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Abstract

Spreading depolarizations (SD) are coordinated waves of synchronous depolarization, involving 

large numbers of neurons and astrocytes as they spread slowly through brain tissue. The recent 

identification of SDs as likely contributors to pathophysiology in human subjects has led to a 

significant increase in interest in SD mechanisms, and possible approaches to limit the numbers of 

SDs or their deleterious consequences in injured brain. Astrocytes regulate many events associated 

with SD. SD initiation and propagation is dependent on extracellular accumulation of K+ and 

glutamate, both of which involve astrocytic clearance. SDs are extremely metabolically 

demanding events, and signaling through astrocyte networks is likely central to the dramatic 

increase in regional blood flow that accompanies SD in otherwise healthy tissues. Astrocytes may 

provide metabolic support to neurons following SD, and may provide a source of adenosine that 

inhibits neuronal activity following SD. It is also possible that astrocytes contribute to the 

pathophysiology of SD, as a consequence of excessive glutamate release, facilitation of NMDA 

receptor activation, brain edema due to astrocyte swelling, or disrupted coupling to appropriate 

vascular responses after SD. Direct or indirect evidence has accumulated implicating astrocytes in 

many of these responses, but much remains unknown about their specific contributions, especially 

in the context of injury. Conversion of astrocytes to a reactive phenotype is a prominent feature of 

injured brain, and recent work suggests that the different functional properties of reactive 

astrocytes could be targeted to limit SDs in pathophysiological conditions.
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2. Spreading depolarization (SD) and implications for brain pathology

Spreading depolarizations (SD) are unusual events that involve the sustained depolarization 

of regions of brain tissue, and are observed to propagate slowly in a feed-forward manner 

across the cortical surface. The first clear documentation of the consequences of SD was 

made by Aristides Leao, who showed that strong stimulation of a region of the exposed 

cortex could result in a propagating abolition of spontaneous electrical activity, a 

phenomenon he termed “spreading depression” (Leao 1944). Since Leao’s initial 

observations, there has been a large body of work focused on characterizing the underlying 

ionic shifts involved in SD, the mediator(s) responsible for SD propagation, and the 

implications of these events for a range of pathophysiological disorders. SD involves near-

complete depolarization of both neurons and astrocytes, and associated intracellular Na+ and 

Ca2+ loading. Extracellular K+ accumulation is a hallmark of SD and, depending on the 

specific experimental conditions, K+ and glutamate together appear responsible for the 

depolarization of neighboring tissue, to continue the feed-forward propagation of SD events 

(Pietrobon and Moskowitz 2014; Somjen 2001). Large amounts of energy are required to 

reestablish ionic gradients after SD, and these demands are substantially higher than for 

other pathophysiological events in brain, including seizures (Dreier et al. 2013). Effective 

vascular supply is therefore required following SD, for provision of metabolic substrates to 

challenged tissues. Based on these characteristics, a number of consequences of SD can be 

used to track the progression of SD events in experimental and clinical settings: 1) 

suppression of electrocorticographic activity, 2) extracellular potential changes (DC shifts), 

3) intracellular or extracellular ionic shifts, and accompanying cellular swelling, and 4) 

regional blood flow dynamics.

Several lines of evidence have converged to strongly suggest that SD underlies important 

aspects of migraine, including aura (Charles and Baca 2013; Eikermann-Haerter and Ayata 

2010; Lauritzen 1985; Milner 1958). Changes in regional cerebral blood flow (rCBF) during 

migraine aura in humans match flow changes associated with SD observed in animal models 

(Hadjikhani et al. 2001; Lauritzen and Olesen 1984). Meningeal nociceptor activation occurs 

following SD induction, and is thought to underlie the initiation of the headache (Zhang et 

al. 2010). Recent work suggests that SD induction of headache involves pannexin 1 

signaling in neurons and communication with astrocytes to mediate trigeminal nerve 

activation around pial vessels (Karatas et al. 2013). These studies and others, suggest that 

SD may in fact trigger the onset of migraine headaches in some patients (Ayata 2010).

SD may also be one of the primary contributors to the progression of acute brain injuries. 

Leao described a SD-like event following carotid arterial occlusion in the rabbit (Leao 

1947), and subsequent work in rodent models made a strong case for the involvement of SD 

in the enlargement of ischemic infarction (Hartings et al. 2003; Hossmann 1996; Mies et al. 

1993; Nedergaard and Astrup 1986). The metabolic requirements for recovery from SD 
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likely exceed the metabolic capacity of injured or poorly-perfused brain tissue, and lead to a 

progressive failure of ionic homeostasis. More recently, SDs have been recorded from 

human subjects in the intensive care unit, including in populations of patients with large 

ischemic strokes, subarachnoid hemorrhage, and traumatic brain injury. The accumulating 

evidence from these studies implies that SDs are common in the injured human brain, 

including at late time points following the onset of injury. These data also suggest that SDs 

which occur in clusters in severely compromised tissue (as assessed by suppressed 

electrocorticographic activity) contribute to poor patient outcomes (Dreier 2011; Hartings et 

al. 2011; Lauritzen et al. 2011). Thus SDs are being considered as a potential target for 

therapeutic intervention, and understanding mechanisms involved in SD regulation and 

resupply of metabolic substrates after SD should be valuable in developing interventions 

that can be provided at relatively late time points after the onset of brain injury.

3. Scope of review

In the 7 decades since Leao’s original descriptions of spreading depression, a majority of 

studies of SD mechanisms have concentrated on neuronal activity, but the responses of 

astrocytes in SD have certainly not been neglected. Relatively early recordings made from 

astrocytes during SD argued that depolarization of astrocyte networks likely makes a large 

contribution to extracellular voltage shifts recorded during SD (Reviewed in (Charles and 

Brennan 2009; Somjen 2001)). As will be discussed below, SD also results in large amounts 

of K+ uptake into astrocytes, astrocyte swelling, and is also accompanied by striking Ca2+ 

waves that spread through astrocyte networks together with SD. Much effort has centered on 

the question of whether astrocytes or neurons are primarily responsible for driving SD, and 

led to the general conclusion that many obvious astrocyte responses appear to follow (rather 

than lead) SD. However, the fact that astrocytes may not be the main drivers of SD does not 

mean that astrocyte function may not be a key determinant of the SD severity or outcome. In 

fact, the rapid advances in astrocyte biology in the last decade suggest that these cells likely 

play central roles in many of the features that may be targetable, to mitigate deleterious 

consequences of SD in injured brain. The current review concentrates on functions of 

astrocytes in SD (Figure 1), especially those that might be considered to reduce the 

incidence of SD, and/or deleterious consequences of SD in injured brain. Since astrocytes 

become reactive in injured brain, we will also address the yet understudied issue related to 

the potential impact of reactive astrocytes on SD and functional outcomes. Current views of 

astrocytic roles in normal synaptic, neurovascular, and metabolic functions are not covered 

here in detail, but can be found in a number of comprehensive reviews (Attwell et al. 2010; 

Brown and Ransom 2007; Gordon et al. 2007; Nedergaard and Verkhratsky 2012; Orellana 

and Stehberg 2014; Pellerin et al. 2007; Scemes and Giaume 2006).

4. Metabolic support

As noted above, the metabolic demands of SD are likely the largest experienced by a 

volume of brain tissue, far exceeding the requirements of normal synaptic transmission. 

Even pathological events such as seizure activity involve orders of magnitude lower 

demands on glucose and O2 consumption (Dreier et al. 2013). Animal studies have 

demonstrated large increases in brain lactate, and decreased glucose and extracellular pH 
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during SD (Cruz et al. 1999; Csiba et al. 1985; Hashemi et al. 2008). These findings have 

recently been extended to recordings in clinical settings associated with SDs (Feuerstein et 

al. 2010; Sakowitz et al. 2013), where it was found that the decrease in glucose only 

occurred as tissue started repolarizing, as indicated by the coincidence of the onset of the 

glucose drop with the onset of the recovery of extracellular K+ concentrations. This large 

metabolic demand is not met by the increased local supply, and glucose concentrations fall 

(Rogers et al. 2013). Increased glycolysis in both neurons and astrocytes could contribute to 

increased lactate production, but the fact that SD rapidly depletes astrocyte glycogen stores 

(Bures 1956; Krivanek 1958; Krivanek 1961), implies that astrocytic metabolism 

contributes, at least in part, to the greatly accelerated glycolysis during the recovery phase of 

SD. The demonstration of pH decreases within astrocytes during SD (Chesler and Kraig 

1987) is consistent with accelerated astrocytic glycolysis, although other routes of H+ 

accumulation are possible. Some work has been done to show that supplementing astrocyte 

glycogen stores can delay the onset or propagation rate of SD in brain slices (Seidel and 

Shuttleworth 2011), but it is not yet known whether selectively increasing astrocyte 

glycogen content in vivo can limit metabolic depletion following SD in brain injury models.

While the glycolytic capacity of astrocytes is often emphasized, astrocyte oxidative 

metabolism also appears to significantly increase during SD and contribute to preservation 

of tissue viability. Studies of oxidative metabolism also have the advantage that 

pharmacological tools are available that can help distinguish between astrocytic and 

neuronal sources, by exploiting preferential uptake of substrates through membrane 

transporters. Thus increased astrocytic oxidative metabolism has been suggested from [14C]-

butyrate studies made during SD in rats (Dienel et al. 2001). Similarly, selective inhibition 

of astrocyte TCA cycle activity can be accomplished with fluorocitrate (FC) or its precursor 

fluoroacetate (FAc), where selectivity for astrocytes over neurons is due to selective 

expression of monocarboxylate transporters (Clarke et al. 1970; Fonnum et al., 1997). In 

brain slices, exposure to FAc alone is sufficient to generate SD, implying that failure of 

astrocyte metabolism could be sufficient to trigger neuronal depolarization (Canals et al. 

2008). In addition, the rate of depolarization in vivo is significantly increased by focal 

injection or dialysis of either FC or FAc (Largo et al. 1996; Largo et al. 1997; Lian and 

Stringer 2004a), a result which could be due to impairment in the ability of astrocytes to take 

up glutamate and/or K+ at the advancing SD wavefront (see below).

The α2 isoform of the Na+/K+-ATPase is expressed predominately by astrocytes in the adult 

brain (Cameron et al. 1994). Mutations in the gene encoding the α2 isoform (ATP1A2) 

underlie a form of familial hemiplegic migraine (FHM2) (De Fusco et al. 2003; de Vries et 

al. 2009), and FHM2 mutant mice show both increased propagation rate and reduced 

electrical threshold for SD in vivo (Leo et al. 2011). This increase in SD susceptibility could 

be the result of reduced astrocytic K+ clearance and/or enhanced glutamate accumulation.

Astrocyte metabolism also mitigates deleterious consequences of SD, under certain 

experimental conditions. Lian and Stringer (2004b) examined FC administration in 

anesthetized rats, with or without the additional challenge of SD. They demonstrated that SD 

alone was not sufficient to cause damage in healthy brain, consistent with many previous 

reports (e.g. (Nedergaard and Hansen 1988), but when brain tissue was pre-exposed to FC, 
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experimentally-induced SD was followed by severe energy depletion and injury (Lian and 

Stringer 2004b).

Whether or not astrocytes also directly provide metabolic fuel for neurons during SD is an 

interesting question, with relevance for therapeutic approaches to limit SD damage. The 

concept of astrocyte-neuron lactate shuttling (Pellerin and Magistretti 2012) has been most 

extensively investigated under conditions more relevant to physiological neuronal activity, 

with less known of the relative contributions of metabolic substrate transfer under extreme 

conditions such as SD. In [14C]-glucose studies of SD in rat, it was concluded that SD 

results in significant efflux of lactate into venous blood, as well as diffusion throughout 

other brain regions (Cruz et al. 1999). It is possible that lactate production is disposed of as a 

byproduct of glycolytic metabolism during the extreme conditions of SD, but it remains to 

be determined whether astrocytic lactate production could be utilized by neurons, in 

different phases of SD recovery. In this context, the capacity of neurons to utilize oxidative 

fuels after SD may be an important limiting factor that may prevent utilization in injured 

tissues where oxygen supply is reduced due to inappropriate neurovascular coupling after 

SD (see below). In addition, imaging studies have used NADH autofluorescence as a marker 

of oxygen availability in brain following SD, and revealed that even in apparently “healthy” 

brain, oxygen availability (and hence oxidative metabolic capacity) may be quite 

heterogenous after SD (Takano et al. 2007).

5. Adenosine signaling

Adenosine accumulates in and around most cells as a consequence of extreme energy 

consumption, as ATP is progressively depleted in the intracellular space to the lower energy 

purine, and moves from its source to the extracellular space via equilibrative transporters. 

Adenosine accumulation is well established during brain ischemia, and usually is considered 

to be neuroprotective, acting by limiting brain activity in metabolically compromised tissues 

(Dunwiddie and Masino 2001). It was recently confirmed that SD can generate significant 

adenosine accumulation following SD in brain slices, even without metabolic substrate 

removal. The accumulated adenosine appeared to underlie the suppression of evoked 

synaptic activity that persists following SD, via A1 receptor activation (Lindquist and 

Shuttleworth 2012). When SD occurs on the backdrop of metabolic inhibition, adenosine 

accumulation is significantly enhanced, both in vitro and in vivo (Lindquist and Shuttleworth 

2014). Neurons may be thought of as a more likely source of adenosine derived as a 

consequence of metabolic depletion, since neurons are more vulnerable to substrate removal 

(see above), (Parkinson et al. 2002), due to different metabolic demands of the two cell 

types. Although it was suggested that astrocytes could be a source of adenosine during mild 

hypoxia (Martin et al. 2007), subsequent work suggests that this may be unlikely, and that 

neurons probably are a better candidate (Fujita et al. 2012). However, the level of metabolic 

demand seen during SD, even in otherwise “healthy” brain tissue, may lead to much larger 

adenosine accumulations than observed during hypoxia alone, and the assumption that 

neurons rather than astrocytes are likely the major source of adenosine during metabolic 

compromise has not yet been tested in the case of SD under these different conditions.
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Another source of extracellular adenosine is ATP released into the extracellular space, 

followed by breakdown by extracellular ATPases. Recent work has emphasized the 

possibility of vesicular ATP release from astrocytes, and based on results from animals 

deficient in regulated release from astrocytes, significant roles for adenosine accumulation 

have been proposed in a range of physiological processes (Blutstein and Haydon 2013; 

Halassa et al. 2009). Adenosine derived from astrocytic ATP release has been implicated in 

src kinase-dependent regulation of NMDA trafficking in neurons (Deng et al. 2011), and 

could potentially contribute to reduced ischemic lesion volumes in dnSNARE mice that lack 

vesicular release from astrocytes (Hines and Haydon 2013). However, this issue is 

controversial, as it has been argued that there is unlikely to be a significant contribution 

from ATP released by astrocytes, based on evidence that deleting extracellular conversion of 

AMP to adenosine does not reduce A1-receptor–dependent suppression of evoked synaptic 

activity (Lovatt et al. 2012). In the same study, it was shown that neuronal depolarization 

can be sufficient to generate A1 effects and deletion of the enzyme identified as responsible 

for AMP adenosine conversion (Nt5e) did not increase seizure expansion (Lovatt et al. 

2012). While this suggests that neuronal adenosine accumulation may predominate during 

seizures or other evoked synaptic activity, it remains possible that after SD, adenosine 

release from astrocytes might also contribute. Under these conditions, accumulation as a 

consequence of metabolic depletion in astrocytes after SD may be the more likely source of 

adenosine.

Two reports suggest that adenosine accumulation protects brain tissue from deleterious 

consequences of SD. In one study FAc exposures led to release of adenosine from astrocyte 

cultures and suppressed synaptic activity in brain slices in an A1-receptor dependent manner 

(Canals et al. 2008). In addition, A1 receptor antagonism increased the number of 

spontaneous SDs generated by FAc, and impaired functional recovery of synaptic 

transmission. Together these findings suggest a protective role of adenosine, released as a 

consequence of severe compromise of astrocyte metabolism (Canals et al. 2008). More 

recently it was shown that short-term SD-preconditioning was mediated by A1 receptor 

activation. In neocortical slices, repetitive SDs (induced every 15 min by elevating 

extracellular K+) led to run-down in the membrane potential shifts and amplitude of 

neuronal Ca2+ transients associated with SD. In addition, anoxic depolarization induced by 

oxygen and glucose deprivation was significantly delayed following a single SD (Gniel and 

Martin 2013). An A1 receptor antagonist clearly reduced these effects, and block of 

equilibrative nucleoside transporters or ecto-5′-nucleotidase activity were both partially 

effective, suggesting that multiple sources of adenosine could be involved (Gniel and Martin 

2013).

6. Astrocyte Ca2+ waves

Initial studies of Ca2+ waves in astrocyte cultures showed propagation rates similar to rates 

of SD in vivo, and astrocyte Ca2+ waves have been demonstrated during SD in brain slice 

and in vivo. Suggestions for a causative role in SD propagation were based on the 

effectiveness of gap junction blockers and the fact that astrocyte Ca2+ waves had been seen 

to precede the advancing SD wavefront (Basarsky et al. 1998; Kunkler and Kraig 1998; 

Nedergaard et al. 1995). However, subsequent studies showed that low concentrations of the 
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same gap junction blockers resulted in an increased SD velocity, while higher concentrations 

(similar to those used in the initial studies (Nedergaard et al. 1995)) resulted in an immediate 

decline in the velocity and even complete block of SD (Martins-Ferreira and Ribeiro 1995). 

These observations suggested that, at high concentrations, these gap junction blockers were 

likely no longer acting solely on astrocyte-specific hemichannels (Martins-Ferreira and 

Ribeiro 1995). Additional studies have shown that SD can occur even when astrocyte Ca2+ 

waves are completely abolished, and astrocytic Ca2+ waves occur before changes in light 

transmittance (IOS) associated with SD (Basarsky et al. 1998) and spread further than both 

IOS signals and measurable DC-potential shifts (Peters et al. 2003). The observations that 1) 

the gap junction inhibitor carbenoxolone slowed the progression of astrocyte Ca2+ waves 

without affecting SD, and 2) that NMDA antagonism blocked SD, but astrocyte Ca2+waves 

persisted, albeit more slowly (Peters et al. 2003), further implies that astrocyte Ca2+ waves 

are not required for the progression of SD in brain slices. A pharmacological analysis of SDs 

generated by endothelin-1 application in vivo supports this view (Kleeberg et al. 2004), as 

do studies with KCl stimulation, showing that inhibition of astrocytic Ca2+ waves did not 

depress SD, and that the waves appeared in astrocytes after neuronal Ca2+ elevations 

(Chuquet et al. 2007). These findings appear consistent with conclusions that while 

prominent astrocyte Ca2+ waves are associated with SD, they are not responsible for 

generating the propagating depolarization under most conditions (Somjen 2001; Zhou et al. 

2010).

The discussion above implies that astrocyte Ca2+ waves do not drive SD, and suggests that 

targeting these astrocytic events will not be useful to outright prevent SDs. However, the 

evidence accumulated from these studies provides strong support for robust Ca2+ signaling 

through astrocyte networks associated with SD, and implies that these waves could make 

substantial contributions to processes associated with tissue injury or survival following SD. 

It is also noted that a recent report showed that anesthesia suppressed Ca2+ signaling through 

astrocyte networks (Thrane et al. 2012), suggesting that in vivo effects of astrocyte Ca2+ 

waves on SD may be greatly underappreciated.

7. Neurovascular Coupling

Under normal (non-ischemic) conditions, the cerebral blood flow (CBF) changes in mouse 

associated with experimentally-induced SD usually occur in three phases: 1) a brief initial 

vasoconstriction (~10–20 seconds) coincident with the tissue depolarization, 2) a longer-

lasting hyperemia (~1–2 min) which begins at the end of the tissue depolarization (marked 

by recovery of the negative DC shift) and peaks after repolarization, and 3) a slow-

developing oligemia which can last for more than one hour following SD onset ((Ayata et al. 

2004a; Busija et al. 2008; Lauritzen 1994; Piper et al. 1991) for review). The initial 

vasoconstrition is much less pronounced, and sometimes entirely absent, in other species 

including rat and cat (Ayata et al. 2004b; Piper et al. 1991). The long oligemia phase is 

present in all species and is associated with an impairment of the cerebrovascular reactivity 

to dilating stimuli such as hypercapnia, K+, autoregulation and somatosensory stimulation 

(Florence et al. 1994; Lacombe et al. 1992; Wahl et al. 1987). It is of note that in animals 

undergoing repetitive SDs, the perfusion response is attenuated, despite similar cortical 

depolarization (Brennan et al. 2007).
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When visualized with methods that permit tracking of the two-dimensional spread of flow 

changes (e.g. laser speckle contrast imaging), SD is usually easily visualized as propagating 

waves of blood flow increases, that closely follow the spread of tissue depolarization (Ayata 

et al. 2004a; Dunn et al. 2001). Such increases in blood flow provide metabolic substrates 

needed to fuel recovery of ionic homeostasis, but even with effective vascular coupling, 

tissues may be close to the limit of their ability to recover following SD. Thus the long-

lasting oligemia following SD is accompanied by increased CMRO2 and desaturation of 

cortical haemoglobin (Chang et al. 2010), leading to tissue hypoxia (Piilgaard and Lauritzen 

2009). Indeed, when visualized at higher resolution, signs of hypoxia can be observed in 

tissues more distant to penetrating arterioles following SD, in otherwise healthy brain 

(Takano et al. 2007).

In the context of ischemic injuries, CBF responses to SD can be transformed, such that the 

initial vasoconstrictive phase becomes prolonged and the hyperemic phase is diminished 

(Dreier et al. 1998; Hoffmann et al. 2012). The resulting “spreading ischemia” that can be 

seen under these conditions is obviously a dangerous set of conditions, as it occurs just when 

brain tissue is experiencing unusually severe metabolic demands. The mechanism(s) 

underlying this conversion of CBF responses in injured tissue are not fully identified, but it 

is noted that reduced baseline perfusion further exacerbates hypoperfusion responses and 

limits hyperemia (Feuerstein et al. 2014; Hoffmann et al. 2012), and elevated extracellular 

K+ also leads to a more pronounced and prolonged CBF decrease (Dreier et al. 1998). In 

addition, reduction in the availability of the endogenous vasodilator nitric oxide (NO) can 

transform the normal hyperemic response to a pronounced hypoperfusion (Dreier et al. 

1998). It has been suggested that scavenging of NO by hemoglobin may contribute to 

deficits following subarachnoid hemorrhage, as a result of spreading ischemia (Dreier et al., 

1998). Exogenous application of adenosine can attenuate the hypoperfusion phase of SD 

recorded in the presence of nitric oxide synthase inhibition (Dreier et al. 2004), and may 

suggest approaches to target spreading ischemia.

Although experimental evidence is currently limited, it is reasonable to presume that 

astrocyte signaling contributes significantly to vascular responses following SD, and that 

astrocyte dysfunction could contribute to impaired neurovascular coupling in injured brain. 

Previous works have described in detail the evidence that astrocyte processes surround 

multiple synapses, and are connected either directly, or via astrocyte networks to smooth 

muscle cells (SMC) of intracerebral arterioles and endothelial cells of capillaries (Kacem et 

al. 1998; Mathiisen et al. 2010). In addition, astrocyte endfeet are enriched with 

aquaporin-4, connexin 43, purinergic receptors and K+ channels that confer on astrocytes the 

ability to link neuronal activity to regional cerebral blood flow, and contribute to the flow of 

signaling molecules to and from blood vessels (Petzold and Murthy 2011). From work in 

experimental systems without SD, it has been established that selectively increasing 

astrocytic intracellular Ca2+ induces Ca2+ waves that spread through astrocytic network 

leads to vasoconstriction only if Ca2+ increases reached astrocyte endfeet (Mulligan and 

MacVicar 2004). The polarity of vascular responses after astrocyte Ca2+ increases was 

subsequently shown to depend on the metabolic state of brain slices, with oxygen depletion 

leading to a PGE2-mediated vasodilation, rather than a vasoconstriction (Gordon et al. 

2008).
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As discussed above, SD is closely associated with prominent waves of intracellular Ca2+ 

increase through astrocyte networks (Chuquet et al. 2007; Peters et al. 2003), and initial 

vasoconstrictive responses during SD can be abolished with inhibition of internal Ca2+ 

release in astrocytes (Chuquet et al. 2007). Vasoconstriction is mediated by release of 

arachidonic acid (AA) from astrocytes, which enters SMC and is converted to 20-

hydroxyeicosatetraenoic acid (20-HETE), while there is evidence that vasodilation is 

induced by activation of astrocytic metabotropic glutamate receptors and either 

cyclooxygenase products or combined activation of K+ channels on astrocytes and SMC 

(Mulligan and MacVicar 2004; Petzold and Murthy 2011). A recent report shows that 20-

HETE is generated by SD, with a time course that approximates the long-lasting oligemia 

following SD. Furthermore, an inhibitor of 20-HETE synthesis reduced CBF decreases 

following SD, suggesting the utility of such agents to improve blood flow, particularly 

following SDs in injured brain (Fordsmann et al. 2013). It will be of interest to determine 

whether preventing astrocyte Ca2+ waves influences 20-HETE production associated with 

SD.

K+ release from astrocyte networks via inward rectifying K+ (Kir) channels has also been 

discussed as a potential mechanism for neurovascular coupling (Kofuji and Newman 2004), 

although following synaptic stimulation is appears that “K+ siphoning” – redistribution of 

K+ from areas of neuronal activity through astrocyte networks to the vasculature - does not 

contribute significantly to local vasodilation (Attwell et al. 2010). However, it remains to be 

determined whether K+ siphoning through astrocytes might play a more significant role in 

the special situation of SD, where large volumes of tissue are coordinately depolarized and 

K+ fluxes are much larger (60–70 mM) than in the case of focal electrical or reflex 

stimulation (5–10 mM). In addition to the possible involvement of Kir channels, an 

alternative mechanism linked to the opening of large-conductance Ca2+-activated K+ (BK) 

channels on astrocyte endfeet, releasing K+ onto vessels (Filosa et al. 2006) could also 

participate.

A recent report suggests a link between enhanced astrocyte Ca2+ signaling and enhanced 

vasodilation in a form of familial migraine linked to mutation in casein kinase Iδ (Brennan et 

al. 2013). In mice carrying the mutation, SD threshold is reduced, and arterial dilation is 

enhanced. Interestingly, astrocytes from these mice show enhanced spontaneous Ca2+ 

oscillations waves, possibly contributing to decreased SD threshold and increased 

vasodilation (Brennan et al. 2013).

8. Extracellular K+ and swelling

Large extracellular K+ elevations are a cardinal sign of SD, and peak extracellular 

concentrations in the range of 60–70 mM are reliably recorded during SD in vivo (Somjen 

2001). When tested in anesthetized rats, selective inhibition of astrocyte metabolism with 

FAc or FC significantly slowed recovery of extracellular K+ after SD (Lian and Stringer 

2004a). The lack of effect of Kir channel antagonist barium, together with the size of the 

effects seen with selective inhibition of astrocyte metabolism, was taken to suggest Na+/K+-

ATPase activity as the predominant form of extracellular K+ clearance following SD (Lian 

and Stringer 2004a). As noted above, the α2 isoform of the Na+/K+-ATPase is expressed 
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predominately by astrocytes in the adult brain (Cameron et al. 1994). This isoform has a 

higher Km than that expressed on neurons, and is saturated at extracellular K+ levels (see 

(Brown and Ransom 2014) review and original article (Verkhratsky and Butt 2007)) that are 

very similar to the threshold K+ concentrations required to initiate SD (10–15 mM, see 

Somjen 2001).

Passive uptake through K+ channels expressed on astrocytes may also be important for 

setting the threshold for SD initiation (Hoffmann 1992; Walz 2000). The relative 

contribution of these mechanisms under the special circumstances of SD is an interesting 

topic, with implications for targeting approaches to limit the onset of SD in 

pathophysiological conditions. While much study of astrocytic K+ buffering has been done 

with synaptic stimulation (Amedee et al. 1997; Kofuji and Newman 2004), the situation with 

SD may be quite different, in part because a large volume of tissue becomes simultaneously 

involved. This may limit the ability of mechanisms such as spatial buffering to meaningfully 

modify extracellular K+, either during or after the passage of SD. It has been pointed out that 

astrocytic K+ buffering/siphoning is not currently an attractive target for prevention of post-

ischemic SD waves, in part because of the lack of astrocyte-specific targets (Kimelberg and 

Nedergaard 2010) and additional work on this topic could be very helpful.

Cellular swelling was recognized in the initial work of Leao (1944), and contributes to 

optical changes that permit the propagation of SD to be quite easily visualized, even by eye 

in some preparations (Somjen 2001). Neurons swell rapidly at the onset of SD (Takano et al. 

2007; Zhou et al. 2010), and astrocytes also swell following SD, due mainly to K+ uptake 

and the water movement that follows Cl− uptake. Expression of AQP4 gives astrocytes the 

ability to readily swell in response to hypoosmotic challenges (Andrew et al. 2007; Risher et 

al. 2009), and also appears to contribute to K+ uptake during SD. Studies using a K+-sensing 

fluorophore found that deletion of AQP4 led to impaired K+ uptake following SD, 

suggesting a role for these channels in passive K+ uptake (Padmawar et al. 2005). AQP4 

knockouts were demonstrated to show significant protection against ischemia (Manley et al. 

2000), and it will be interesting to determine whether this is directly related to decreased 

astrocyte swelling with peri-infarct SDs.

As noted above, two-photon imaging of astrocyte volume reveal that astrocytes swell 

transiently following SD (Zhou et al. 2010), and under normoxic conditions astrocytes 

recover their normal volume relatively quickly. In contrast, in a rodent stroke model it has 

been shown that the astrocyte swelling can long-outlast neuronal swelling responses (Risher 

et al. 2012). Interestingly, long-lasting swelling was associated with prolonged DC potential 

shifts that indicate metabolically compromised tissues, and in addition a stepwise increase in 

astrocyte swelling was discovered during clusters of SDs, which may be relevant to the 

deleterious consequences of SD clusters in injured brain (Risher et al. 2012). A similar 

phenomenon of sustained astrocyte swelling was also described recently with a rodent TBI 

model (Sword et al. 2013). There are a number of mechanisms by which astrocyte swelling 

could contribute to injury, including vascular compression and subsequent ischemia. Indeed, 

persistent astrocyte swelling has been suggested to contribute to demonstrable lack of 

capillary flow even in apparently uninjured brain (Tomita et al. 2003), and with stepwise 

increases in astrocyte volume following SD clusters in injured brain, vascular compression 
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could significantly contribute to the mismatch in supply versus demand. Activation of Ca2+ 

signaling or release of neurotoxic factors from astrocyte networks have also been considered 

as links between persistent astrocyte swelling and neuronal injury (Risher et al. 2012). 

Persistent astrocytic swelling will also effectively reduce the volume of the extracellular 

space which will likely increase tissue susceptibility to SD since threshold concentrations of 

both K+ and glutamate will be more readily reached.

9. Extracellular glutamate levels and toxicity

It is well known that extracellular glutamate levels increase substantially during SD, and 

NMDA-type glutamate receptor antagonists can be effective at limiting SD initiation or 

propagation, especially under normoxic conditions (Pietrobon and Moskowitz 2014; Somjen 

2001). Beneficial effects of NMDA antagonism in stroke models may be by limiting spread 

of SDs into less hypoxic areas, more distant from initial ischemic cores, and/or by 

preventing deleterious consequences of glutamate release onto metabolically compromised 

neurons. Ketamine, an NMDA antagonist was recently shown to effectively inhibit SD in 

swine cortex (Sanchez-Porras et al. 2014). In clinical studies, ketamine has been suggested 

to reduce SD incidence (Sakowitz et al. 2009), and a retrospective case review showed 

reduced numbers of SDs in patients administered ketamine in the intensive care unit (Hertle 

et al. 2012).

Astrocytes could serve as a significant source of glutamate during SD (see (Malarkey and 

Parpura 2008) for review), and glutamate release from astrocytes could conceivably 

contribute significantly to the progression, or deleterious consequences of SD in injury 

conditions. Volume-activated Cl− channels are one potential route of glutamate release from 

astrocytes during SD (Basarsky et al. 1999). As discussed above, astrocytes swell during SD 

and this appears to be sufficient to activate these channels. Thus extracellular glutamate 

increases during SD in brain slices were recorded in the absence of neuronal synaptic 

release, and prevented by a blocker of volume-activated Cl− channels (see discussion in 

(Kimelberg et al. 2006)). Blockers of volume-activated Cl− channels could be particularly 

interesting to test in injury models where astrocyte swelling is prominent during SD. 

Vesicular release is a second possible route of astrocytic glutamate release during SD, 

although it is noted that the mechanism(s) of astrocytic glutamate release is a debated issue 

(Araque et al. 2014; Nedergaard and Verkhratsky 2012). Evidence using animals with an 

astrocyte-specific dominant-negative SNARE (dnSNARE) that limits vesicular release of 

glutamate (and potentially ATP) shows ischemic injuries were reduced and behavioral 

recovery was enhanced (Hines and Haydon 2013). However, a recent report has challenged 

the astrocytic specificity of dnSNARE in these transgenic mice (Fujita et al. 2014), therefore 

a definitive conclusion about the contribution of gliotransmitters in SD it still awaited.

Reversal of astrocytic glutamate transporters could also contribute to glutamate 

accumulation, and targeting of these transporters could be considered as an approach to limit 

glutamate excitotoxicity associated with SD. The importance of astrocyte function for 

removal of synaptically-released glutamate is well established, and involves GLAST 

(EAAT1) and GLT1 (EAAT2) (Anderson and Swanson 2000; Danbolt 2001; Swanson et al. 

2004). Transporter-mediated glutamate uptake is driven by Na+ co-transport, which in turn 
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requires maintenance of astrocytic metabolism for Na+/K+-ATPase activity to maintain Na+ 

gradients. It is not yet clear to what extent astrocytic (and neuronal) glutamate transport may 

reverse during SD, when intracellular Na+ loading is severe and coupled with metabolic 

depletion (see also section 11).

Agents that increase expression of astrocytic glutamate transporters have been identified 

(e.g. ceftriaxone), and shown to be effective at reducing infarct volumes following ischemic 

challenges (Rothstein et al. 2005). In brain slice studies, ceftriaxone exposures resulted in 

increased glutamate transport activity, and provided some protection against the onset of SD 

triggered by ischemic-type stimuli (Lipski et al. 2007), although the mechanism for 

increased transport was not clear, and possibly not due to increased surface expression of the 

transporter.

Inhibition of astrocyte glutamate uptake has been demonstrated by exposures to Zn2+ (Suh 

et al. 2007), which is of interest because significant Zn2+ release has been demonstrated 

during SD (Carter et al. 2011). It is not yet known how much Zn2+ accumulation occurs in 

astrocytes following SD, and whether this may be sufficient to compromise normal 

glutamate uptake in vivo. However such an action on astrocyte function could potentially 

contribute to beneficial effects of Zn2+ chelation following stroke (Koh et al. 1996), in 

addition to the many other deleterious actions that Zn2+ accumulation could have following 

SD (Shuttleworth and Weiss 2011).

It is also possible that astrocytes may facilitate NMDAR activation during the late phase of 

SD, which from brain slice studies appears to be a major contributor to neuronal 

vulnerability in metabolically-compromised tissues (Aiba and Shuttleworth 2012), as a 

consequence of D-serine released by astrocyte Ca2+ waves. D-serine serves as a co-agonist 

with glutamate, and is required for activation of NMDA receptors (Mothet et al. 2005). D-

serine was originally thought to be produced and secreted only by astrocytes because of the 

selective expression of the enzyme serine racemate (Wolosker et al. 1999). However recent 

data suggest that neuronal-derived D-serine could also contribute to the activity of NMDA 

receptors (Benneyworth et al. 2012; Rosenberg et al. 2013) see (Martineau et al. 2014) for 

review). It seems possible that both cell types contribute to D-serine increases that permit 

NMDA-dependent toxicity following SD in injurious conditions.

10. Changes in Astrocyte Phenotype

In the setting of acute brain injury, SDs may persist over several hours and even days 

(Dreier 2011; Lauritzen et al. 2011). During this time frame, astrocytes may undergo 

profound transcriptional, morphological and functional alterations that change them into 

“reactive astrocytes”. These phenotypic changes could occur as a consequence of multiple 

components of ischemia or neuronal injury cascades, or perhaps also as a consequence of the 

occurrence of SDs themselves. Regardless of their etiology, reactive astrocyte phenotypes 

are generally characterized by hypertrophy of processes and overexpression of intermediate 

filaments such as GFAP and vimentin (Burda and Sofroniew 2014). What is less appreciated 

is the fact that the functions of reactive astrocytes are also modified. It has been long debated 

whether reactive astrocytes are harmful or beneficial for disease outcomes since both types 

Seidel et al. Page 12

Glia. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of effects have been observed in a context-dependent manner (Escartin and Bonvento 2008). 

Indeed, astrocyte reactivity is a highly heterogeneous state that depends on the type of 

inducing injury. A recent transcriptomic analysis reveals that reactive astrocytes undergo 

extensive, but transient, alterations in gene expression (>1000 genes) that depends on the 

injury models (Zamanian et al. 2012).

SD by itself can trigger astrocyte reactivity. SD induces an upregulation in GFAP mRNA 

and protein levels in vivo in the absence of tissue injury (Bonthius et al. 1995; Kraig et al. 

1991). The spatial distribution of GFAP up-regulation matches the observed spatial pattern 

of SD and signs of reactivity were not observed in animals where SD propagation was 

prevented by the NMDAR antagonist MK801. SD triggered by a single application of 3M 

KCl for 10 min in rats also increases the expression of nestin, an intermediate filament 

protein expressed in the CNS and a sensitive marker for astrocyte reactivity (Holmin et al. 

2001). Single, daily SDs induced for 1 or 2 weeks in mouse frontal cortex also led to marked 

increases in GFAP expression without neuronal injury throughout the conditioned cortex 

(Sukhotinsky et al. 2011).

What are the molecular triggers of the astrocyte reactivity during SD? Many different types 

of signaling molecules are able to initiate or to regulate specific aspects of reactive 

astrogliosis (Kang and Hebert 2011; Sofroniew and Vinters 2010). In organotypic slices 

(Kunkler et al. 2004) and in the rat brain (Jander et al. 2001), SD has been shown to induce 

the release of multiple pro-inflammatory cytokines such as interleukin 1alpha (IL-1α), 

interleukin 1beta (IL-1β) and tumor necrosis factor alpha (TNFα), that are all potent triggers 

of astrocyte reactivity (Kang and Hebert 2011). Karatas et al. recently described a molecular 

pathway whereby SD could lead to astrocyte reactivity (Karatas et al. 2013). SD induces 

Pannexin 1 megachannel opening in neurons, inducing the release of IL-1β and high-

mobility group box 1 (HMGB1), two pro-inflammatory proteins that induce nuclear factor 

kappa B (NF-KB) translocation in neighboring astrocytes after 30 minutes (Karatas et al. 

2013). The NF-KB pathway is a well-known trigger of astrocyte reactivity (Brambilla et al. 

2009), and indeed, those astrocytes overexpress inducible NO synthase and cyclooxygenase 

2, also indexes of reactivity. Additional signaling pathways could be involved in astrocyte 

reactivity following chronic SD such as signal transducer and activator of transcription-3 

(STAT3) and mitogen-activated protein kinase (MAPK) (Kang and Hebert, 2011). Finally, 

excessive release of ATP and glutamate during SD may also activate purinergic and 

metabotropic glutamate receptors in astrocytes and transduce an activation cascade 

(Sofroniew and Vinters 2010). It will be very important to identify the molecules 

responsible for astrocyte reactivity during SD, as the functional changes they trigger may be 

different depending on the signaling pathway involved.

11. Functional consequences of astrocyte reactivity during chronic 

repetitive SD

Astrocytes participate in almost all of the events associated with SD (see previous sections). 

However, it is not yet known how these cells, once they become reactive, impact the 

incidence of SD or its deleterious consequences in injured brain. Swelling after SD was 

slower in GFAP−/− astrocytes than in wild-type, suggesting a role for these intermediate 
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filaments in the swelling response during SD (Anderova et al. 2001), but it is not yet known 

whether increased GFAP expression in reactive astrocytes modifies SD-induced swelling. 

Interestingly, transcriptomic analysis of genes induced by ischemia strongly suggests that 

ischemic reactive astrocytes may be protective since they overexpress high levels of 

neurotrophic factors and cytokines, including cardiotrophin-like cytokine factor 1 (CLCF1), 

leukemia inhibitory factor (LIF), and interleukin 6 (IL6), and thrombospondins that may 

help repair and rebuild lost synapses (Zamanian et al. 2012). We will review specific and 

important functions regulated by astrocytes that are changed when they become reactive, 

which could directly influence the outcomes of repetitive SDs. It has been shown in a 

variety of models that reactive astrocytes display changes in glutamate uptake capacities. 

For example, the expression of glutamate transporters is decreased in reactive astrocytes 

after repetitive SD (Douen et al. 2000). This alteration in astrocyte glutamate uptake could 

exacerbate excitotoxic processes occurring during chronic SD and contribute to 

neurodegeneration. However, glutamate transporters have been suggested to operate in a 

reverse mode under severe pathological conditions such as ischemia, when astrocyte 

membrane potential and ionic homeostasis are disrupted (Rossi et al. 2000). In this case, 

decreased expression of glutamate transporters may actually reduce glutamate efflux during 

subsequent ischemia, and reduce SD propagation and neuronal damage as suggested by 

Douen and colleagues (Douen et al. 2000).

Importantly, glutamate uptake efficacy is not only regulated by transcription of astrocyte 

transporters but also by post-translational mechanisms. Astrocytes chronically activated with 

the cytokine ciliary neurotrophic factor (CNTF) in the rat striatum display no change in the 

total expression level of glutamate transporters, but rather a hyper-glycosylation and 

enrichment of transporters in functional raft domains (Escartin et al. 2006) where glutamate 

transport is known to be more efficient (Butchbach et al. 2004). These post-translational 

changes are associated with an enhanced buffering of excitotoxic concentrations of 

glutamate (Escartin et al. 2006) and produce significant neuroprotective effects (Beurrier et 

al. 2010). Changes in astrocyte morphology may also indirectly influence glutamate uptake. 

Indeed, altering the distance of glutamate transporters from synaptic sites of glutamate 

release influences the efficacy of glutamate removal, as shown in the hypothalamus of 

lactating rats (Oliet et al. 2001) and in the hippocampus of knock-out mice for the astrocyte 

protein connexin 30 (Pannasch et al. 2014). These morphological changes may occur acutely 

during SD-induced swelling (Risher et al. 2009; Risher et al. 2012) or more chronically 

when astrocytes become reactive. Such chronic changes involve up-regulation of 

intermediate filaments, enlargement of proximal processes and a complex reorganization of 

processes (Oberheim et al. 2008; Wilhelmsson et al. 2006) while the astrocytic domain (i.e. 

the 3D maximal volume contacted by astrocytes) remains grossly unaffected, at least in 

models of axotomy or electrical lesions (Wilhelmsson et al. 2006). Therefore, the fine 

morphological organization of the tripartite synapse could be profoundly changed when 

astrocytes are reactive, but any direct demonstration that such changes influence glutamate 

buffering and transmission during chronic SD is currently lacking.

The network of astrocytes connected by gap junction channels plays a central role in K+ and 

glutamate buffering capacity (Pannasch et al. 2011; Steinhauser et al. 2012). How could the 

reactive status of astrocytes affect network properties and influence the late phases of 
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chronic SD? Both increased and decreased levels of expression and permeability of 

connexins, the molecular components of the gap junction channels, have been described in 

inflammatory and pathological conditions involving reactive astrocytes (Giaume et al. 

2010). It is therefore difficult to predict how networks of reactive astrocytes function during 

chronic SD. Most importantly, in addition to its role in K+ and glutamate buffering, 

astrocyte networks participate in the distribution of metabolic substrates from capillaries to 

distal active neurons (Rouach et al. 2008). This activity-dependent trafficking of energy 

metabolites sustains active neurotransmission and could be changed when astrocytes are 

reactive (Escartin and Rouach 2013). It would be important to test this hypothesis using dye 

or glucose-analogue coupling experiments in situ. Metabolic plasticity of reactive astrocytes 

represents an understudied field of research. Data from in vitro models of reactive astrocytes 

induced by pro-inflammatory cytokines show that they display a different metabolic profile 

(Belanger et al. 2011). In an in vivo model, reactive astrocytes were shown to become more 

oxidative with a reduction in the rate of glycolysis at the expense of the oxidation of fatty 

acids or ketone bodies (Escartin et al. 2007). However, it remains to be determined whether 

such metabolic plasticity occurs during SD. In particular, it is not yet known whether 

glycogen content and use or lactate release could be altered during chronic SD. Similarly, 

the extensive literature implying that astrocytes are prominent actors regulating 

neurovascular coupling (Petzold and Murthy 2011) does not address the issue as to whether 

acutely or chronically reactive astrocytes perform differently to regulate blood flow.

We have recently provided evidence that reactive astrocytes may have beneficial effects 

against SD. Activation of astrocytes with chronic exposure to CNTF in vivo led to 

substantial increases in SD threshold, when tested subsequently in brain slice preparations 

(Seidel et al. 2014). Increased K+ clearance by CNTF-activated astrocytes was implicated as 

a possible mechanism, and it remains to be determined whether this or other consequences 

of astrocyte reactivity may contribute to increased SD thresholds following chronic SD in 

vivo. Furthermore, these findings raise the possibility that enhancing specific components of 

astrocyte reactivity could be useful to limit or even prevent the incidence of SD associated 

with brain disorders and injury.

12. Perspectives

The SD field has expanded significantly in recent years, in part due to the demonstration that 

SD is a general phenomenon associated with multiple disease conditions in patients. Of 

particular significance is the fact that SDs can occur for many days following a stroke or 

traumatic brain injury, opening up a wide time window of opportunity for interventions that 

can effectively limit the numbers of SD, or their consequences. There are a handful of 

clinical reports suggesting that agents that target neuronal excitability or receptors (e.g. 

ketamine) could be a promising therapy, but evidence for efficacy is very limited. Selective 

targeting of astrocyte function in this extended time window could be valuable in limiting 

the initiation of SD (by increasing removal of K+ and/or glutamate), preventing astrocytic 

swelling, or by limiting possible contributions of astrocytes to the progression of NMDA-

dependent neuronal injury.
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There is a large (and growing) body of literature describing roles of astrocytes in regulated 

synaptic transmission, and there is a temptation to extrapolate from this work to deduce 

likely roles of astrocytes in regulating SD. However this should be done with significant 

caution. The total durations of depolarization associated with SD are extraordinarily long 

when compared with action-potential dependent synaptic events, including burst firing 

during seizures. The ionic loading and metabolic burden of SD is extreme and involves large 

volumes of tissue, and this will likely result in reversal of transporters, recruitment of 

alternative metabolic pathways and changes in distribution of ions and other signaling 

molecules through astrocyte networks. Thus further identification of specific contributions 

of astrocytes to SD will benefit from the application of new approaches to selectively 

modify aspects of astrocyte function in SD models.

The morphological changes associated with conversion of astrocytes to a reactive phenotype 

are widely appreciated, but there is less understanding of the functional changes that occur 

in parallel. Some of these functional changes could contribute to significant alterations in the 

ability to generate SD. There is a significant need to characterize the functions of reactive 

astrocytes in situ, including detailed analysis of changes in astrocytic regulation of cerebral 

blood flow, K+ homeostasis, and edema. Ideally, such studies should compare different 

experimental approaches for astrocyte activation, since each may have specific 

consequences on astrocytic function. Such work is expected to lead to insights into specific 

signaling pathways that could be used to selectively enhance protective functions of 

astrocytes against SD, ideally in a way that is reversible and could be applied transiently 

after the onset of an acute injury.
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Figure 1. Major mechanisms by which astrocytes can participate in spreading depolarization 
(SD)
Waves of SD involve large extracellular K+ and glutamate increases, as well as severe 

demands on ATP production. Astrocyte uptake of K+ (via channels and the activity of 

Na+/K+/ATPase) can delay the onset or progression of SD, and participate in recovery of 

tissues after SD. Glutamate uptake by astrocytes could also limit the spread of SD, and 

prevent excessive accumulation of glutamate and excitotoxic NMDA receptor activation. It 

is not yet known to what degree reverse operation of excitatory amino acid transporters 

(EAATs) or vesicular release of glutamate from astrocytes may contribute SD or its 

consequences. Astrocyte metabolism is critical for transport activities, and it is also possible 

that lactate from astrocytes could provide an energy source for neurons during recovery 

from SD. Astrocytes could serve as a significant source of extracellular adenosine, which is 

enhanced in the extracellular space following SD. Adenosine could be derived as a 

consequence of intracellular depletion of ATP and transport of adenosine via equilibrative 

transporters, or ATP release and degradation by ecto-ATPase activity. Astrocyte Ca2+ waves 
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are prominent during SD, and are expected to modulate the dramatic vascular dynamics that 

are associated with SD, and could also regulate availability of the co-agonist required for 

NMDAR activation (D-serine). Gap junctions composed of connexins (Cx30 and Cx43) can 

mediate release of ATP and glutamate, and also allow intercellular passage of mediators 

such as IP3. The importance of glial-derived ATP and glutamate for the propagation of 

astrocyte Ca2+ waves is not yet clear for SD. Astrocytes are well established to swell 

substantially following SD, involving water flux through aquaporin 4 channels (AQP4). 

However, it is important to keep in mind that the ionic fluxes and metabolic demands of SD 

are much greater than those observed during regulated synaptic transmission, implying that 

astrocyte roles described under other recording conditions may not directly apply to the 

unusual circumstances of SD.
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Figure 2. Modifications of function in reactive astrocytes
Following conversion to a reactive phenotype, the functional properties of astrocytes can be 

significantly modified in ways that are relevant to SD and its deleterious consequences. The 

symbols used in this figure follow the key provided in Figure 1, and possible differences 

from functions in Figure 1 are highlighted with red boxes. Buffering of extracellular K+ may 

be increased sufficiently to raise the threshold for SD initiation or propagation. Likewise, 

increased accumulation of glutamate from the extracellular space may limit the spread of 

SDs, as well as reducing the likelihood of NMDAR-dependent toxicity. Reactive astrocytes 

undergo modifications in energy metabolism, which could render them more resistant to the 

metabolic challenges of SD in the context of various brain injuries. There is currently a 

notable lack of information on how changing to a reactive phenotype modifies other key 

astrocyte functions related to SD. For example, it is not known whether astrocyte Ca2+ 

waves are modified, and whether this could be significant for the critical issue of disrupted 

neurovascular coupling that accompanies SD in injured brain tissue. There is also a lack of 

information on the influence on cell swelling mechanisms, ionic homeostasis, and possible 

release of gliotransmitters. Some of these modifications seen in reactive astrocytes could be 

targeted to reduce the number of SDs and/or reduce their deleterious consequences in 

injured brain.
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