
















and innate-adaptive cross talk in ADmodels (Da
Mesquita et al. 2018), there is now a crucial need
to elucidate how peripheral central cross talk is
facilitated and impaired in the aging brain. In-
sight into this interaction will likely yield new
avenues for therapeutic intervention.

These studies altogether highlight important
intercellular interactions that influence glial func-
tion in neurodegeneration, raising a further need
to explore cell–cell cross talk in the local milieu of
diseased tissue. Utilization of spatial “omics”
tools as mentioned previously (Chen et al. 2020;
Stickels et al. 2021; Bugeon et al. 2022; Stogsdill
et al. 2022) will likely yield the much-needed
spatiotemporal resolution to describe cell-type-
specific pathways as well as cell–cell cross talk in
the immediate microenvironment of microglia
(Kedia et al. 2024). Which of these cell states
reflect the failure to resolve tissue inflammation,
and which reflect a continuous effort by our
brain’s immune system to compensate for the
senescent microglia, will be critical to under-
standing how we can target glia in neurodegen-
eration (Fig. 1).

Studies on FIRE mice also depict significant
AD- and age-related vascular alterations in re-
sponse to the absence of microglia throughout
the life span (Kiani Shabestari et al. 2022; Cha-
darevian et al. 2024; Munro et al. 2024). The next
section will delineate other key functions of glia,

in particular, specialized roles that glia adopt to
regulate CNS blood flow and thus, the energy
supply of the brain.

GLIAL REGULATION OF CNS ENERGY
SUPPLY AND ITS CONTRIBUTION TO
NEURODEGENERATION

Many neurodegenerative diseases involve a loss
of energy supply to the brain (Sweeney et al.
2018), including stroke, AD, Down syndrome,
PD, MS, HD, and ALS. Since glia play a key
role in regulating cerebral blood flow (Attwell
et al. 2010) and may contribute to passing meta-
bolic substrates to synapses and axons (Pellerin
and Magistretti 2012; Nave andWerner 2021), it
is almost inevitable that glia play an important
role in the defects of energy supply that trigger
neurodegeneration (Fig. 2).

Glial Regulation of Cerebral Blood Flow

Neurovascular coupling is the process by which
increased neuronal activity dilates local blood
vessels to increase the energy supply to active
neurons. In physiological conditions, neuro-
nally evoked intracellular calcium ([Ca2+]i) ele-
vations in astrocytes, generated by release of
ATP or glutamate (Glu) from neurons, lead to
the formation in astrocytes (by phospholipase
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Figure 1.Microglia integrate signals frommultiple cell types to determine functional response. Resting microglia
receive local signals from neurons, astrocytes, and oligodendrocyte lineage cells as well as long-range signals from
the vasculature, including perivascular macrophages and T cells. Microglia integrate these signals and alter their
transcriptional signature to appropriately respond. Each functional cluster then feeds back to the relevant effector
cells, modulating their behavior. (Image generated using Biorender.)
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D2) of arachidonic acid (Bezzi et al. 1998; Zonta
et al. 2003; Mishra et al. 2016). This is then
converted into vasodilating (prostaglandin E2,
epoxyeicosatrenoic acids) or constricting (20-
HETE) derivatives, the relative proportions of
which are determined by the prevailing oxygen
level (Mulligan and MacVicar 2004; Gordon
et al. 2008; Mishra et al. 2016). Control of vessel
diameter, and hence vascular resistance and ce-
rebral blood flow, can occur at the arteriole
(Zonta et al. 2003; Gordon et al. 2008) or the
capillary pericyte (Peppiatt et al. 2006) level, and
it has been suggested that the astrocyte signaling
pathway targets capillary pericytes preferentially
(Mishra et al. 2016). Microglia can also con-
tribute to neurovascular coupling. Dilation is
evoked via a mechanism involving purinergic
signaling from neurons to microglial P2Y12 re-
ceptors, and subsequent generation of nitric ox-
ide and/or adenosine (Császár et al. 2022), while
fractalkine-induced microglia-evoked angioten-

sin II signaling evokes constriction, at least in the
retina (Mills et al. 2021). Finally, a preprint has
reported that white matter oligodendrocytes
sense axonal activity using NMDA receptors
and release prostaglandin E2 to evoke a slow
dilation of blood vessels (Restrepo et al. 2022).

Stroke and Spreading Depression

When the blood supply to the brain is cut off, as
in ischemic stroke when a thrombus occludes an
artery, the resulting rundown of ion gradients
caused by inhibition of the sodium-potassium
(Na+/K+) pump leads to deleterious changes in
both the vasculature, and in neurons and glia.

In the vasculature, the loss of ion pumping
will lead to a contraction-inducing rise of [Ca2+]i
in both arteriolar smooth muscle cells (SMCs)
and capillary pericytes. Surprisingly, after arte-
rial blood flow is restored, pericyte contraction is
maintained for hours (Hall et al. 2014), thus
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Figure 2. During homeostasis, glia retain transcriptional signatures that allow execution of duties indicative of
their normal, healthy function. During neurodegeneration, however, glial transcriptional signatures are altered,
leading to induction of dysfunctional processes that both initiate and further exacerbate disease. (Image gener-
ated using Biorender.)
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restricting blood flow and contributing to the
postischemic “no-reflow” phenomenon in the
cerebral microvasculature (Ames et al. 1968).
The long duration of this contractionmay reflect
pericytes dying in rigor, in which condition they
are unable to relax (Hall et al. 2014), thus pre-
sumably decreasing blood flow until they are
removed by microglia. The rise of [Ca2+]i in
pericytes could partly reflect the failure to
pump out Ca2+ ions that enter the cell passively;
however, it is also possible that glial-evoked sig-
naling contributes. As noted above, astrocyte-
derived arachidonic acid (which will also be pro-
duced when cell [Ca2+] rises in ischemia) can be
converted into 20-HETE, which evokes con-
striction by closing SMC and pericyte K+ chan-
nels, evoking depolarization and activation of
voltage-gated Ca2+ channels (Gonzalez-Fernan-
dez et al. 2021). Indeed, 20-HETE production
has been shown to contribute to the decrease of
cerebral blood flow occurring both in the pen-
umbra region of a simulated ischemic stroke (Li
et al. 2021b) and in cortical spreading depres-
sion (when there is a similar rundown of ion
gradients; Fordsmann et al. 2013).

The profound rundown of ion gradients trig-
gered by ischemia (with [K+]o and [Na+]i both
rising by about 60 mM) has acute effects on the
energetics of Glu transport. Normally, neuro-
transmitter Glu is cleared from the extracellular
space by cotransport into cells with 3Na+ ions and
1 H+, and the countertransport of a K+ ion (Ze-
rangue and Kavanaugh 1996; Levy et al. 1998),
with the great majority of this transport occurring
into astrocytes (Danbolt 2001).When the ion gra-
dients and transmembrane voltage gradient run
down in ischemia, Glu uptake is predicted from
thermodynamics and observed to reverse and re-
lease Glu into the extracellular space (Szatkowski
et al. 1990; Rossi et al. 2000). Selective knockout of
different transporters has shown that, although
the cessation of uptake by astrocyte transporters
(GLT-1 and GLAST) must play an important role
in allowing the extracellular Glu concentration to
rise, at early times themajority of the released Glu
appears to be exported by the neuronal transport-
er EAAC1, possibly because the intracellular con-
centration of Glu is higher in neurons than in
astrocytes (Gebhardt et al. 2002; Hamann et al.

2002). The effects on neurons and glia of the
Glu released by failure of this uptake process are
considered later in this review.

Alzheimer’s Disease

Imaging studies have shown that, in affected
areas, cerebral blood flow is decreased by
∼45% early in AD (Asllani et al. 2008). By ex-
amining biopsy tissue from cognitively impaired
humans and imaging AD model mice in vivo, it
has been shown that this reduction of blood flow
is generated exclusively by pericyte-mediated
constriction of capillaries (Nortley et al. 2019),
while arterioles and venules do not change their
diameter. This constriction was shown to be
mimicked by application of soluble oligomers
of Aβ, which act by evoking ROS release from
microglia and pericytes (Nortley et al. 2019).
The ROS, in turn, release endothelin-1 from a
cell type that is as yet unknown in the context of
AD, but which may be astrocytes as has been
shown for a demyelination model (Hammond
et al. 2014). Thus, glial cells may play an unex-
pected role early in the time course of AD, by
reducing cerebral blood flow and thus contrib-
uting to the deleterious changes discussed else-
where in this review.

Parkinson’s Disease

Like AD, PD is associated with reduced cerebral
blood flow (Fernández-Seara et al. 2012), and
with increased microglial ROS production (Be-
larbi et al. 2017). This raises the possibility that
the glial-based mechanism established for the
effects of Aβ in reducing cerebral blood flow,
involving microglial ROS production and endo-
thelin-1 release, might also be active in Parkin-
son’s. Indeed, an increase in endothelin-1 level
in patients with PD has been reported (Makarov
et al. 2013).

Disorders Caused by a Decrease in Glial
Energetic Support of Neurons

Both in the gray matter (Pellerin andMagistretti
2012) and the white matter (Nave and Werner
2021), it has been suggested that glial cells sup-
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port neuronal function by supplying neurons
with substrates for ATP generation. In the gray
matter, glucose provided to astrocytes from the
blood is proposed to be converted to lactate and
passed to neuronal synapses and somata to sup-
port information processing (Pellerin andMagi-
stretti 2012). In the white matter, the insulation
of axons from the extracellular space by myelin-
ated internodes hinders the provision of glucose
to axons, and it is suggested that, in oligoden-
drocytes, glucose is converted into lactate or a
related compound and passed to the ensheathed
axon by monocarboxylate transporters (MCTs)
(Fünfschilling et al. 2012; Lee et al. 2012; Saab
et al. 2016; Meyer et al. 2018). A failure of this
transfer mechanism by virtue of reduced MCT
expression may contribute to causing ALS (Lee
et al. 2012). Similarly, a decrease of energy sup-
ply from oligodendrocytes to axons, especially
in aging, is proposed to induce axonal damage
and demyelination in AD and in multiple sys-
tem atrophy (Mot et al. 2018; Philips et al. 2021).
It is unclear whether similar deficits of astro-
cyte-neuron metabolic cooperation in the gray
matter contribute to neurodegeneration.

Overall, it is clear that glia perform indispens-
able support roles in neurovascular coupling and
CNS energymetabolism.When this trophic pres-
ence becomes dysfunctional, pathology and neu-
rodegeneration can take hold. Not only do astro-
cytes facilitate the supply of blood to neurons,
they are also vital in maintaining ion gradients
and a low extracellular Glu concentration, thus
allowing neurons to fire action potentials on de-
mand. This supportive influence will be further
explored in the next section.

GLIAL REGULATION OF NEURONAL
EXCITABILITY

In 1964, Steven Kuffler impaled astrocytes in the
optic nerve of the salamander to record their rest-
ing potential (Kuffler and Potter 1964). Much to
his surprise, with each flash of light to the retina,
the astrocytes depolarized by a few millivolts. As
subsequent studies with K+ selective microelec-
trodes would show, these depolarizations were
caused by the temporary increase in extracellular
K+ concentration resulting from the repolariza-

tion of the neuronal action potential. The inter-
pretation was that astrocytes had a highly K+ se-
lective membrane, in large part due to expression
of K+ channels, which were eventually molecu-
larly identified as Kir4.1 (encoded by theKCNJ10
gene) (Kofuji et al. 2000). Years later, Eric New-
man recorded from astrocytes in the retina and
showed that these K+ channels were unevenly
expressed along the astrocytes with the highest
density in their endfoot processes (Newman
1986). This allows astrocytes to take up potassium
in regions of high neuronal activity, and therefore
elevated K+, and release it onto distant blood ves-
sels in a process called K+ syphoning.Alternative-
ly, as K+ can also travel through gap junctions to
adjacent cells, K+ can be moved across multiple
cells in a process called spatial buffering (Orkand
1980). The ability of astrocytes to effectively take
up and sequester potassium requires an inward
directed K+ gradient, which is established by an
active Na+/K+ ATPase and the syncytial coupling
between adjacent cells, which will make them al-
most isopotential evenwhen an astrocytic process
experiences elevated extracellular K+. This rather
elegant design allows for the rapid clearance of
extracellular K+ to ensure continued neuronal fir-
ing. Maintenance of K+ homeostasis is one of the
cardinal functions of astrocytes in the healthy
brain and, as knockout of Kir4.1 demonstrates,
relies critically on the expression of Kir4.1 chan-
nels. Consequently, any change in Kir4.1 expres-
sion that occurs in the context of disease can
impair K+ homeostasis and profoundly affect
neuronal signaling. This has now been demon-
strated to occur in a number of injury and disease
conditions as further discussed below.Note, how-
ever, that conclusive evidence for Kir4.1 dysfunc-
tion in disease only exists for animal models of
human disease.

Seizures and Epilepsy

Any acute injury and many neurodegenerative
diseases present with structural and functional
changes collectively called reactive gliosis (Es-
cartin et al. 2021). Many of these conditions
also present with seizures. In almost all in-
stances, gliotic astrocytes show a loss of Kir4.1
expression and function (Nwaobi et al. 2016)
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and a causal link to seizure is quite likely. Exper-
imental deletion of KCNJ10, the gene encoding
Kir4.1, causes mice to have tremors and seizures
(Neusch et al. 2006).Moreover, the sclerotic part
of the hippocampus of mesial temporal lobe
epilepsy (MTLE) patients that is surgically re-
moved to cure seizures harbors astrocytes with
reduced Kir4.1 expression. In a genetic mouse
model of epilepsy where the β1 integrin receptor
was deleted in astrocytes, animals develop spon-
taneous seizures at 2–3months of age, and this is
associated with a deficiency in Kir4.1-mediated
K+ uptake (Robel et al. 2015). Themost convinc-
ing disease showcasing that astrocytic loss of
Kir4.1 is sufficient to cause seizures and other
morbidities in humans is a rare recessive devel-
opmental disorder called SeSAME syndrome, so
named because it is characterized by early-onset
seizures, sensorineuronal deafness, ataxia, men-
tal disability, and electrolyte imbalance. This se-
vere developmental disorder is caused by a num-
ber of mutations in the KCNJ10 gene (Scholl
et al. 2009). Dependent on the particular muta-
tion, Kir4.1 channels are either absent or altered
in their physiological properties.

Alzheimer’s Disease and Huntington’s
Disease

Postmortem tissue fromADpatients shows a loss
of Kir4.1 as do many of the mouse models of AD
generated through overexpression of genes impli-
cated in AD pathology (Wilcock et al. 2009). This
particularly affects perivascular astrocytic end-
feet, which become largely devoid of Kir4.1, sug-
gesting a possible link to abnormal glia–vascular
interactions in AD. In contrast to AD, where
known familial genes that cause disease are rare,
HD is always caused by the expression of a single
gene, mutant huntingtin (mHTT), making it eas-
ier to study inmousemodels. HD is characterized
by the progressive loss of neurons, primarily in
the striatum causing characteristic involuntary
movements. Interestingly, those striatal astrocytes
show greatly reduced Kir4.1 expression, and ex-
pression of the mHTT gene in astrocytes alone is
sufficient to induce neuronal death in the stria-
tum (Tong et al. 2014). Hence, astrocytic loss of
Kir4.1 in HD is pathogenic. Interestingly, viral

overexpression of the KCNJ10 gene encoding
Kir4.1 in striatal astrocytes of HD mice causes a
partial rescue of thedisease symptoms, suggesting
a strong glial participation in the disease etiology.

Depression

In a recent study, a change in astrocytic Kir4.1
expression has even been causally implicated in
major depressive disorders (Cui et al. 2018).
Here, neurons in the lateral habenula nucleus,
often called the antireward center, show a pecu-
liar change in burst activity in animals that dis-
play depressive symptoms. This change in elec-
trical activity is secondary to an increase in
astrocytic Kir4.1 expression in this region result-
ing in a hyperpolarized neuronal membrane po-
tential (Cui et al. 2018). Hence, depression may
be the first disorder where an increase, rather
than decrease, in Kir4.1 expression contributes
to disease. Each of these examples shows a non-
cell-autonomous contribution of astrocytes to
disease, in each instance with the consequences
being secondary to altered extracellular K+

homeostasis.

Astrocytes and Glutamate Homeostasis

A second, equally important homeostatic func-
tion of astrocytes that is profoundly impaired in
neurodegenerative diseases pertains to Glu. First
introduced by Olney in the 1960s (Blood et al.
1969; Olney 1969), the idea that Glu excitotox-
icity appears to be the final arbiter of neuronal
death in neurological illnesses is now widely ac-
cepted (Rothstein 1996). Any neuron that ex-
presses NMDA-type Glu receptors is vulnerable
to Glu toxicity if these channels are activated in a
sustained, nonphysiological way. Normally, the
pore of the NMDA receptor, which is highly
Ca2+ permeable, is blocked by an intracellular
Mg2+ ion. If the cell depolarizes, this Mg2+ is
dislodged, permitting Ca2+ entry. In stroke, this
occurs as a result of energy failure, depolarizing
the cell. In other diseases, it could be the sus-
tained presence of excessive extracellular Glu,
which would chronically depolarize neurons
by activating AMPA receptors. To prevent Glu
excitotoxicity, glutamatergic synapses through-
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out the brain are covered by astrocytic leaflets,
which highly express the Na+-dependent Glu
transporter EAAT2. As already mentioned,
this transporter is electrogenic and couples the
influx of three Na+ and one H+ to the uptake of
one Glu− and efflux of one K+ (Danbolt 2001).
Therefore, the astrocyte must have a negative
resting membrane potential to fully harness
the Na+ gradient for Glu transport. This ex-
plains why depolarized astrocytes (e.g., those
lacking Kir4.1) are less efficient in Glu uptake.
EAAT2 accounts for 1% of total brain protein to
assure that Glu clearance by astrocytes will not
fail (Danbolt 2001). However, it appears to fail
quite frequently during neurological disease as
shown by the examples below.

Stroke

Stroke is the disease most unequivocally associ-
ated with Glu excitotoxicity (as outlined in the
earlier section on Stroke and Spreading Depres-
sion). Energy loss due to focal or global ischemia
causes the catastrophic release of Glu from
chronically depolarized glutamatergic termi-
nals. It also raises extracellular K+, thereby de-
polarizing neurons and astrocytes alike. As both
neurons and astrocytes lose all energy substrates,
and since Glu uptake relies on the transmem-
brane gradient for Na+ established in an energy
consuming way via the Na+/K+ ATPase, astro-
cytic depolarization completely impairs astro-
cytic Glu reuptake, thus establishing a sustained
and catastrophic increase of Glu in the affected
brain region (Katayama et al. 1990).

Amyotrophic Lateral Sclerosis

Autopsy tissue from ALS patients shows a dra-
matic 70%–90% decrease in EAAT2 expression
in the motor cortex and spinal cord (Rothstein
et al. 1995). Unsurprisingly, the only available
treatment that shows some clinical benefit, Rilu-
zole, limits the amount of Glu released into the
spinal cord. One of the first gene mutations as-
sociated with familial forms of ALS is the gene
encoding superoxide dismutase-1 (SOD-1), an
enzyme that detoxifies cellular free radicals
(Beckman et al. 2001). Transgenic mice with

this mutation replicate a majority of the salient
clinical features of the disease, and also show a
reduction in astrocytic EAAT2 expression. Im-
portantly, restoring just the astrocytic EAAT2 ex-
pression is sufficient to delay disease onset, al-
though it does not prevent disease (Guo et al.
2003). This suggests that astrocytic impairment
of EAAT2 contributes to disease onset. Enhance-
ment of EAAT2 expression by ceftriaxone has
been explored in clinical trials to treat ALS (Clin-
icaltrials.gov identifier: NCT00349622) and PD
(ClinicalTrials.gov identifier: NCT03413384).

Alzheimer’s Disease

Amyloid plaques are frequently surrounded by
astrocytes, which change their morphology sug-
gestive of a reactive phenotype. These reactive
astrocytes show decreased expression of EAAT2
along with impaired Glu uptake in mouse mod-
els of AD (Hefendehl et al. 2016). Interestingly,
loss of just one allele of the EAAT2 gene causes
memory decline in wild-type mice and in trans-
genic ADmice, while overexpressing the EAAT2
gene is sufficient to attenuate their decline in
memory function (Mookherjee et al. 2011).
These data suggest that astrocytic EAAT2 is neu-
roprotective and, unsurprisingly, EAAT2 has
become a potential therapeutic target to slow
AD progression (Wood et al. 2022). Loss of
EAAT2 also contributes to neuronal hyperexcit-
ability that may well explain seizures as a fre-
quent comorbidity observed in AD patients
(Zott et al. 2019).

Huntington’s Disease

As already mentioned, in HD, the disease-caus-
ing mHTT is found in neurons and astrocytes
alike. In astrocytes, mHTT prevents binding of
the transcription factor SP1 to the gene encod-
ing EAAT2, resulting in down-regulation of the
transporter, which is sufficient to impair motor
function (Bradford et al. 2009). Important-
ly, EAAT2 expression and neurodegeneration
(Wood et al. 2019) are ameliorated by expres-
sion of wild-type HTT in astrocytes even in the
continued presence of mHTT in neurons.
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Seizures and Epilepsy

Seizures and epilepsy are typically associated
with an impaired excitation-inhibition balance.
Given the importance of Glu homeostasis by
astrocytes, it is not surprising that EAAT2 ex-
pression is decreased in reactive astrocytes asso-
ciated with seizure foci in mouse and human
(Coulter and Eid 2012). Interestingly, EAAT2
transport not only serves to clear excessive Glu
from the extracellular space but is also essential
to supply glutamine to neurons for the synthesis
of GABA. Following reuptake by astrocytes, Glu
is deaminated to glutamine, which is then shut-
tled to inhibitory neurons for de novo synthesis
of GABA (Ortinski et al. 2010). AAV-induced
gliosis, resulting in down-regulation of EAAT2
alone, can disrupt neuronal GABA synthesis
causing seizures.

Multiple Sclerosis

MS is characterized by the progressive loss of
myelin around axons followed by axonal degen-
eration and, hence, can be considered a second-
ary neurodegenerative disease. While initially
the axonal injury was thought to be resulting
from a loss of oligodendrocytes, it is clear that
Glu excitotoxicity plays a major role in the final
demise of the axon. Here, Glu is released onto
axons where it activates axonal NMDA recep-
tors. The influx of Na+ in turn activates a Na+/
Ca2+ exchanger that causes a pathological in-
crease of Ca2+ in the axon, causing white matter
ischemia (Trapp and Stys 2009).

In light of the above-illustrated importance
of astrocytic Glu homeostasis, great efforts have
been made in identifying drugs that could en-
hance EAAT2 expression. Notable examples in-
clude 17β-estradiol, tamoxifen, and the antibi-
otics minocycline and ceftriaxone.

CONCLUDING REMARKS

Based on the wealth of evidence presented here-
in, the importance of glia in neurodegenerative
processes cannot be understated. We have high-
lighted the vital roles that glia undertake to
maintain neuronal health at homeostasis, which

is achieved by region-specific heterogeneity of
cellular states and tightly regulated molecular
pathways. When this support becomes compro-
mised during aging or disease, glia can be the
drivers of neuronal dysfunction and death. This
means, however, that targeting glia with thera-
peutics can prove fruitful in staving off neuro-
degeneration, further emphasizing the urgent
need to understand in detail not only the glial
mechanisms responsible for disease initiation
and progression, but also those mechanisms
performed in the healthy steady state to protect
neuronal function.
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