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In recent years, studies of the sex differences in neurodegeneration have become more prevalent as the clinical values of develop-
ing individualized care have been ascertained. Neurodegenerative diseases are the most common age-related disorders involving
abnormalities in the nervous system and brain function. Three common diseases are Alzheimer’s Disease (AD), Parkinson’s
Disease and Amyotrophic Lateral Sclerosis. Although these diseases have different causes, they share some common features,
including abnormal activity of glial cells. The sex differences which underlie neurodegenerative diseases could potentially be
explained by the differences in glial cells. These disorders and glia have differences depending on the patient’s sex, and this
review aims to highlight the role of sex differences in glial cells in the manifestation and progression of these neurodegenerative
diseases. A greater proportion of neuropathological disease-associated glia to homeostatic glia in females could be linked with
the earlier and more severe onset of AD in females due to a diminished capacity for effectively clearing out amyloid plaque.
In PD, aberrant glial activity at a higher incidence rate in males could be responsible for the diminished elimination of debris,
α-synuclein aggregates, which could underlie the earlier onset and heavier prevalence of PD in males. ALS displays myelin
damage, which could be caused by a higher proportion of disease-associated to homeostatic glia in males, potentially underlying
the earlier onset and greater prevalence of the disease in males. Overall, glial cell differences could potentially explain the higher
and more severe incidence of AD in women, as well as the earlier and more frequent incidence of PD and ALS in men.

Introduction

The prevalence of neurodegenerative diseases has been in-
creasing; consequently, it has become more important to
understand the underlying mechanisms of these disorders.
Three of the most prevalent neurodegenerative diseases in-
clude Alzheimer’s Disease (AD), Parkinson’s Disease (PD)
and Amyotrophic Lateral Sclerosis (ALS).

Alzheimer’s disease (AD) is the most common neurodegen-
erative disease in the United States and typically affects pa-
tients of 65 years and older. The disease is characterized by
the loss of neurons in the cerebral cortex and various subcor-
tical structures. Additionally, it is informed by the abundance
of amyloid plaques in the brain, which are misfolded protein
aggregates that disrupt regular neuronal activity. AD affects
females and males differently, with the disease being more
prevalent and resulting in more significant cognitive decline
in females when compared to males1.

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disease in the United States and typically af-
fects patients of 60 years and older. It primarily occurs with
a loss of function or death of dopaminergic neurons, resulting
in a wide variety of motor deficits including rigidity, tremors,
and bradykinesia. PD is also characterized by an abundance of
α-synuclein (αSyn) aggregates which disrupt normal neural
functioning. PD also affects females and males differently, as
reflected by the early onset and increased prevalence in males

compared to females2.
Amyotrophic Lateral Sclerosis (ALS) is a neurodegenera-

tive disease that primarily affects motor neurons, which are re-
sponsible for controlling voluntary movement. With the death
and degeneration of motor neurons, over time symptoms in-
clude muscle atrophy, fasciculations and paralysis. Addition-
ally, variations of the disease may cause patients to show signs
of dementia and other neurocognitive deficits. The neurode-
generative manifestation of ALS is somewhat similar to PD, in
that males display earlier onset of the disease than females3.

Glial cells have increasingly become the target of investi-
gation, as their role in neurodegeneration has been suspected.
Sex differences have been observed in glial cell activity, and
this review aims to highlight how those differences affect the
pathology of AD, PD, and ALS.

Discussion

Classifications of Glial Cells and Their General Functions

Although glial cells were thought to be the most populous cells
in the nervous system and to compose approximately 90%
of the cells in the adult human brain, recent techniques have
suggested a more even distribution to neurons4. The relative
abundance of glia varies depending on which region of the
brain they are found in, as the ratio of glial cells to neurons in
the cerebral cortex gray matter is approximately 3:2, whereas
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it is approximately 13:4 with both cerebral cortex gray and
white matter combined5. The general function of glial cells
is to support and nourish neurons, create synapses and main-
tain homeostatic equilibrium in the nervous system. Glial cells
can be classified into three different categories based on their
specialized functions; microglia, astrocytes, and oligodendro-
cytes.

Microglia

Microglia are glial cells often heralded as the macrophages of
the central nervous system (CNS). Over the years, microglia
have been classified by researchers independently according
to various characteristics, leading to disagreement regarding
nomenclature; however, recently there has been a push to-
wards standardizing their nomenclature6. Here, we will refer
to them by the two major classifications of homeostatic and
disease-associated microglia (DAM). Homeostatic microglia
are the most common form of microglia and are vital in synap-
togenesis and synaptic plasticity. These microglia play vari-
ous neuroprotective roles in healthy, non-diseased tissues, i.e
clearing debris, expressing proteins etc. When transitioned to
the DAM state, they display neuroinflammatory effects, indi-
cating a potential loss of their critical functions and promotion
of neurodegenerative effects and neuroinflammation. Thus,
DAM can play various neurotoxic roles.

Astrocytes

Astrocytes, also known as astroglia, are star-shaped cells
which are primarily responsible for providing nutrients to neu-
rons, regulating ion concentration gradients, and providing
structural support in the brain. When astrocytes become im-
munoreactive, they release cytokines, resulting in a local im-
mune response. There has been extensive research conducted
as to the subsets of astroglia with respect to their phases of
activity. Here, we will refer to them as homeostatic astroglia
and disease associated astroglia (DAA). Homeostatic astroglia
are tasked with primarily neuroprotective roles, such as impor-
tant regulation of neurotransmitters and metabolism, as well
as protection against oxidative stress. In cases of neuroinflam-
mation, DAA are potentially influential, as pathogenic stimuli
affect astroglial function negatively resulting in a decrease in
neuronal functionality7. Overall, the accumulation of DAA
can be associated with neuroinflammatory and neurotoxic ef-
fects.

Oligodendrocytes

Oligodendrocytes are primarily responsible for myelinating
neurons in the CNS, similarly to myelinating Schwann cells
in the peripheral nervous system (PNS). The difference be-
tween these two cells; however, is that most oligodendro-

cytes are able to myelinate multiple neurons at once, whereas
Schwann cells are only able to myelinate singular neurons at
a time. Oligodendrocytes fall under four different classifi-
cations. Type I cells are responsible for ensheathing many
smaller axons with myelin in diverse orientations; type II cells
are responsible for ensheathing similar axons with parallel
myelin segments; type III cells are responsible for ensheath-
ing fewer, larger axons; and type IV cells are responsible for
sheathing singular very large axons and are the most similar
to Schwann cells8. Due to the role they play in myelination,
damage to oligodendrocytes and hindrance of their function
may result in the manifestations of neurodegeneration associ-
ated with slower signal transmission times.

Role of Glial Cells in Neurodegeneration

Alzheimer’s Disease

DAM abundance was found to be much higher and localized
in the regions surrounding amyloid plaques, indicating a link
between AD progression and DAM abundance9. This sug-
gests that either DAM are responsible for the accumulation
of amyloid plaque or are potentially transitioned to inhibit
plaque progression. Early accumulation of homeostatic mi-
croglia in AD patients has been shown to lead to slower dis-
ease progression, which indicates that microglia are responsi-
ble for clearing amyloid plaques in pathogenic brain tissue10.
Homeostatic microglia appear to play a major role in disease
prevention as they destroy pre-existing amyloid plaque aggre-
gates. However, the higher incidence of neurotoxic DAM in
later stages of AD suggests that the transition from homeo-
static microglia to DAM results in a loss of function, and ulti-
mately promotes neurodegeneration in AD patients. As such,
the abundance of DAM as a transitionary product from home-
ostatic microglia can be associated with the neurocognitive
manifestations of AD in clinical patients.

Clinical manifestations of AD in patients often include cog-
nitive deficits and a diminished ability to complete regular
tasks. Specifically, as the disease progresses there is a loss
of working and declarative memory, as well as more severe
memory loss11. These symptoms are informed by a marked
synapse loss in patients. Synapses allow for the conversion
of electrical signals into chemical signals, which then lead
to cellular responses. Long-term memory formation has been
linked to recurrent synaptic pathways and strengthening, lead-
ing to an ability to recall previous events or ideas12,13. Sim-
ilarly, regular task completion has often been associated with
sequential synaptic pathways, implying that an impairment in
both faculties could be associated with supernumerary prun-
ing of synaptic pathways. The link between the symptoms and
synapse pruning suggests that the cells responsible for prun-
ing could be linked to the overall symptomatic manifestation
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of AD.
The complement system is widely regarded as the most im-

portant mechanism of synaptic pruning. The complement sys-
tem cascade is the pruning of extranumerary synapses in the
immature brain. Microglia and astroglia could be responsible
for the complement cascade resulting in hyperactive synaptic
pruning14. This suggests that the hyperactivity of microglia
and astroglia could be responsible for the clinical manifesta-
tions of AD associated with synaptic pruning. Because these
glia have neurotoxic effects, they can be considered DAM and
DAA. Therefore, the hyperactivity of transitionary DAM and
DAA can be causal agents for the neurocognitive deficits as-
sociated with AD.

Parkinson’s Disease

The death of dopaminergic neurons in the substantia nigra pars
compacta (SNpc), which is responsible for relaying dopamine
to the corpus striatum, leads to rigidity, tremors and bradyki-
nesia. PD is also informed by alpha-synuclein (αSyn) over-
abundance. Jiao et al. showed that the overexpression of αSyn
led to the aberrant regulation of long non-coding RNAs (lncR-
NAs), specifically the incidence of higher downregulation than
upregulation of lncRNA expression15. lncRNAs are strands of
RNA that are responsible for the regulation of gene expression
at various levels, including transcriptional, translational, and
post-translational levels. Particularly, they could play a role
in inhibiting the synthesis of αSyn, as higher levels of neuro-
toxic proteins in PD brains are linked with downregulation of
lncRNA. As such, a higher incidence of lncRNA downregula-
tion can be linked to excessive expression of αSyn synthesis.

Upregulation of lncRNA has neuropathological implica-
tions in the realm of active gliosis and astrocytic activity. In
another study, Han et al. showed that the overexpression of
H19, a type of lncRNA, led to the activation of hippocam-
pal glial cells in mice displaying epileptic behavior16. This
overexpression is a byproduct of the physiological upregula-
tion of the RNA strand, and thus suggests that upregulation of
lncRNA may have implications for PD glia. Specifically, the
study showed that this lncRNA led to a neuroinflammatory re-
sponse, characteristic of neurotoxic microglia. Although this
study was performed in epileptic mice, lncRNA misregulation
has been associated with neurotoxic PD proteins, and thus can
inform the role of microglia in PD. Therefore, induced neuro-
toxic gliosis in PD could be caused by lncRNA upregulation.

In addition to the effects on glial cells themselves, lncRNA
downregulation has also been associated with overexpressive
synthesis of αSyn. The synthesis of αSyn has historically
been found to be greater in neurons than in astroglia; however,
αSyn has been shown to be transferred to astroglia in aggre-
gates17. Further, the astrocytic expression of PD-related A53T
αSyn has been directly linked to neurodegeneration18. This

suggests that αSyn expression could lead to the abnormal as-
troglial activity associated with PD, and ultimately that abnor-
mal astrocytic activity could be an underlying cause for symp-
tomatic PD. In a recent study, di Domenico et al. showed that
astroglia in PD displayed aberrant autophagy, and led to con-
trol neurons displaying higher levels of αSyn themselves19.
The findings of these studies seem to suggest a critical role
of astroglia in the effects of αSyn aggregates, namely that the
dysfunction of these astroglia could be linked to the clinical
manifestations of PD neuropathology.

Amyotrophic Lateral Sclerosis

ALS is characterized by the loss of both upper motor neurons
in the primary motor cortex and corticospinal tract projections,
and lower motor neurons in the ventral horn of the spinal cord
and the pontomedullary nuclei20,21. Upper and lower neu-
rons form a two-neuron circuit and are responsible for caus-
ing a movement response to electric signals. Upper neurons
project from the motor cortex to the brainstem and spinal cord,
whereas lower neurons project from the spinal cord to muscles
and glands, allowing for the actual response. As such, un-
derstanding the differences in deterioration of these neurons
could yield valuable information on ALS sex-specific pathol-
ogy.

Neuronal damage has historically been linked to excessive
reactive astrogliosis and microgliosis, as those responses are
typically neuroinflammatory, resulting in damage to surround-
ing neurons. ALS has two common classifications, sporadic
ALS (SALS) and familial ALS (FALS). SALS is more com-
mon than FALS, and refers to the seemingly random and non-
familial pathology of ALS22. FALS is the inherited form
of ALS and has known genetic mutations involved, whereas
SALS has unidentified mutations.

Microglial activation has historically been linked to the ex-
pression of CD-68, which is a protein found to be expressed
by cells of macrophytic lineage. This protein is expressed in
microglial lysosomes, which aid in phagocytizing debris. Ad-
ditionally, this protein has been linked to the overexpression
and neuropathological effects of microglia, termed microglial
pathology. One recent study found that cases of ALS had high
levels of CD-68 staining, indicating a high level of microglial
activity23. This suggests that the pathology of ALS is at least
in part influenced by microglia. Additionally, these reactive
microglia have adverse effects on astroglial activity. Specif-
ically, reactive microgliosis led to the transition of astroglia
into their DAA state, which has historically been linked to the
manifestation of various ALS symptoms24.

In familial cases of ALS (FALS), it has been reported that
mutations resulting in aberrant astroglial activity are responsi-
ble for neurotoxic effects representative of ALS pathology. A
recent study found that FALS patients with mutated C9ORF72
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(C9), a protein abundant in neurons, had abnormal astroglia
which contributed to neuropathological effects via increased
oxidative stress25. Astroglia have traditionally held roles in
maintaining metabolic processes and pH homeostasis, and as
such their linkage to mutations in a protein found in abun-
dance within neuronal cells imply a related effect on neuronal
pathology in ALS. In addition to being associated with muta-
tions in the C9 gene, damage to astrocytes in FALS patients
with dominant mutations in the superoxide dismutase (SOD1)
gene are also associated with neuropathological effects in mo-
tor neurons26. In addition to aberrant astroglia, mutations in
the SOD1 gene have also been linked to neurodegenerative ef-
fects in neurons expressing the gene themselves27. Because
of the link to damage in astroglia, this suggests that mutations
in the SOD1 specific to astroglia and motor neurons result
in astroglial damage, and thus inform the neurodegenerative
progression of FALS. Therefore, astroglial neuropathology is
causal to the development of ALS.

Sex Differences in the Brain and Glial Cells

There has been much controversy over the years as to the
specifics of differences between the male and female brain.
Older studies have argued that there is no such thing as a sex-
specific brain, with more recent studies adopting a more het-
erogeneous classification of brains28. Despite these seemingly
contradictory ideas, there are definitive sex-specific differ-
ences associated with glial cells. Sex differences are present
when it comes to different types of glia, resulting in altered
neuroinflammatory reactions in males and females.

Glial Cell-Derived Sex Differences in Neurode-
generation

Glial Cell-Derived Sex Differences in Neurodegeneration

AD has definitive differences across the sexes. Namely,
women tend to experience the disease more often, as well
as display more rapid hippocampal deterioration29. This sug-
gests that something in the affected female hippocampus has
more rapid neurotoxic effects than in the male hippocampus.
There are more microglia with thick, long processes in female
mice hippocampal areas30. This morphology suggests DAM
identity, and thus these microglia in the hippocampus may be
neurotoxic. So, the higher number of DAM in the female hip-
pocampus may be associated with the increased female hip-
pocampal deterioration in AD. In addition to DAM, there may
also be fewer homeostatic microglia in female hippocampi.

One study showed that female mice have greater numbers
of astrocytes in the CA3 area of the hippocampus when sub-
jected to corticosterone, via stress31. These astrocytes are
most likely DAA, as they are more numerous in response to

excess stress-a hallmark of neuroinflammation. Although fe-
male microglial cells appear to be neuroprotective in response
to stress when compared to male cells, female astrocytes may
not follow the same pattern32. Additionally, despite less se-
vere immunoreactivity of LPS exposed female astrocytes than
in males, those astrocytes are specifically homeostatic in re-
sponse to LPS presence33. Toxins and neurogenic stress as-
sociated with AD, such as excess tau protein, are different
in pathology and could explain the seeming contradiction be-
tween the seemingly more reactive female astrocytes in the
hippocampus compared to female astrocytes that are less re-
active to LPS. Additionally, there were more astrocytes in the
male hippocampus hilus in response to LPS34. These astro-
cytes are most likely homeostatic in nature, and as such could
inform the lower incidence rate in men. Thus, a higher inci-
dence of DAM and DAA in female hippocampi could explain
the more rapid hippocampal deterioration in females with AD.

It has been shown that microglia have both transcrip-
tional and translational differences between men and women.
Specifically, male microglia have higher levels of expression
of myosin related proteins compared to female microglia35.
Myosin is vital to cell stability and membrane vesicle track-
ing, and as such higher levels of myosin related proteins lead
to potential differences in these very functions. Additionally,
Myosin VI has been determined to colocalize with tau pro-
teins in AD brains36. Hyperphosphorylation of tau proteins
has been previously linked to oxidative stress37. Microglial
cells in the homeostatic state are typically involved in expres-
sion of proteins, rather than facilitating an immune response.
As such, these microglial cells’ expression of tau proteins in-
dicates that they are homeostatic in nature. The colocalization
of Myosin VI and tau proteins in AD brains, in conjunction
with this fact indicates that the higher concentration of homeo-
static male microglia may be responsible for the overall lesser
incidence of the disease in males. Thus, more homeostatic mi-
croglia in males may be associated with their lower AD rate.

Parkinson’s Disease

Contrary to AD, PD is less prevalent in females and occurs at
older ages than in males2. Potential reasons may lie in differ-
ential microglial pathology. One study found that microglial
activation, i.e. the transition from homeostatic to DAM is in-
hibited by stress specifically in dopaminergic neurodegener-
ation38. In addition, one study found that both chronic and
acute stress led to a significant decrease in microglial acti-
vation in female mice (higher proportion of homeostatic mi-
croglia to DAM), whereas no significant change in activation
was found in males32. Corticosterone is a major hormone in
the stress response, and as such can be used to describe the re-
sponse as a whole. This suggests that corticosterone induced
stress may be a primary factor in microglial deregulation for
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females, and perhaps less so for males. Thus, corticosterone
may be responsible for sex differences in microglial deregu-
lation in response to stress- specifically that females are more
susceptible to deregulation after stress exposure. Since ex-
cessive microgliosis has been thought to have neuroinflamma-
tory effects, it is possible that the protective nature of corticos-
terone in females could delay neurodegenerative progression.
This means that the female stress response is more neuropro-
tective compared to the male response, which is seemingly
neutral. This could potentially explain why PD is less fre-
quently diagnosed in females, as their microglia have more
protective, homeostatic roles.

Similarly, it was found that male astrocytes had a more
severe reaction to LPS than females33. Lipopolysaccharides
(LPS) are molecules that are bacterial toxins, and have histor-
ically been used to model neuroinflammation due to its effects
on the expression of various inflammatory mediators39. LPS-
induced neuroinflammation has been shown to cause cogni-
tive impairment, which is a hallmark symptom of various neu-
rodegenerative diseases40. As such, sex-specific astrocytic re-
sponses to LPS can be used to inform the progression of neu-
rodegeneration and why it may vary in males and females.
IL6, TNFα , and IL1β are cytokines - molecules responsible
for the inflammatory immune response in cells. It was shown
that male astrocytes respond with higher levels of these cy-
tokines to LPS presence, suggesting a more severe neuroin-
flammatory response than in females33. The higher rates at
which neuroinflammatory markers were displayed by male
astrocytes than female astrocytes suggests that there is more
DAA in male PD neurodegeneration, which could potentially
explain the higher incidence in males.

Amyotrophic Lateral Sclerosis

Similar to PD, ALS manifests more often in males and at a
younger age than in females3. Oligodendrocyte degenera-
tion has been implicated in ALS41. As such, differences in
oligodendrocytes and their precursors could provide valuable
insight into the sex-differences of ALS. The sex-differences
of oligodendrocytes and their precursor cells has been under-
studied compared to their glial counterparts. The research
that has been done suggests sexual dimorphism in oligoden-
drocyte precursor cell (OPC) transcriptomes. Female OPCs
are more likely to proliferate and migrate, as well as be resis-
tant to oxygen deprivation whereas male OPCs are more likely
to differentiate and have a higher capacity for myelination42.
OPCs proliferate into oligodendrocytes in response to exper-
imental demyelination or developmental hypomyelination43.
The higher capacity for proliferation of female OPCs suggests
that they are more likely to respond to low levels of myelin
in CNS cells. In ALS, it has been demonstrated that myelin
damage is present in the late stages of the disease41. This sug-

gests that there may also be damage in the earlier stages of the
disease, just less prevalent. Due to the role of oligodendro-
cytes in myelination, the higher likelihood of oligodendrocyte
maturation in females suggests that the lower incidence rate
among females could be due to these glial cell differences.

Excessive astrogliosis could result in myelin damage, yield-
ing a breakdown of the two-circuit motor neuron pathway
and thus inducing symptomatic cause for ALS. Astrocytes in
males displayed more severe neuroinflammatory effects in re-
sponse to LPS33. This toxin, as previously established, has
been used to model neuroinflammation and degeneration due
to its ability to yield cognitive deficits. This suggests that
these very reactive astrocytes could also have severe effects
in response to other cues, inducing ALS pathology more eas-
ily and at a younger age for males than in females. Therefore,
the higher incidence of neurotoxic DAA could be linked to the
similar higher incidence of ALS in males.

Conclusions and Future Implications

Neurodegenerative diseases are incurable and treatment may
only sometimes lead to noticeable improvements in quality of
life and symptomatic regression. As such, it is more impor-
tant to develop precise treatments that fit the individual, and
not simply the symptoms or diseases. Due to the various sex-
specific differences in these diseases, it is obvious that what
may work for male patients may not work for female patients
and vice versa. Furthermore, these differences only magnify
the importance of specific treatments. Sex-specific treatments
may serve as a baseline for individualized treatments, allow-
ing the final medication or therapy to be as close to the spe-
cific individualized symptoms as possible, and thus allow for
a higher likelihood for improvement of the patients quality of
life. Therefore, the sex-specific differences in neurodegener-
ative disorder progression and symptoms are important when
considering treatments and even potential cures for these var-
ious diseases.

Further research on the link between glial cell pathology
and neurodegeneration should focus on the sex-specific as-
pects of such a correlation. There have been numerous sex
differences reported in both glia and neurodegeneration, so
drawing a more definitive link between the two could yield
fruitful results.

In the case of AD, since the accumulation of tau proteins has
been implicated in the disease, do females and males display
differences in the activity of glial cells responsible for clear-
ing those protein aggregates? If so, what steps can be taken
to best address those differences in the pathology of the dis-
ease? Exploring this could provide valuable insight into both
the pathology of AD, as well as potential treatments- leading
to an ultimate increase in clinical prognoses and patient qual-
ity of life.
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With PD, the aggregation of αSyn has been linked to dis-
ease progression and manifestation. Since glia are supposed to
take up excess debris and clear them, how do sex-differences
in their activity affect the relative abundance of these proteins
in males and females? Answering this question could sim-
ilarly provide valuable insight into PD pathology and treat-
ments for the disease.

ALS is informed by the degeneration of motor neurons,
which could be linked to abnormal glial cell pathology. Due to
this role of glial cells, how do glial cells specifically act differ-
ently in males and females? Could this be used to inform the
higher disease prevalence in males compared to females? Un-
derstanding these differences could inform future treatments,
in that specific replacement therapies for aberrant glial cell ac-
tivity could be determined.

Overall, exploration of the sex-specific differences in neu-
ropathologies in controlled studies could provide numerous
valuable insights into the progression and treatment of those
diseases. As such, it should be considered in the context of
glial cells, an integral component of these diseases.

Methods

This review was conducted by searching an online database of
journal articles for relevant material spanning from late 2008
to 2022 and analyzing them accordingly within the context of
sex-differences and neurodegeneration.
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