathway affects OPC dif-
ferentiation and myelination in the context of MS
(Van’t Veer et al. 2009; Xiao et al. 2010); how-
ever, the sex-specific effects of the pathway are
not well understood. Generally speaking,
neurotrophin signaling is considered a therapeutic
target for many neurodegenerative diseases (Mitre
et al. 2017). Therefore, there are efforts to modu-
late the pathways in vivo through various
mechanisms, including agonists and antagonists
(Saragovi et al. 2019), and identification of critical
residues of Trk receptors for signaling and their
degradation (Kiris et al. 2014; Yu et al. 2014). A
better understanding of truncated Trk receptors in
neural cells may also open avenues to better con-
trol neurotrophin signaling in neurons (Palko et al.
1999; Yanpallewar et al. 2021; Yanpallewar et al.
2012; Esteban et al. 2006; Galan et al. 2017; Bai
et al. 2010; Brahimi et al. 2016; Dorsey et al.
2006; Ferrer et al. 1999; Quarta et al. 2018;
Tomassoni-Ardori et al. 2019). In addition to
such efforts, elucidation of potential sex-specific
roles of neurotrophin signaling can pave the road
for neurotrophin-mediated and potentially
sex-specific neuroprotection.

4 Model Systems to Study
Sex-Specific Differences
in Neurodegenerative Diseases

4.1 Importance of Human Model
Systems

Many model systems, including numerous animal
models, have been developed to study neurode-
generative diseases, which have been extensively
discussed in excellent reviews (Scearce-Levie
et al. 2020; Drummond and Wisniewski 2017;
Cenci and Bjorklund 2020). However, there has
been growing literature demonstrating significant
differences between animal models and humans,
which may hamper the scientific development to
understand the disease mechanisms and the pace
of drug development efforts (Drummond and
Wisniewski 2017). A great example of rodent
models vs. human differences comes from the
MS field. Studies focusing on remyelination in
MS have often used rodent models (Sanabria-
Castro et al. 2020), which has been crucial for
scientific development in the field; however, recent
studies have pointed to significant differences
between human and animal models, particularly
in cell types (OPCs vs. surviving, existing
oligodendrocytes) carrying out remyelination
(Yeung et al. 2019). Additionally, species-specific
differences may be critical for drug discovery. For
example, significant potency differences have
been reported for some compounds between
mouse and human stem cell–derived neuronal
systems (McNeish et al. 2010). Therefore, the
utility of biologically relevant human neural cell
types may enhance scientific development in the
neurodegenerative disease fields. Such platforms
may also be utilized to validate observations made
using non-human mammalian systems.

4.2 Sex of the Cell Matters

There has been a sex bias in basic and clinical
research, which extensively utilized male cells
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and male animal model systems (Will et al. 2017;
Klein et al. 2015). Male sex bias has been more
prominent in neuroscience; however, the inclu-
sion of both sexes in studies appears to be increas-
ing over the years (Woitowich et al. 2020;
Mamlouk et al. 2020). Despite the mandates
from funding sources such as the U.S. National
Institutes of Health (Clayton and Collins 2014)
and the increased awareness of sex as a biological
variable, the sex of the cells utilized in research is
still largely unreported. For example, James et al.
surveyed 303 papers utilizing in vitro cell culture
experiments in the field of biomaterials and found
that 96.3% of the articles did not report the sex of
the utilized cells (James et al. 2021).

Previous literature suggests that the sex of the
cell matters as male and female cells exhibits
different characteristics under the same
conditions in various contexts (Lee 2018).
Indeed, cellular sex differences have been
reported in many different cell types, including
osteoblasts (Berger et al. 2018), cardiac cells
(Walker et al. 2021), neurons (Fairbanks et al.
2012), and glial cells (Yasuda et al. 2020).
There are differences in cellular pathways in
male and female cells, which can exhibit
sex-specific effects. For example, the sex of the
cell appears to be important for impairments in
mitochondrial metabolism (Yao et al. 2009;
Demarest et al. 2020) and neuronal death
pathways (Demarest and McCarthy 2015). Some
of the sex-specific differences could be due to the
differential expression of specific receptors. For
example, ERα protein levels are reported to be
significantly higher in female neurons (Bryant
and Dorsa 2010), which may be critical for
sex-specific neuroprotection. Female and male
neurons in culture exhibit differences in various
characteristics, including dendritic morphology
(Keil et al. 2017), pool size of recycling synaptic
vesicles (Sertel et al. 2021), GABA receptor acti-
vation (Mir et al. 2020), survival under normoxia
and hypoxia conditions (Heyer et al. 2005),
oxygen-glucose deprivation (Fairbanks et al.
2012), cell death pathways (Sharma et al. 2011),
and dopamine-induced neurotoxicity (Lieb et al.
1995).

In addition to neurons, glial cells also exhibit
sexually dimorphic characteristics that are
hypothesized to be important for sex-specific
differences in neurodegeneration (Chowen and
Garcia-Segura 2021). Recent genomics studies at
single-cell resolution utilizing female and male
AD patient samples identified subpopulations of
human brains cells, particularly in glial cells in
AD (Mathys et al. 2019; Grubman et al. 2019;
Nott et al. 2019), exhibiting disease-specific
changes in gene expressions. Among the glial
cells, microglia is increasingly implicated in
sex-specific differences in various neurodegener-
ative diseases (Delage et al. 2021; Kodama and
Gan 2019), with implications that female
microglia has differences compared to male
microglia (Guneykaya et al. 2018; Villa et al.
2018; Hammond et al. 2019). For example, there
are differences in expressed miRNAs in male and
female microglia, which is critical for sex-specific
microglia responses to AD tau pathology
(Kodama et al. 2020). Genetic factors and sex
may combinatorially affect microglia function in
pathological conditions. For example, APOE and
sex are important factors regulating TREM-2-
dependent microglia activation in AD (Stephen
et al. 2019). Oligodendrocytes also exhibit sexual
dimorphism in normal and pathological
conditions. For example, it has been shown that
female oligodendrocytes are short-lived compared
to that of males in rodents (Cerghet et al. 2006),
and there are differentially regulated signaling
pathways between the two sexes (Swamydas
et al. 2009). Sexual dimorphism also exists in
OPCs, and differential effects can be observed in
cell culture studies. For example, female OPCs are
more resistant to hyperoxia-induced damage
(Sunny et al. 2020) and oxygen-glucose depriva-
tion (Yasuda et al. 2020) in culture. These
differences might be important for remyelination
in male and female MS patients. Sex-specific
differences in astrocytes have also been reported
in culture. For example, female primary astrocytes
respond to lipopolysaccharide-induced inflamma-
tory challenges differently than males (Santos-
Galindo et al. 2011; Chistyakov et al. 2018).
Cultured astrocytes respond to oxygen-glucose
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deprivation (Liu et al. 2007), a toxic molecule,
insecticide dimethoate, (Astiz et al. 2014), and
chronic alcohol exposure (Wilhelm et al. 2016)
in a sex-specific manner. Interestingly, the phago-
cytic activity of cultured primary astrocytes also
differs in male and female cells (Crespo-Castrillo
et al. 2020). Taken together, previous literature
strongly suggests that the sex of the cell matters
and sex-specific differences can be assayed in
culture.

4.3 Utilization of Human Cellular
Platforms for Sex-Specific
Differences

Considering the rodent and human neuronal cell
differences and the documented translational
challenges between rodents to humans, in vitro
model systems utilizing human neuronal and glial
cells have long been suggested as a potentially
optimal strategy to complement existing in vivo
models. Human cells and samples from various
sources are being utilized in research, all of which
have advantages and limitations. Analyses on the
human post-mortem tissue are highly useful;
however, they are limited to relatively small-
scale studies due to the availability of high-
quality post-mortem tissue. Obtaining samples
from brain surgeries is also not a viable option
for well-controlled and large-scale studies.
Immortal human cell lines are also being exten-
sively utilized for neurodegenerative disease
research as they offer simple, cost-effective, and
easily manipulatable cell environments. How-
ever, their genetic background differences from
native neuronal and glial cells and tumorigenic
propensities make them less attractive. An alter-
native methodology to generate human neuronal
and glial cell types is the directed differentiation
of human pluripotent cells, i.e., human ES cells
(Sect. 4.3.1.) or induced pluripotent stem cells
(iPSC) (Sect. 4.3.3). Pluripotent stem cells have
two unique characteristics. First, these cells can
be differentiated into specific cell types, including
neuronal types and glial cells. Secondly, the cells
have potentially unlimited self-renewing capac-
ity, suggesting that these cells can be propagated

in large quantities to generate a large number of
cells for large-scale studies. In addition to the
directed differentiation of pluripotent stem cells,
neuronal and glial cells can also be directly
reprogrammed from somatic cells (Sect. 4.3.2.)
(Mertens et al. 2018).

4.3.1 Human Embryonic Stem (ES) Cell–
Derived Neural Systems

There have been extensive research efforts to
obtain specific neuronal cell types from human
ES cells, and such model systems have been
successfully utilized to study neurodegenerative
diseases. It is well established that human ES cells
can be differentiated into functional neuronal
subtypes, including cortical neurons (Shi et al.
2012), motor neurons (Li et al. 2008), basal fore-
brain cholinergic neurons (Bissonnette et al.
2011), midbrain dopaminergic neurons (Kriks
et al. 2011), and striatal neurons (Delli Carri
et al. 2013). In addition to neurons, human ES
cells have also been successfully differentiated to
microglia (Muffat et al. 2016), astrocytes
(Shaltouki et al. 2013; Emdad et al. 2012), and
oligodendrocytes (Gorris et al. 2015; Hu et al.
2009). Such cells provide excellent culture
systems for mechanistic studies (Hardingham
et al. 2010), toxicity testings (Deshmukh et al.
2012), and drug screening (Kiris et al. 2015a, b;
Little et al. 2019) in a human neuronal system. It
has been shown that the sex of the ES cell signifi-
cantly affects the directed differentiation of the
pluripotent cells. For example, one study
demonstrated sex-biased gene expression and dif-
ferentially regulated cellular pathways in tropho-
blastic progenitor cells differentiated from male
and female human ES cells (Syrett et al. 2018).
Sex-specific differences have also been reported
in human ES cell differentiation toward endothe-
lial progenitor cells (Randolph et al. 2019) and
fetal germ cells, and human primordial germ cell-
like cells (Mishra et al. 2021). These examples
suggest that neuronal and glial cells derived from
male and female human ES cells can provide
useful platforms to study sex-specific differences;
however, its applications might be somewhat lim-
ited compared to the sex-matched patient and
control iPSC-derived culture platforms.
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4.3.2 Direct conversion of Somatic Cells
to Neurons and Glial Cells

In addition to pluripotent stem cell–based
approaches, it is also possible to directly convert
somatic cells to neural lineages. This approach
has certain advantages, including the shorter cul-
ture and maintenance of cells, which is both time-
and cost-effective compared to pluripotent stem
cell–based differentiation. Additionally, it has
been suggested that reprogramming somatic
cells to iPSCs may affect the age-related epige-
netic landscape, a limitation that can be poten-
tially overcome with directly converted neural
cells (Mertens et al. 2015). Directly converted
neurons are functional (Pang et al. 2011), and
many neuronal subtypes have been generated
with this approach (Mertens et al. 2018). Simi-
larly, direct conversion of fibroblasts to oligoden-
drocyte precursors (Yang et al. 2013; Najm et al.
2013) and astrocytes (Caiazzo et al. 2015; Tian
et al. 2016) have been achieved. Induced
microglia-like cells have also been generated,
utilizing monocytes as the starting cells (Sellgren
et al. 2019; Ryan et al. 2017; Ohgidani et al.
2014; Banerjee et al. 2021). While direct
reprogramming is an exciting approach, a signifi-
cant limitation is that human cells’ conversion
efficiency and yield are lower than the directed
differentiation of human pluripotent stem cells.
However, there are continuing efforts to improve
the protocols for efficient conversion (Ng et al.
2021). Induced neuronal cell types, induced
astrocytes, and induced oligodendrocytes can
also be potentially utilized to study sex-specific
differences in neurodegenerative diseases. For
example, a recent study generated iNeurons
from fibroblasts of 16 AD patients and 19 healthy
controls, exhibiting defects in AD iNeurons com-
pared to controls (Mertens et al. 2021). Such
experimental setup utilizing induced neurons,
oligodendrocytes, or astrocytes can also include
analyses to examine sex-specific differences in
AD and other CNS diseases. Importantly, it has
been shown that induced cells can be utilized to
study biological sex-specific differences. For
example, a recent study utilizing mouse-induced
hepatocyte-like cells reprogrammed from male or

female primary mouse embryonic fibroblasts
demonstrated sex-specific expression patterns
(Ullah et al. 2021).

4.3.3 Induced Pluripotent Stem Cell
(iPSC)–Based Systems Can Be
Utilized to Assess Sex-Specific
Differences

Obtaining neurons or glial cells affected by spe-
cific diseases starting from the patients’ cells
constitutes a crucial resource for modeling CNS
diseases. Since the initial studies demonstrated
reprogramming adult cells with mitotic
propensities to a pluripotent state, there has been
significant scientific advancement to optimize
reprogramming and differentiation protocols.
iPSCs have been generated from patients
suffering from many CNS diseases, including
AD (Penney et al. 2020), PD (Avazzadeh et al.
2021), motor neuron diseases (Karpe et al. 2021),
and MS (Begentas et al. 2021; Douvaras et al.
2014; Miquel-Serra et al. 2017; Morales Pantoja
et al. 2020; Mozafari et al. 2020; Mutukula et al.
2021; Lopez-Caraballo et al. 2020; Nicaise et al.
2017). Directed differentiation of human iPSCs to
various human cell types, including neurons, has
been achieved, with specific efforts to develop
methodologies to obtain relatively pure cultures
for CNS disease modeling (D’Souza et al. 2021).
Previous studies have demonstrated successful
derivation of neuronal subtypes from iPSCs,
including cortical neurons (Shi et al. 2012),
motor neurons (Dimos et al. 2008), basal fore-
brain cholinergic neurons (Duan et al. 2014),
midbrain dopaminergic neurons (Devine et al.
2011), and striatal neurons (Delli Carri et al.
2013). Recent efforts have also established effi-
cient protocols to generate glial cells from iPSCs.
Functional microglia have been efficiently
generated from human iPSCs (Muffat et al.
2016; Abud et al. 2017; Pandya et al. 2017;
Haenseler et al. 2017; Douvaras et al. 2017;
McQuade et al. 2018). Similarly, human iPSCs
have been differentiated to astrocytes (Shaltouki
et al. 2013; Tcw et al. 2017; Emdad et al. 2012),
and oligodendrocytes (Gorris et al. 2015; Ehrlich
et al. 2017).
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Importantly, numerous studies have
demonstrated that iPSC-derived neuronal and
glial cultures can be utilized to observe neurode-
generative disease-specific phenotypes. For
example, neurons differentiated from iPSCs
derived from sporadic and familial AD patients
exhibit disease characteristics, including
increased tau protein phosphorylation and amy-
loid levels (Ochalek et al. 2017; Ortiz-
Virumbrales et al. 2017; Wezyk et al. 2018; Israel
et al. 2012). Similarly, iPSC-derived astrocytes
have provided critical knowledge about the
diseases, including AD (Jones et al. 2017;
Oksanen et al. 2017; Konttinen et al. 2019b),
Schizophrenia (Akkouh et al. 2020), and Down
syndrome (Kawatani et al. 2021) in human cul-
ture systems. Microglia cells differentiated from
iPSCs have also been shown to be highly useful
in disease modeling (Reich et al. 2020; Konttinen
et al. 2019a; Garcia-Reitboeck et al. 2018).
Directed differentiation of human iPSCs toward
oligodendrocytes generates functional oligoden-
drocytes that provide critical information for rele-
vant diseases, such as MS and other myelin
diseases (Mozafari et al. 2020; Lopez-Caraballo
et al. 2020). iPSC-derived in vitro culture systems
has also been successfully utilized in drug screen-
ing in the context of neurodegenerative diseases
(Little et al. 2019).

Previous work demonstrated that iPSC-derived
cells could exhibit sex-specific differences. For
example, an important study revealed that male
and female iPSCs could form smooth muscle pro-
genitor cells without significant differences in the
differentiation efficiency; however, there are
sex-specific differences in the derived male and
female cells, which differentially respond to E2
stimulation (Li et al. 2017). The ability to generate
specific neuronal subtypes and glial cells
exhibiting disease phenotype using iPSC-based
models are crucial for CNS disease research
(Vadodaria et al. 2020), and such systems can be
utilized for assessing sex-specific differences in
culture. A representative workflow of neuronal
and glial cell derivation from iPSCs generated
from the male and female patients and healthy
individuals to study sex-specific differences is
illustrated in Fig. 2. Peripheral bloodmononuclear

cells (PBMCs) serve as a common source cell type
to generate iPSCs. PBMCs can be isolated from
peripheral blood samples, cultured in particular
media for erythroblast enrichment, and then
reprogrammed to iPSCs (Begentas et al. 2021).
To study sex-specific differences in CNS diseases,
such iPSC lines can be differentiated to neuronal
and glial cultures in 2D and 3D environments
(Fig. 2). Despite the great potential of such
systems, there are still a limited number of
publications evaluating sex-specific differences
in patient and control iPSC-derived neural culture;
however, such literature is expected to increase as
recent work sets excellent examples. A great
example comes from the schizophrenia field.
Recent work demonstrates sex-specific
differences in the gene expression profiles of cor-
tical neurons differentiated from healthy control
and schizophrenia patient iPSCs (Tiihonen et al.
2019). Furthermore, in a follow-up paper which is
a preprint at the time of the composition of this
review, the authors utilized the same iPSC lines
derived from schizophrenia twin pairs and healthy
controls and demonstrated that human iPSC-
derived astrocytes also exhibit sex-specific
differences (Koskuvi et al. 2020). Although both
patient and control iPSC can differentiate into
astrocytes with similar efficiency, expression
profiles of certain genes and some specific cellular
pathways are differentially regulated in male and
female schizophrenia astrocytes (Koskuvi et al.
2020).

Genetic Manipulation of iPSCs to Generate
Isogenic Controls
Since the initial discovery and development of
genome editing methodology clustered regularly
interspaced short palindromic repeats (CRISPR)-
Cas9 (Barrangou et al. 2007; Jinek et al. 2012),
there have been significant efforts to make the
approach more precise and well controlled.
Apart from its potential in treating CNS diseases
(Lubroth et al. 2021), CRISPR-Cas9-based gene
editing approach has great value in generating
neurodegenerative disease models, which can be
at least in two ways. First, WT cells, such as
iPSCs from healthy control, can be genome
engineered to knock in specific disease-associated
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mutations. For example, it has been shown that
homozygous and heterozygous mutations could
be introduced to iPSCs with the CRISPR-Cas9
approach that can model AD (Paquet et al. 2016).
Second, isogenic controls of iPSCs can be
generated using CRISPR-Cas9 (Fig. 2), which
are highly crucial for in vitro modeling. This is
important as the healthy donor iPSCs may not be
the optimal control cells to compare to patient
iPSCs in studies due to variations in the genetic
landscape. Taken together, considering the
genetic diversity between healthy and patient-
specific iPSCs, and many unknown molecular
determinants, which may include sex-specific
differences, in disease characteristics, isogenic
controls of patient iPSCs may provide valuable
information, as documented in the context of
many CNS diseases, including AD (Kwart et al.
2019; Ortiz-Virumbrales et al. 2017), and Down
Syndrome (Kawatani et al. 2021).

Three-Dimensional (3D) Modeling
Recent studies have suggested that 3D human
neuronal systems can provide a brain-like model
for research on neurodegenerative diseases (Siney
et al. 2018). Such organoids represent a topologi-
cal environment that allows cell-to-cell
interactions and the formation of neuronal
networks, which may provide a more physiologi-
cally relevant system than 2D culture
(Gopalakrishnan 2019). Indeed, cerebral
organoids exert neurodegenerative disease-
specific phenotypes (Chang et al. 2020). For
example, recent studies demonstrated that such
systems exhibit both Aβ and tau pathologies and
can model AD (Ghatak et al. 2019; Raja et al.
2016; Yin and VanDongen 2021). Importantly,
neuroinflammatory components have also been
introduced in 3D AD models, which exhibited
critical hallmarks of AD, i.e., Aβ42 accumulation,
tau phosphorylation, and microglia-induced

Fig. 2 Modeling sex-specific differences in vitro using
human-induced pluripotent stem cell (iPSC)–derived cel-
lular platforms. PBMCs can be isolated from the blood
samples of male and female patients and healthy
individuals, cultured for erythroblast enrichment, and
then reprogrammed to iPSCs. The representative iPSC
colonies in the figure are co-cultured with mitotically

inactivated mouse embryonic fibroblast cells. Such iPSCs
derived from the sex-matched healthy and patient cohorts,
and gene-corrected isogenic controls, can be utilized to
generate neuronal and glial cell types in 2D and 3D cell
culture platforms to study sex-specific differences. These
models can be utilized in drug screening assays, toxicity
testings, and mechanism of action studies
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neurite degeneration and cell death (Park et al.
2018). Similarly, 3D culture platforms have been
successfully utilized for many other neurodegen-
erative disease modeling, including PD (Kim
et al. 2019), ALS (Osaki et al. 2018), and SMA
(Hor et al. 2018). There is also interest in glial
cells in 3D cultures, and it has been shown that
myelinating oligodendrocytes can form in such
systems (Madhavan et al. 2018; Marton et al.
2019). Similarly, astrocytes (Lin et al. 2018;
Quadrato et al. 2017; Sloan et al. 2017) and
microglia (Ormel et al. 2018; Xu et al. 2021)
can form in 3D-cultures. Isogenic 3D cultures
have also been utilized in neurodegenerative dis-
ease modeling (Yin and VanDongen 2021; Kim
et al. 2019). Taken together, recent advancements
suggest that 3D culture models can provide pow-
erful experimental systems to study sex-specific
differences in the context of neurodegenerative
diseases (Fig. 2). However, it is important to
note that 3D models also have many limitations,
including variability, cell diversity, and neuronal
circuit connectivity (Kim et al. 2021), and such
shortcomings need to be overcome to generate
better models of neurodegenerative diseases.

Taken together, comparing and contrasting
female and male neuronal subtypes and glial
cells derived from patient and healthy iPSCs,
and isogenic controls, in 2D and 3D cultures can
potentially significantly enhance our scientific
understanding of CNS diseases.

Limitations of Human İpsc-based Models
to Study Biological Sex-Linked Differences
in Culture
Despite the great potential, there are also several
limitations of human iPSC-based cell culture
platforms to study sex-specific differences. First,
epigenetic imprinting already present in the donor
material to begin with for iPSC generation may
affect the phenotype in culture (Braverman-Gross
and Benvenisty 2021). Second, the sex of the
human iPSC can affect the differentiation capac-
ity of the line (Randolph et al. 2019), which may
hamper disease modeling under identical
conditions, suggesting that there may be a need
to optimize directed differentiation conditions for
male and female human pluripotent cells. Third,

variability between controls and disease iPSC
lines, and even clones of the same line, may
complicate data analyses (Volpato and Webber
2020). Fourth, aging is a critical factor for neuro-
degenerative diseases; however, aging in culture
is challenging and may not recapitulate the dis-
ease conditions. Fifth, the genomic stability of
iPSC lines, in the long run, is questionable.
Therefore, regular karyotyping is a must to detect
potential chromosomal abnormalities as there are
many examples of Y chromosomes being lost in
male human and mouse cells in culture (Shah
et al. 2014). Although this phenomenon has
been mostly reported in cancer cell lines, regular
determination of the sexual identity of human
iPSC in culture is still critical. Lastly, differentia-
tion of human iPSCs toward neurons or glial cells
typically gives rise to heterogeneous cultures.
Although there have been efforts to generate
more homogenous cultures and accelerate the
differentiation protocols (Walsh et al. 2020), the
vast majority of current directed differentiation
protocols are long, expensive, and laborious.

Researchers must also be careful about factors
affecting reproducibility in cell culture when
assessing sex-specific differences. Culture
medium contains steroids, growth hormones,
and insulin that might influence the expression
of various genes. For example, phenol red, com-
monly used in cell culture media, is reported to
have an estrogen-like effect in culture (Welshons
et al. 1988; Berthois et al. 1986). This is critical as
estrogen differentially affects male and female
cells in culture (Hong et al. 2009), and phenol
red in culture media has been shown to affect
neuronal cultures (Liu et al. 2013). Similarly,
the serum is another source of factors that poten-
tially confound reproducibility in culture. Given
that serum contains many factors, including sex
steroids, and there may be significant batch-to-
batch differences, the utility of serum-free culture
media may be useful for in vitro studies assessing
sex-specific differences (De Souza et al. 2018). It
has also been suggested that certain plastics may
release estrogenic chemicals (Bittner et al. 2014;
Yang et al. 2011), indicating the importance of
plastic products used in media bottles. Regular
tests for contaminations, such as mycoplasma, are
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also crucial for maintaining high-quality iPSCs.
As mentioned above, genomic instability is a
critical issue for iPSC-based methodologies
(Yoshihara et al. 2019; Rebuzzini et al. 2016),
and therefore cultures should be regularly tested
for genomic variations. Taken together, assess-
ment of sex-specific effects in culture requires
rigorous evaluation of external factors that may
affect experimental outcomes, and culture
conditions should be kept constant.

5 Concluding Remarks

Neurological diseases are among the top 5 most
common causes of disability and death, and their
prevalence and economic and social burden are
predicted to increase (Deuschl et al. 2020;
Collaborators et al. 2021). There are male or
female-biased CNS diseases, including striking
differences between the sexes regarding the age
of onset, symptoms, disease severity, progres-
sion, and response to pharmacological treatments
(Hanamsagar and Bilbo 2016; Collaborators
2019b; Pinares-Garcia et al. 2018). It has long
been suggested that biological sex differences at
the cellular level may be critical for disease initi-
ation; however, sex-specific differences in
neurodegeneration are still poorly studied (Rich-
Edwards et al. 2018; Vegeto et al. 2020). Unfor-
tunately, most CNS disease literature used
sex-matched conditions in the analyses without
comparisons between the sexes; however, sex is
an important variable that should be taken into
account for neurodegeneration research (Nebel
et al. 2018). Understanding the role of biological
sex differences in CNS diseases may be critical
for earlier diagnosis and sex-specific treatments
(Bartz et al. 2020). Indeed, sex-based
neuroprotection has been demonstrated in the
context of several neurological disorders. For
example, a recent study demonstrated that Trans-
ferrin/Transferrin Receptor 2 (TfR2) deletion
leads to neuroprotection against PD neurodegen-
erative process, and the observed effect is
sex-dependent, providing higher protection in
female mice (Milanese et al. 2021). A better
understanding of molecular mechanisms

underlying sex-specific differences in CNS
diseases requires well-established and controlla-
ble model systems. There has been criticism in
animal models that they do not recapitulate all
pathophysiological and clinical aspects of neuro-
degenerative diseases. However, in vivo model
systems are currently indispensable, and it may
be best to complement the animal studies with
human cellular systems as carefully as possible to
study sex-specific differences. Integrating sex
into analyses of molecular events at the cellular
level may open new avenues for developing bet-
ter and potentially sex-specific therapeutic
options. Modeling sex differences in CNS
diseases with human iPSC-based 2D and 3D
model systems offers unique approaches to
study neurodegenerative diseases in a species-
specific manner, with a potentially limitless sup-
ply of patients’ own neurons or glial cells.
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