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ABSTRACT

Cortical spreading depression (CSD) is a slow 
wave of cortical depolarization closely associated 
with migraines with an aura. Previously, it was 
thought that CSD depolarization was mainly 
driven by neurons, with characteristic changes 
in neuronal swelling and increased extracellular 
potassium (K+) and glutamate. However, the role 
of astrocytes, a member of the neurovascular 
unit, in migraine with CSD has recently received 
increasing attention. In the early stages of CSD, 
astrocytes provide neurons with energy sup‑
port and clear K+ and glutamate from synaptic 

gaps. However, in the late stages of CSD, astro‑
cytes release large amounts of lactic acid to 
exacerbate hypoxia when the energy demand 
exceeds the astrocytes’ compensatory capacity. 
Astrocyte endfoot swelling is a characteristic of 
CSD, and neurons are not similarly altered. It 
is primarily due to K+ influx and abnormally 
active calcium (Ca2+) signaling. Aquaporin 4 
(AQP-4) only mediates K+ influx and has little 
role as an aquaporin. Astrocytes endfoot swell‑
ing causes perivascular space closure, slowing 
the glymphatic system flow and exacerbating 
neuroinflammation, leading to persistent CSD. 
Astrocytes are double-edged swords in migraine 
with CSD and may be potential targets for CSD 
interventions.
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Key Summary Points 

Cortical spreading depression (CSD) is con‑
sidered a potential cause of migraines with an 
aura, but is not exclusive to migraines. Astro‑
cytes are not only supporting cells for neu‑
rons, and the role of astrocytes in migraine 
with CSD has recently received increasing 
attention.

Astrocyte endfoot swelling is a character‑
istic of CSD, and neurons are not similarly 
altered. Astrocyte endfoot swelling, resulting 
in perivascular space closure, affects neuro‑
inflammation clearance by the glymphatic 
system.

Astrocytic endfoot swelling during CSD is 
primarily due to K+ influx and abnormally 
active Ca2+ signaling. AQP-4 only mediates 
the process of K+ influx and plays a little role 
as an aquaporin.

Astrocytes are a double-edged sword, with 
protective effects on neurons during the early 
stages of CSD. Astrocytes provide neurons 
with energy support and clear K+ and gluta‑
mate from synaptic gaps. With CSD progres‑
sion, astrocyte dysfunction drives the CSD 
spread.

INTRODUCTION

Cortical spreading depression (CSD) is associated 
with many diseases, including migraine, trauma, 
cerebrovascular disease, and mitochondrial dis‑
ease [1]. The relationship between migraines 
and CSD has been extensively studied. There are 
many migraine types, but the most widely stud‑
ied are those with and without an aura [2]. CSD 
is considered a potential cause of migraines with 
an aura [3], and was first described by Leao [4]. 
This depolarizing wave usually spreads slowly 
through the cortex at 2–5 ms/min [5]. The mech‑
anism of CSD generation is unclear, and it was 
initially thought to be associated with calcium 
(Ca2+). However, it has been shown that astro‑
cytic Ca2+ wave inhibition did not hinder the 

spread of CSD, suggesting that Ca2+ waves are 
not involved in CSD depolarization [6]. It is now 
widely recognized that CSD may be associated 
with the rapid influx of cations and disturbed 
sodium–potassium adenosine triphosphatase 
(Na+/K+-ATPase) activity. The difference between 
the intra- and extracellular ion concentrations 
is maintained by the Na+/K+-ATPase [7]. Ionic 
homeostasis restoration after CSD is achieved 
by increasing its activity [8]. Sufficient energy 
is required to maintain the Na+/K+-ATPase, and 
therefore insufficient brain energy may impair 
its activity, thereby lowering the CSD threshold 
[9]. Potassium chloride (KCl) is widely used in 
CSD animal experiments to increase extracellu‑
lar K+ concentration to initiate CSD [6]. Mouse 
models of familial hemiplegic migraine type 
1 (FHM1, excessive inter-synaptic glutamate 
release), FHM2 (reduced inter-synaptic K+ and 
glutamate scavenging), and FHM3 (Na+ chan‑
nel inactivation) have significantly lower CSD 
thresholds [10–12]. The FHM2 mouse model has 
been extensively studied owing to its increased 
susceptibility to CSD. FHM2 is caused by muta‑
tions in α2 Na+/K+-ATPase (α2NKA), expressed 
mainly in astrocytes [13], while α2NKA is vital 
in K+ clearance during neuronal activity [14]. 
Astrocytic excitatory amino acid transporter 2 
(EAAT2) was decreased by 50% in FHM2 knock‑
out mice compared with that in wild-type 
mice [15]. Excitatory amino acid transporter 1 
(EAAT1) and EAAT2 co-localize with the α2NKA, 
and the clearance of glutamate by these two 
transporters is dependent on the Na+ gradient, 
which is maintained by the α2NKA [13]. Upreg‑
ulating astrocytic EAAT2 alleviates migraine in 
a rat model of chronic migraine [16].

Migraine with an aura is associated with corti‑
cal hemodynamic changes, as shown by a persis‑
tent decrease in cerebral blood flow (CBF) that 
coincides with headaches [17]. CSD is character‑
ized by neuronal swelling and elevated extracel‑
lular potassium and glutamate levels [18]. CSD 
is a metabolic stress event with an extremely 
high energy demand that depletes glucose 
and decreases ATP concentration by approxi‑
mately 50% [7]. This process may activate the 
neurovascular unit (NVU) (Fig. 1A). The NVU 
comprises many cell types, including astrocyte 
endfeet, parenchymal neuronal projections, 
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perivascular nerves, pericytes, smooth mus‑
cle cells, and endothelium [19]. The NVU can 
couple neural activity with CBF, and when the 
NVU is tightly coupled, the brain lacks energy 
and must promptly deliver oxygen and glucose 
to high metabolic areas [20]. NVU activation is 
accompanied by secondary CBF changes, shown 
by transient hypoperfusion in the first stage, 
significant primary hyperemia (vasodilation) in 
the second stage, mild hyperemia in the third 
stage, and persistent hypoxemia in the fourth 
stage [21, 22]. The role of astrocytes, a member 
of the NVU, in migraine with CSD has recently 
received increasing attention. This review arti‑
cle is based on previously conducted studies and 
does not contain any new studies with human 
participants or animals performed by any of the 
authors.

ASTROCYTES: NOT ONLY 
SUPPORTING CELLS FOR 
NEURONS

The adult central nervous system cells can be 
divided into neurons and neurogliocytes [23]. 
The latter mainly comprises microglias, oligo‑
dendrocytes, and astrocytes (Fig. 1B). Microglias 
are multifunctional macrophages that settle in 
the brain, and astrocytes are considered neu‑
ronal support cells [24, 25]. Astrocytes originate 
from neural stem cells in the subventricular 
zone during development and migrate along 
radial glial cell projections into the central nerv‑
ous system (CNS) [26]. Astrocytes are the most 
abundant cell type in the mammalian brain, 
accounting for approximately 20–40% of the 
brain cell [27]. They are highly heterogeneous. 
Heterogeneity can also be detected within the 
same CNS region [23]. Astrocytes primarily com‑
prise glial fibrillary acidic protein (GFAP). GFAP 
expression is upregulated in astrocytes after neu‑
rological injury and can be used as a marker of 
astrocyte activation [23, 28]. Another standard 
marker for astrocytes is the S100β protein. It is a 
class of Ca2+-binding proteins widely distributed 
in neural tissues that act as an axonal growth 
factor [24]. Serum S100β levels are increased 
after acute cerebral ischemia in rats; therefore, 

it can also be used as a biochemical marker after 
brain injury [29].

Astrocytes have more extensive gap junctions, 
also known as nexuses, than any other type 
of brain cells, consisting of many connexons 
arranged in a regular plate-like pattern [24]. Each 
connexon comprises six subunits called connex‑
ins (Cx). The gap junction is a direct channel 
for intercellular signaling. Astrocytes predomi‑
nantly express Cx43 and, to a lesser extent, 
Cx30 [30]. Astrocytes take up excess potassium 
ions released into the extracellular space during 
neuronal excitation and diffuse rapidly through 
intercellular gap junctions, preventing the sig‑
nificant rise of K+ concentration around excit‑
able neurons. Traditionally, astrocytes have been 
widely distributed, and they encircle neurons 
to support and isolate them [25]. However, an 
astrocyte has recently been shown to continu‑
ously exchange information with multiple neu‑
rons and is vital in the development, normal 
physiology, and pathology of the CNS [31]. The 
abundant gap junctions and multiple ion chan‑
nels in astrocytes can regulate the ion concentra‑
tion and pH inside and outside neurons, mainly 
by controlling the extracellular K+ concentration 
to maintain the stability of the internal environ‑
ment [24]. Astrocytes have Na+/K+ ATPase and 
Na+/K+/2CI- transporters to promptly pump K+ 
into the cell and Na+ out of the cell. They also 
have aquaporin-4 (AQP-4) to co-regulate ionic 
balance and pH homeostasis [13, 32].

THE ROLE OF ASTROCYTES 
IN CORTICAL SPREADING 
DEPRESSION

Previous studies have shown that CSD depolari‑
zation is mainly driven by neurons [19]. Astro‑
cytes follow only passively, and changes in astro‑
cytic Ca2+ waves lag behind neurons; however, 
Ca2+ waves are not responsible for generating 
and spreading CSD depolarization under most 
conditions [33]. Therefore, this does not indicate 
passive changes in astrocytes during CSD. CSD 
is also more difficult to evoke in brains with a 
higher ratio of glial cells to neurons, and increas‑
ing the density of astrocytes slows the spread of 
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CSD waves [18, 34]. This suggests that astrocytes’ 
role in patients with CSD is non-negligible.

Astrocytes Provide Energy Support for 
Neurons

As CNS glycolytic cells, astrocytes provide 
energy metabolism substrates for neurons and 
oligodendrocytes, control extracellular water 
and electrolyte homeostasis, and regulate meta‑
bolic homeostasis by synthesizing glycogen and 
providing energy to neurons [24]. Glucose is the 
brain’s primary energy source but rarely directly 
enters the neurons [35]. It first passes through 
the blood–brain barrier into astrocytes, where it 
is processed and eventually transported to neu‑
rons as lactic acid. Astrocytes support oxidative 
metabolism in neurons [36]. The astrocyte–neu‑
ron lactate shuttle enables the energetic cou‑
pling between the two [37, 38]. Glucose crosses 
the endothelium from the arterial blood into the 
brain cells through isoforms of glucose trans‑
porters (GLTs) [38, 39]. GLT1 is predominantly 
present in endothelial cells and astrocytes, 
whereas GLT3 and GLT4 are mainly expressed 
in neurons [40]. Glucose enters astrocytes and 
is enzymatically cleaved to lactate, which is 
then transported to neurons for energy support 
through sequential processing by astrocytic I 
and IV monocarboxylate transporters (MCTI/
IV) and neuronal MCTII (Fig. 2). Neurons con‑
tain enzymes essential for glycogen metabolism, 
particularly glycogen synthase, which is per‑
manently degraded by the proteasome system 
[39]. Consequently, the rate of lactate uptake by 

neurons is seven-fold higher than that of glucose 
[41, 42].

Hyperglycemia increases the CSD threshold 
and decreases the frequency of CSD events. In 
contrast, hypoglycemia prolongs CSD duration 
and decreases the KCl-induced CSD threshold 
by over 50% [23]. In the absence of energy in 
patients with CSD, astrocytes provide the main 
energy source by upregulating GLTs and catabo‑
lizing glycogen, leaving 80% of blood-derived 
glucose in neurons [8, 18]. In addition, astro‑
cytes promote glycolysis during CSD recovery, 
as evidenced by decreased astrocytic pH during 
CSD, which coincides with accelerated glyco‑
lysis [33]. However, the accumulation of large 
amounts of lactic acid in the late stages of CSD 
leads to vasoconstriction and increased tissue 
hypoxia, which inhibits mitochondrial respi‑
ration in astrocytes, leading to mitochondrial 
depolarization, free radical generation, lipid per‑
oxidation, and intracellular calcium ion release 
[43].

Astrocytes Clear Synaptic Gap K+ and 
Glutamate

The most critical role of astrocytes is to clear the 
synaptic gap between K+ and glutamate (Glu), 
both of which are released outside the cell dur‑
ing neuronal activity [44]. The inwardly rectify‑
ing K+ channel (Kir4.1) is highly expressed in 
astrocytes and is responsible for scavenging the 
large amounts of K+ released during neuronal 
activity [26]. Glu is the brain’s most vital excita‑
tory amino acid; it stimulates glycolysis and 
promotes lactate production, and its intake is 
closely associated with energy metabolism [45]. 
Glu uptake requires glycogen even when the glu‑
cose supply is adequate [46]. The brain expresses 
five amino acid transport proteins [47]. Astro‑
cytes predominantly express EAAT1, the GLAST, 
and EAAT2, the GLT-1. Glu released into the syn‑
aptic gap by neurons is taken up by astrocytes 
through EAAT1 and EAAT2 [38]. EAAT2 is a scav‑
enger responsible for 90% of Glu uptake [16]. 
Glu is taken up by astrocytes and converted into 
glutamine (Gln) by glutamine decarboxylase, 
which is then converted to Gln by glutaminase 
in the neurons [48]. This process is known as the 

Fig. 1   Cortical spreading depression (CSD) and neuro-
vascular unit (NVU). (A) CSD occurs primarily in the cer-
ebral cortex (1) and involves complex electrophysiological 
activity, as shown by the inter-synaptic transport of lactate, 
ions, and amino acids between neurons and astrocytes (2). 
CSD activates the NVU (3). Astrocyte endfeet is a compo-
nent of the NVU, which has strong physiological regula-
tory effects, including regulating cerebral blood flow, main-
taining the blood–brain barrier function, and participating 
in the glymphatic system. (B) Neurogliocytes are divided 
into central and peripheral glial cells, subdivided into mac-
roglia and microglia. Astrocytes are a type of macroglia 
with a star-shaped appearance

◂
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Glu–Gln cycle [32, 38]. Glu uptake and inactiva‑
tion by astrocytes limit excitotoxic effects, pro‑
viding neuronal protection (Fig. 2). In the early 
stages of CSD, astrocytes limit the spread of CSD 
by increasing Na+/K+-ATPase activity, thereby 
transporting excess extracellular K+ into the 
cells [8]. In addition, the astrocyte Cx43 reduces 
extracellular K+ and Glu levels [49]. This is con‑
sistent with the results observed in mouse brain 
sections by Theis et al. [50]. Impaired K+ redis‑
tribution in Cx43-deficient mice manifests as a 
sudden increase in localized K+ and accelerated 
CSD spread; however, astrocyte gap junctions 
play only a partial role in K+ buffering/redis‑
tribution. Breithausen et al. [51] also suggested 
that astrocyte gap junctions have a limited role 
in extracellular K+ buffering. Na+/K+ATPase 
impairment increases extracellular potassium 
and intracellular sodium, leads to massive Glu 
release, and impairs astrocyte clearance [7], 
resulting in persistent CSD. Electrophysiologi‑
cal and hemodynamic analyses were performed 
on knockout mice to assess CSD susceptibility 
and to investigate the correlation between GLT 
and CSD [52]. The results showed significant 
CSD frequency and rate changes only in GLT-1 
knockout mice. This indicates that astrocyte dys‑
function affects glutamate clearance and that 
large extracellular accumulation of glutamate is 
essential in producing persistent CSD [53].

Proliferation of Astrocytes Releases 
Inflammatory Mediators

CSD may activate meningeal nociceptors, which 
in turn activate nuclear factor-κB (NF-κB) in 
astrocytes by opening neuronal Pannexin-1 
(Panx1) channels and caspase-1 [54]. Cyclooxy‑
genase-2 (COX-2) is subsequently released into 
the subarachnoid space and triggers inducible 
nitric oxide synthase, producing an inflamma‑
tory cascade [41]. CSD spreads through the acti‑
vation of macrophages and mastocytes and the 
subsequent release of different inflammatory 
mediators to induce localized neuroinflam‑
mation [55]. The selective COX-2 inhibitor, 
celecoxib, reduces the CSD-induced activation 
of dural macrophages in rodents [56].

CSD-induced astrocyte proliferation, reactive 
astrocyte proliferation, is an early response to 
injury. It induces proliferation, hypertrophy, 
downregulation of GLT, and the release of the 
glial medium [16, 57]. Indoleamine-2,3-dioxy‑
genase, tumor necrosis factor-α (TNF-α), inter‑
leukin-6 (IL-6), and IL-1β immunoreactivity 
were significantly increased after repeated CSD 
[58]. This suggests that CSD leads to the reac‑
tive proliferation of astrocytes, which promotes 
brain inflammation through mediators such as 
cytokines. Inflammatory factor TNF-α alters the 
synthesis and stability of the GLT-1 transporter 
on astrocytes by upregulating mRNA and pro‑
tein expression of GLT-1α and GLT-1β shear vari‑
ants [47]. Impaired inter-synaptic Glu uptake, 
the accumulation of inflammatory factors, and 
extracellular Glu contributed to CSD spread 
(Fig. 3).

Astrocyte Endfeet Swelling

The astrocytic body gives off many long 
branches that fill the space between nerve 
cells and separate them. The ends of the astro‑
cyte bodies were inflated to form the endfeet 
[38]. Notably, some endfeet, called vascular or 
perivascular endfeet, are attached to the walls 
of neighboring blood vessels to control blood 
flow [24, 59]. The other part of the endfoot is in 
contact with neurons, sensing neuronal activ‑
ity and transporting nutrients [24, 38]. Cellular 

Fig. 2   Synaptic physiologic activity of neurons and 
astrocytes in cortical spreading depression (CSD). Glu-
cose transporter 1 (GLT1) is primarily expressed in the 
endothelial cells and astrocytes. Glucose enters astrocytes 
via GLT1 through the blood–brain barrier (Step 1) and 
undergoes oxidative metabolism to produce lactate (Step 
2). Lactate enters the neurons through a monocarboxylate 
transporter (MCT) to produce pyruvate, which under-
goes oxidative decarboxylation to form acetyl coenzyme 
A, entering the tricarboxylic acid cycle (Step 3). Synaptic 
gap excess K+ influxes into astrocytes during CSD (Step 4), 
leading to swelling of astrocyte endfeet. The massive release 
of glutamate (Glu) from neurons during CSD enters astro-
cytes through Glu transporter 1 (GLT-1) and Glu aspar-
tate transporter (GLAST) to generate glutamine (Gln). 
Gln leaves astrocytes by exocytosis, enters the neuron by 
endocytosis, and is converted to Glu for its release into the 
synaptic gap in a process known as the Glu–Gln cycle (Step 
5)

◂
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swelling and altered polyphasic blood flow are 
characteristic changes in CSD. Increased size and 
number of astrocytes have been observed in rat 
brain slices during CSD, whereas neurons do 
not undergo similar changes [58]. Perivascular 
spaces (PVS) are outlets for metabolites produced 
by the glymphatic system to remove the intersti‑
tial fluid (ISF), including excitatory and inflam‑
matory substances generated after CSD. They 
regulate the width of the PVS, thereby alter‑
ing the ISF flow rate and composition [60]. As 
mentioned earlier, insufficient astrocyte energy 

triggers oxidative stress, which at a certain level 
releases large amounts of inflammatory factors 
[61]. Glymphatic system dysfunction exacer‑
bates neurologic inflammation [62]. Glymphatic 
system plays a significant role in the scaveng‑
ing of reactive oxygen species (ROS). Excess ROS 
promote the pro-inflammatory cytokines pro‑
duction by microglia. Glymphatic system dys‑
function results in a massive accumulation of 
pro-inflammatory cytokines, leading to astrocyte 
hypertrophy and activation, which exacerbates 
glymphatic system dysfunction and perpetuates 

Fig. 3   Role of astrocytes in cortical spreading depres-
sion (CSD). Overactive Ca2+ signaling and K+ influx are 
responsible for the swelling of astrocytic endfeet. Endfoot 
swelling causes perivascular space (PVS) closure, slows 
glymphatic system flow, and exacerbates neuroinflamma-

tion. Tumor necrosis factor α (TNF-α) impairs glutamate 
transporter 1 (GLT-1) synthesis and exacerbates glutamate 
accumulation in the synaptic gap, leading to persistent 
CSD. 
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a vicious cycle [63]. Excessive amounts of pro-
inflammatory factors activate neurons and 
injure receptors resulting in migraine [64]. 
Glymphatic system removes brain metabolites 
such as β-amyloid (Aβ). Glymphatic system dys‑
function leads to an overaccumulation of Aβ 
leading to cognitive impairment [65]. However, 
the relationship between migraine and cognitive 
impairment still needs further study.

In addition, the glymphatic system flow 
depends on AQP-4 in astrocyte endfeet [66]. 
PVS closure during CSD is due to CSD-induced 
changes in vessel diameter [67]. It is more likely 
to be secondary to astrocyte endfoot swelling, as 
astrocyte endfeet form the outer wall of the PVS 
[68]. It has been suggested that endfoot swell‑
ing may be associated with active Ca2+ signaling, 
activating proteases, and disrupting molecules 
closely associated with endfeet function [69]. 
Ca2+ signaling in astrocytes during CSD depends 
on AQP-4 [70], and K+ clearance is reduced in 
AQP-4-deficient mice during CSD [71]. This sug‑
gests that AQP-4 maintains K+ homeostasis and 
acts as an aquaporin [72]. The absence of AQP-4 
as an aquaporin had a negligible effect on end‑
foot swelling during CSD, suggesting that water 
entry into astrocytes occurs through membrane 
proteins other than AQP-4 [60]. It has been dem‑
onstrated that endfoot swelling during astro‑
cyte CSD is due to K+ influx, which can occur 
through Kir4.1 and AQP-4 [60, 70]. Astrocytic 
endfoot swelling during CSD is primarily due to 
K+ influx and abnormally active Ca2+ signaling. 
AQP-4 only mediates the process of K+ influx 
and plays a little role as an aquaporin.

CONCLUSION

CSD is a strong metabolic stress event (Fig. 3). 
Astrocyte energy deficiency leads to Na+/K+ 
ATPase impairment and extracellular K+ accu‑
mulation, exacerbating neuronal depolarization 
and Glu release. Insufficient astrocyte energy 
triggers oxidative stress, which at a certain level 
releases large amounts of inflammatory fac‑
tors. Conversely, CSD leads to astrocyte endfoot 
swelling, resulting in perivascular space closure, 

which affects neuroinflammation clearance by 
the glymphatic system. In conclusion, astrocytes 
are a double-edged sword, with protective effects 
on neurons during the early stages of CSD. How‑
ever, with CSD progression, astrocyte dysfunc‑
tion drives the CSD spread. Astrocytes may be 
potential targets for CSD interventions.
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