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Over the last 15 years, the field of neuroscience has evolved toward recognizing the critical role of astroglia in shaping neuronal
synaptic activity and along with the pre- and postsynapse is now considered an equal partner in tripartite synaptic transmission and
plasticity. The relative youth of this recognition and a corresponding deficit in reagents and technologies for quantifying and
manipulating astroglia relative to neurons continues to hamper advances in understanding tripartite synaptic physiology.
Nonetheless, substantial advances have been made and are reviewed herein. We review the role of astroglia in synaptic function
and regulation of behavior with an eye on how tripartite synapses figure into brain pathologies underlying behavioral impairments
in psychiatric disorders, both from the perspective of measures in postmortem human brains and more subtle influences on
tripartite synaptic regulation of behavior in animal models of psychiatric symptoms. Our goal is to provide the reader a well-
referenced state-of-the-art understanding of current knowledge and predict what we may discover with deeper investigation of
tripartite synapses using reagents and technologies not yet available.
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INTRODUCTION
Over the 150 years [1] since astroglia were discovered and
described as the most abundant glial type in the brain [2], they
have mostly been silent bystanders to neurons and synapses in the
field of neuroscience. It wasn’t until the 1990s that research began
in earnest from a perspective that through metabolic activity, and
expression of glutamate transporters, astroglia can contribute
indirectly to excitatory neurotransmission [3, 4]. However, a
minority perspective for a more direct astrocytic regulation of
synaptic activity and synaptic regulation by astroglia also began to
emerge [5–9] and in 1999 the term ‘tripartite synapse’ was coined
to acknowledge an equivalent partnership between perisynaptic
astroglial processes (PAPs) and the neuronal pre- and postsynapse
[10]. Thus, by the turn of the current century researchers were
beginning to accept and investigate tripartite synaptic activity and
plasticity, although astroglia-neuron interactions were still being
examined largely from the perspective of pathologies arising from
neurotoxicity, such as in stroke-induced ischemia, amyotrophic
lateral sclerosis and vascular dementia [11–15]. The possibility that
astroglia contributed to psychiatric disorders was formally
broached in 2007 [16, 17]. Since that time, our understanding of
the mechanisms by which astroglia bidirectionally regulate
synaptic transmission and plasticity, and how this contributes to
the neuronal pathologies underpinning psychiatric disorders has
become a growing area of investigation with the potential to yield
innovative clinical therapies.
While substantial evidence supports neuroimmune, metabolic,

and homeostatic roles for astroglia in shaping neural function and
cognition (for excellent reviews, please see refs. [18–21]), here we

explore current data and perspectives on mechanisms whereby
astroglia regulate synaptic activity and plasticity through bidirec-
tional release of neuroactive molecules (gliotransmission onto
neurons and the release of transmitters and modulators from
neurons onto astroglia). In describing bidirectional transmission,
we focus on how the morphological positioning of astroglia
relative to synapses and the expression of astroglial membrane
receptors and transporters regulate neuronal synaptic activity and
plasticity. The three primary mechanisms whereby astroglia
regulate neuronal synapses, including morphology, expression
and surface diffusion of membrane transporters, and gliotransmis-
sion, are summarized in Box 1. We also examine studies from
humans and animal models of psychiatric disorders that support a
consequential role for astroglia in the initiation, progression and
symptoms of psychiatric disorders. In evaluating the literature, we
noted that a majority of studies quantifying the intersection
between tripartite synapses and behavior were made in a brain
circuit containing frontal cortical, allocortical (hippocampus and
amygdala) and dopaminergic projections to the nucleus accum-
bens or striatum, and the accumbens projection to the ventral
pallidum. This interconnected circuit is well-established to be
involved in regulating normal and maladaptive motivated
behaviors in both animals and humans [22–24]. Box 2 orients
the reader to the nuclei in this circuit and briefly summarizes
findings on tripartite synaptic plasticity from each nucleus in the
circuit. To organize the literature, we focus on tripartite physiology
and signaling at excitatory synapses separate from inhibitory
synapses in the different loci of the circuit. This is followed by
incorporating tripartite physiology into astroglial pathologies
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associated with psychiatric disorders and animal models of
psychiatric behavioral symptoms. Finally, we conclude with what
to anticipate in the immediate future from research on tripartite
synaptic plasticity and psychiatric disorders.

ASTROCYTE REGULATION OF EXCITATORY SYNAPSES
Astrocytes are crucial for glutamatergic synaptic transmission
(Fig. 1). Not only do astroglia supply neurons with glutamine, the
precursor required for glutamate biosynthesis [25, 26], they are also
required for terminating glutamatergic signaling and are respon-
sible for the vast majority of glutamate clearance in the brain [27].
Astroglial glutamate uptake is coordinated primarily by the Na+-
dependent glial glutamate transporter (GLT-1) [28] and the
glutamate-aspartate transporter (GLAST) [29]. While glutamate
clearance is required for effective glutamatergic synaptic commu-
nication, it is also required to prevent excitotoxic buildup of
glutamate, a biomarker often associated with the progression of
neuropsychiatric and neurodegenerative disorders [30, 31]. Once
removed from the synapse, glutamate is converted to glutamine in
astrocytes, which is then supplied back to neurons [32]. Appropriate
glutamate and glutamine transfer between astrocytes and neurons
is critical for excitatory signaling and cognitive function and is often
described as the glutamate-glutamine cycle [25, 33] (Fig. 1).
Additionally, astrocytes also express a variety of neurotransmitter
receptors including ionotropic and metabotropic glutamate recep-
tors [34–40], the activation of which engages Ca2+ signaling, a
major second messenger in astrocytes regulating numerous
astrocytic functions. Ultimately, chemical communication between
neurons and astrocytes allows astrocytes to decode afferent

information and generate functional outputs via the release of
neuroactive molecules [41].
Apart from their central role in glutamate synthesis and

glutamate clearance, astroglia also directly influence ionotropic
glutamate receptor activation. The NMDA ionotropic glutamate
receptor requires binding of a co-agonist (L-glycine or D-serine) to
function [42], with D-serine serving as a primary modulator of
excitatory transmission and an important factor in the pathophy-
siology of anxiety and depression-related disorders [43, 44].
D-serine is generated via enzymatic conversion of astrocyte-
derived L-serine by serine racemase [45] (however, see ref. [46] for
an in depth discussion on the cellular source of D-serine). In
forebrain regions D-serine serves as the primary co-agonist for

Box 1. Three mechanisms whereby astroglia modulate neuronal
synapses

Astroglia employ three general approaches to regulate synaptic activity. The three
astroglial mechanisms are not mutually exclusive and can be constitutive to
provide long-term homeostasis in synaptic transmission, or they can be transient
in response to environmental stimuli that trigger behavioral symptoms of
psychiatric disorders.
Morphological mechanisms of astroglial plasticity: This mechanism is primarily how

physically close an astroglial process is to the synaptic cleft. Closer proximity of an
astroglial process has three primary effects on synaptic activity. 1) The process can
provide steric interference to water soluble synaptic transmitters, thereby
decreasing diffusion coefficients and slowing access of transmitters into the
extracellular space and access to extrasynaptic receptors [346, 347]. 2) Closer
proximity to either the pre- or postsynapse can locally decrease diffusion constants
and guide transmitters towards extrasynaptic receptors on the opposite side of the
synapse [348]. For example, at excitatory synapses closer proximity to the
postsynapse can guide glutamate toward presynaptic metabotropic glutamate
release-regulating autoreceptors. 3) Closer morphological proximity between
astroglial surface and the neuronal synapse brings astroglial surface proteins closer
to the synapse that can profoundly regulate neurotransmission. Notably this
includes transmitter uptake transporters that can remove synaptically-released
transmitter when near the synapse and thereby limit access to extrasynaptic
receptors.
Expression of astroglial membrane transporters and receptors: Astroglia express

surface proteins that respond to synaptic activity. Two key types of protein are
transporters that eliminate extracellular transmitter to reduce synaptic transmitter
spillover and ionotropic or metabotropic receptors that can signal to induce
astroglial plasticity. For example, stimulating Gq-coupled metabotropic receptors
promotes astroglial process elongation toward synapses. Importantly, many of
these proteins are expressed on the astroglial perisynaptic surface in higher density
than elsewhere. This is particularly well-characterized for the astroglial glutamate
transporter, GLT-1 and NA+/K+-ATPase that show patterned astroglial surface
expression adjacent to the synapse [349, 350].
Gliotransmission: Through a variety of mechanisms [351], astroglia release

molecules that can regulate neurotransmission via stimulation of extrasynaptic
receptors situated on the pre- or postsynapse. Release can be calcium-dependent or
via astroglial transporters [352, 353]. For example, glutamate is released following
Gq-coupled metabotropic receptor stimulation [287] and via the cystine-glutamate
exchanger that scavenges cystine from the extracellular space in a 1:1 stoichiometric
exchange for intracellular astroglial glutamate [354]. Recognized gliotransmitters
include classical neurotransmitters like glutamate and GABA, as well as
neuromodulators like ATP/adenosine and D-serine.

Box 2. Circuit most well-studied for tripartite synapses

This brain circuit encompasses the majority of studies on astroglial regulation of
synaptic activity, as summarized below and in detail in the text. The circuit is also
characterized in both humans and animal models to harbor tripartite and
behavioral pathologies characteristic of many psychiatric disorders. Within boxes
the gradient from white to blue reflects the general topography of how the
different regions are wired together through their respective nuclei. Green arrow
= glutamatergic, red= GABAergic and blue= dopaminergic.
Cortical and allocortical regions: In these structures astroglial regulation of

synaptic activity is largely focused on glutamatergic synapses, with work in
hippocampal slices showing how the different forms of astroglial plasticity (see
Box 1) regulate synaptic strength [52–54]. For example, increased morphological
proximity and expression of GLT-1 decreases synaptic glutamate spillover and
reduces synaptic potentiation. Behaviorally these adaptations have been studied
most intensely with regard to learning and memory, and the implications of
astroglial plasticity on disorders such as dementia [355, 356]. However, studies in
the amygdala and prefrontal cortex demonstrate how tripartite synaptic plasticity
also modulates motivation in animal models of substance use disorder and
depression. Human studies showing astroglial pathologies in postmortem tissue
from patients with various psychiatric disorders are also most abundant in the
cortical and allocortical regions, especially for major depression [123, 127–136].

Striatal complex: As with the cortical and allocortical regions, most studies within
the striatal complex also focus on astroglial regulation of excitatory transmission. In
particular, some efforts have been made to show distinctions between astroglial
synaptic regulation of striatal medium spiny neurons expressing D1- versus D2-
dopamine receptors [304]. A number of studies also examine a role for astroglial
regulation of dopamine transmission [114]. Regarding psychiatric disorders, studies
in the striatal complex most frequently employ animal models of substance use
disorder. However, gliotransmission of adenosine binds to A2A receptors and
interacts directly with D2-dopamine receptors to dampen the effects of dopamine
release, with implications for the role of striatal dopamine transmission in
schizophrenia and Parkinson’s disease [111].
Pallidum: There are relatively fewer studies on tripartite synapses in the pallidum.

However, because of the dense GABAergic input to the pallidum from the striatal
complex, it is a site where inhibitory tripartite synaptic plasticity and physiology can
be readily examined [357]. To date, most studies involve the role of these
GABAergic tripartite synapses in substance use disorders [357], with no studies
conducted we are aware of regarding astroglia as pathogenic in the pallidum of
psychiatric patients, although astroglia in the globus pallidus have been implicated
in some movement disorders, especially regarding astroglial regulation of iron
metabolism [358].
Ventral mesencephalon: This region is the source of ascending dopamine

innervation to the other regions in the circuit. While little is known regarding
tripartite synaptic regulation in the ventral mesencephlon, as mentioned above,
astroglial regulation of dopamine synapses in the striatum has recently become a
topic of interest in models of psychiatric and motor disorders.
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NMDA receptors, with studies supporting a role for cortical
D-serine in depression, fear conditioning, anxiety, and cognitive
function [43, 47–49]. NMDA receptors are positioned within the
synaptic cleft and extrasynaptically, with extrasynaptic receptor
stimulation predicted to result from glutamate spillover conse-
quent to astrocyte retraction from synapses, or from gliotransmis-
sion directly [50].
Finally, astroglia modulate excitatory neurotransmission through

their physical interaction with neurons. Astrocytes ensheathe
synapses with their membranous PAPs [51], allowing for dynamic
regulation of the physical space where neurotransmission occurs.
Indeed, alterations in the extent of the astroglial embrace allow
astrocytes to influence the local concentration of neurotransmitters
like glutamate [52–55]. Accordingly, reorganization of astroglial
morphology can have a direct impact on the profile of synaptic
and extrasynaptic neurotransmitter receptor activation during
synaptic transmission, with severe retraction allowing glutamate
to engage in inter-synaptic signaling [53, 56]. Further, it has been
repeatedly demonstrated that modifications in the association of
peripheral astroglial processes with synapses and dendritic spines
is activity dependent [57–59], making the morphological proper-
ties of astrocytes and by extension their physical interaction with
synapses, a coordinated means for tripartite astroglial regulation of
excitatory synaptic transmission [60].

ASTROCYTE REGULATION OF INHIBITORY SYNAPSES
As detailed above, the majority of CNS synapses are approached by
astroglial peripheral processes [61], including inhibitory synapses
[62] (Fig. 2). Astrocytes express GABAA and GABAB receptors and as

in neurons, GABAA activation is coupled with chloride currents [63].
GABAB stimulation on astroglia triggers astroglial Ca2+ flux and in
the dorsal striatum can drive excitatory synapse formation through
astroglial thrombospondin signaling [64, 65]. Similar patterns of
neuron-glial communication have been observed in the hippo-
campus and cortex, where astrocytic GABAB stimulation triggers
astroglial Ca2+ oscillation and subsequent glutamate release that
potentiates synaptic activity [65–67]. This pattern of signaling
underlies goal-directed behavior when it occurs in the prefrontal
cortex [67], and produces disordered attention and locomotor
hyperactivity when occurring in the dorsal striatum [64]. Notably,
GABAB stimulation on hippocampal astrocytes has also been
shown to trigger heterosynaptic depression in an ATP/adenosine-
dependent manner [68]. That astroglia can bidirectionally mod-
ulate neuronal activity in a single brain region underscores the
sensitivity of astrocytes to changes in neuronal firing frequency
and duration of activity [69].
Just as astroglial processes adjacent to excitatory synapses play

an important role in retrieving synaptically released glutamate,
astroglia situated near inhibitory synapses participate in GABA
uptake through expression of high-affinity GABA transporters
GAT-1 and GAT-3. GAT-1 is expressed to a similar extent at
neuronal terminals and on perisynaptic astroglial processes [70]. In
contrast, GAT-3 is most densely expressed by astroglia and
targeted extrasynaptically >500 nm from synaptic active zones
[71]. Given the predominantly extrasynaptic location and high
affinity for GABA, GAT-3 serves to regulate inhibitory tone at
extrasynaptic receptors and minimizes synaptic GABA spillover
between inhibitory synapses, while still permitting GABA access to
the immediate perisynaptic environment [72, 73].

Fig. 1 Astroglial regulation of excitatory synapses. Astroglia adjacent to excitatory synapses express GLT-1 and GLAST transporters
responsible for clearance of glutamate. Glutamate transporter activity also dictates extrasynaptic glutamate levels, which can influence
glutamate receptor activation located at both pre- and post-synaptic sites. Once taken up by astroglia, glutamate is converted to glutamine,
which is in turn released by astroglia and taken up by neurons. Importantly, neuronal glutamate biosynthesis requires glutamine release from
astrocytes and transport into neurons, where it is converted to glutamate. Apart from the glutamate-glutamine cycle, astrocytes also produce
L-Serine, which is converted to D-Serine via serine racemase, which also serves to facilitate synaptic glutamate signaling through its role as a
co-agonist at NMDA receptors expressed in the synaptic cleft and extrasynaptically on both neurons and astroglia. Astroglial expression of
mGluRs as well as astroglial release of glutamate through a Ca2+-dependent process and cystine-glutamate exchange has been omitted here
for for illustrative clarity.
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Similar to their role in facilitating excitatory transmission,
astrocytes and their synaptic adjacency are essential to provide
glutamine for neuronal synthesis of GABA via the decarboxylation
of glutamate [74]. Elevation of sodium ions in astroglia, largely
generated by sodium co-transport coupled to GABA or glutamate
transport directly stimulate glutamine synthesis, as well as
glutamine efflux through glutamine transporters on astroglia
[75, 76]. In this way, neuronal activity is both coupled to glutamine
efflux from astrocytes and is also dependent on astrocyte-neuron
proximity and functional transport activity to replenish pools of
glutamate and GABA [77]. Thus, it stands to reason that up- or
downregulation of transporters by astroglia, which occurs in a
number of brain regions and psychiatric disorders discussed
below and elsewhere (see ref. [78] for example), may impact
synaptic release dynamics [79] leading to changes in basal
transmitter levels characteristic of disease states [80–83].
While GABAergic release by astroglia is not as well documented

as glutamatergic gliotransmission [84], astrocytes synthesize GABA
via monoamine oxidase B [85, 86], or diamine oxidase and
aldehyde dehydrogenase a1a and release GABA through Best1
channels [87]. Astroglial GABA release through Best1 mediates
GABA tone in the thalamus and permits tactile discrimination in
mice [87]. Additionally, the increases in intracellular Na+ in
astrocytes arising from glutamate transport can lead to extrusion
of GABA via reversal of GAT transport [88–91].

ASTROCYTE REGULATION OF NEUROMODULATORS
Neuromodulation is the process by which endogenous molecules,
including ATP/adenosine, dopamine, serotonin, and others
influence pre-synaptic release or post-synaptic action of iono-
tropic transmitters that directly hyperpolarize or depolarize
neurons [92, 93]. Thus, neuromodulators regulate classic excitatory
or inhibitory synaptic transmission, adding complexity and fine-
tuning control over synaptic activity (Fig. 3). Among neuromodu-
lators, ATP/adenosine has emerged as a relevant player in the
bidirectional chemical communication between neurons and
astroglia [93]. ATP/adenosine can be released by neurons or

astroglia via equilibrative nucleoside transporters (ENTs) that
transport ATP across the plasma membrane according to its
concentration gradient [94, 95]. ATP is then converted, serving as a
source of extracellular adenosine. Adenosine is also generated
intracellularly and transported directly [96]. Since adenosine levels
increase intracellularly in neurons as a function of neural activity
and ATP/adenosine transport can occur passively, neural activity
increases levels of extracellular adenosine [96]. Researchers also
find co-transport of adenosine in synaptic vesicles [97–99] and
astrocytes release ATP in response to both excitatory and
inhibitory synaptic activity [100, 101]. Thus, a number of
mechanisms are engaged by both neurons and glia to increase
synaptic and extrasynaptic adenosine levels [96].
Adenosine receptors are G-protein coupled receptors expressed

on astrocytes and both pre- and post-synaptically on neurons
[99, 102, 103] and adenosine neuromodulation has been observed
at GABAergic, glutamatergic, and dopaminergic synapses
[101, 102, 104–106]. Gi-coupled A1 and Gs-coupled A2A adenosine
receptors have received the most attention for their regulation of
synaptic physiology in recent years [95, 107, 108]. Both A1 and A2A

adenosine receptors form heteromeric complexes with other
GPCRs, most notably dopamine D1 and D2 receptors, respectively,
further tuning the outcome of ligand binding [95, 96]. For
example, A2A heteromerization with D2 receptors in the striatum
decreases the affinity of dopamine for the D2 receptor [109, 110].
Moreover, it is thought that the pairing of Gi- and Gs-coupled
receptors serves to disrupt the traditional GPCR signaling cascades
at the level of adenylyl cyclase [110]. Adenosine antagonists like
caffeine derive their behavioral effects through disrupting these
interactions in the striatum, where D2-A2A pairing is predominant
[111], and in the spinal cord, where D1-A1 pairing is observed,
serving to disinhibit dopaminergic signaling [107, 110].
In addition to ATP/adenosine signaling, astrocytes are tuned to

detect and respond to monoaminergic signaling, including
dopamine and serotonin [112]. Indeed, some serotonin (5-HT)
receptors, including 5-HT2 are more abundant in astroglia than in
neurons [113]. Synaptically released dopamine directly increases
Ca2+ in nucleus accumbens astrocytes by stimulating astroglial

Fig. 2 Astroglial regulation of inhibitory synapses. GABAergic synapses are frequently on the dendritic shaft. Astroglia adjacent to GABA
release sites express GABAA and GABAB receptors as well as GABA transporters GAT-1 and GAT-3. GAT-1 is also expressed on presynaptic
terminals. GAT-3 on astroglia is targeted extrasynaptically, where it regulates GABA spillover and stimulation of extrasynaptic receptors on
neurons. As is also true for replenishment of neuronal glutamate, neuronal GABA pools depend upon glutamine release from astrocytes that
can be converted to GABA within neurons. Elevated Na+ in astrocytes due to Na+ co-transport coupled to GABA or glutamate uptake directly
stimulates glutamine synthesis and efflux from astroglia through glutamine transporters. In some cases, increased intracellular Na+ in
astrocytes also leads to extrusion of GABA through GAT reversal.
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dopamine D1 receptors [114]. This increase in astroglial Ca2+

depresses excitatory transmission by promoting gliotransmission
of ATP/adenosine at presynaptic A1 receptors, a mechanism that
contributes to amphetamine-induced hyperlocomotion [114].
While some evidence supports expression of dopamine transpor-
ters in astrocytes [115], the monoamine transporter most densely
expressed by astroglia is the norepinephrine transporter, which
has high affinity for both dopamine and epinephrine [116, 117]. It
has been shown that astrocytes insulate glutamatergic terminals
at a much closer range compared with dopaminergic terminals
[118], consistent with their dense expression of GLT-1 [27], when
compared with monoamine transporters. Finally, astrocytes are
capable of monoamine catabolism, through their expression of
monoamine oxidase B, the main enzyme for norepinephrine,
dopamine and serotonin catabolism [119, 120].

ASTROCYTE INVOLVEMENT IN PSYCHIATRIC DISORDERS
Given the prominent role of astroglial glutamate and GABA
transporters in regulating synaptic and extrasynaptic levels of
synaptically released glutamate and GABA, as well as evidence of
both glutamate and GABA gliotransmission, examining postmor-
tem brain tissue for astroglial protein biomarkers and morphology
reveals the likelihood that astroglial adaptations are consequential
regulators of many psychiatric disorders. This has resulted in using
rodent models of psychiatric disorders to reveal parallel adapta-
tions and a deeper analysis of potential molecular and morpho-
logical adaptations in astroglial regulation of tripartite synaptic
transmission. Our understanding of astroglial involvement in
synaptic transmission and psychiatry is incomplete, especially
regarding regulation of GABAergic transmission and neuromodu-
lators. We next discuss what is known regarding how astroglia
may contribute to the etiology and expression of symptoms in
various psychiatric disorders.

Major depressive disorder
Mounting evidence suggests that the pathophysiology of major
depressive disorder (MDD) involves substantial adaptations in
astroglial function [121]. In post-mortem analyses of human tissue,
reduced expression of key players in the astroglial systems that
regulate excitatory neuronal transmission is often observed [122].
For example, there are alterations in astroglial signaling systems
involved in the glutamate-glutamine cycle evident in cortical
structures of MDD patients including reduced GLT-1, GLAST and
glutamine synthetase levels [123–126]. A large amount of
evidence indicates that MDD patients exhibit profound loss of
cortical astroglia indicated via reduced cell counts and astroglial
cell density [123, 127–136], with substantial decreases in expres-
sion of glial fibrillary acidic protein (GFAP), a cytoskeletal protein
selectively synthesized in a population of astroglia, in prefrontal
cortex (PFC) samples from MDD patients [122, 137]. Morphologi-
cally, gray matter cortical astrocytes in MDD patients exhibit
enlarged glial cell nuclei [129] with larger cell bodies as well as
longer, more ramified processes observed in white matter
astrocytes [138]. Apart from gross morphological adaptations,
MDD astrocytes also exhibit decreased coverage of blood vessels
in gray matter [139, 140].
When considering loss of astroglia, a likely consequence is

dysregulation of the homeostatic functions these cells normally
perform [141] and the extracellular buildup of synaptically
released glutamate. Consistent with this, pharmacological block-
ade of GLT-1 in the PFC elevates extracellular glutamate
concentrations and produces depressive-like behaviors in rodents
including anhedonia, increased latency to drink sucrose, increased
intracranial self-stimulation and decreased social interaction
[142, 143]. Several rodent models of depression also exhibit
reductions in cortical GLT-1 and GLAST mRNA and protein
content, including models that utilize chronic dexamethasone
administration [144] or chronic learned helplessness paradigms

Fig. 3 Neuromodulation by astroglia. Astrocytes modulate glutamate release via ATP/adenosine transport through ENTs. In the dorsolateral
striatum, cortical terminals release glutamate that binds astroglial mGluR5, triggering IP3R2-dependent Ca2+ flux and ultimately ATP/
adenosine release that inhibits further synaptic glutamate release via action on presynaptic A1 receptors. This signaling cascade has been
shown to act selectively on D1 receptor-expressing neurons of the direct pathway (D1 receptors not shown). Instead, on D2 receptor-
expressing neurons of the indirect pathway, postsynaptic Gi-coupled D2 receptors interact with Gs-coupled A2A adenosine receptors such that
ATP/adenosine binding consequent to astroglia ATP/adenosine release overrides dopaminergic action on D2 receptors to inhibit D2-receptor
mediated locomotor activation.
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[145]. Another function of astroglia potentially impacted by MDD
is the metabolic support that astrocytes provide for neurons in the
form of astrocyte-neuron lactate shuttling [146, 147], a signaling
cascade directly linked to synaptic plasticity and memory
formation [148–151]. Indeed, peripheral administration of lactate
evokes antidepressant-like effects likely through lactate’s ability to
increase excitability of nearby neurons [152], and levels of cortical
lactate correlate with coping behavior in rodents, with astrocyte-
derived lactate directly enhancing the excitability of layer V
pyramidal neurons [153]. Recently, it was demonstrated that
chemogenetic activation of cortical astroglia releases ATP from
astrocytes, which in rodent models of depression induces
antidepressant-like effects mediated by purine receptors [154].
The connection between astroglia and the pathophysiology of

MDD is further supported by rodent studies where selective
ablation of cortical astrocytes with the gliotoxin L-α-aminoadipic
acid (L-AA) is sufficient to trigger a depressive-like phenotype
[155, 156]. In concert with loss of cortical astroglia, cortical
administration of L-AA impairs cognitive function and promotes
dendritic atrophy [157]. Generally, several studies support the
hypothesis that reductions in astroglial density in the cortex
contributes to the development of MDD. For example, akin to
human MDD [158], rodent models of depression and anxiety
exhibit decreased PFC astroglial counts, reduced GFAP levels
[159, 160] and decreased blood vessel coverage with concomitant
reductions in astroglial complexity [133, 161]. Interestingly,
administration of fluoxetine reverses maladaptive decreases in
astroglial complexity, suggesting that MDD- and anxiety-induced
structural adaptations in cortical astrocytes could be therapeutic
targets of antidepressant drugs. Consistent with this hypothesis,
several studies have explored astroglia as mediators of the effects
of antidepressant therapies [162–165]. As an example, selective
serotonin reuptake inhibitors (SSRIs) engage cortical astroglia in
rodents as evidenced by their enhanced intracellular Ca2+ levels
[166]. Also, SSRIs directly stimulate astroglial 5-HT2B receptors
[167] and chronic SSRI treatment upregulates 5-HT2B in astrocytes,
but not neurons [168]. Furthermore, SSRIs stimulate glucose
metabolism in astrocytes [162], a process that is necessary for
memory improvements associated with antidepressant treatment
[169, 170]. SSRIs also stimulate astroglial release of ATP/adenosine,
with therapeutic consequences on brain-derived neurotrophic
factor expression [171].
Astrocytes have also been implicated in the anti-depressant

mechanisms of action of various other traditional and non-traditional
antidepressant therapies, including tricyclic antidepressants [172],
transcranial direct current stimulation [173], lithium [174], ketamine
[175–177], and electroconvulsive therapy [171, 178, 179]. Much like
SSRIs, electroconvulsive therapy stimulates ATP/adenosine release
from astroglia [171] and downregulation of astrocyte-derived ATP/
adenosine induces depressive-like symptoms in rodents [154], a
pathology reversed by SSRIs [180]. Thus, impairments in astrocyte
ATP/adenosine release have been cited as a causative factor in MDD
and the hypothesis that astrocyte ATP/adenosine signaling plays an
important role in antidepressant action is gaining traction [171, 181].
Both depression and anxiety have been associated with

alterations in glutamate receptor expression and/or function
[182–184]. Recently, the NMDA receptor antagonist ketamine
has garnered attention for its ability to rapidly induce potent
antidepressant effects [185–187]. In a rat model of MDD, ketamine
treatment increases astrocyte size in the hippocampus and
increases the number and length of astroglial processes, support-
ing the idea that astroglial atrophy, at least in the hippocampus, is
associated with MDD [188]. Interestingly, ketamine dose-
dependently engages glutamatergic communication between
astrocytes and neurons [189]. Further, overexpression of serine
racemase and subsequent elevation of D-serine reduces anxiety-
like phenotypes in rodents, with dietary D-serine supplementation
also mimicking these effects [48]. Taken together, mounting

evidence indicates that astroglial regulation of NMDA receptor
activation is a reliable means to produce antidepressant-like
effects [190], providing an attractive target for therapeutic
intervention in MDD.
Finally, stress exposure, which is known to contribute to

depression in both animal models and humans [191, 192], leads
to enduring astrocyte morphological changes [193, 194]. For
example, acute or chronic stress in adult rats results in astrocyte
process atrophy and reductions in astrocyte volume, as well as
decreased GFAP-positive astrocyte number in the prefrontal
cortex [193, 194]. For more in-depth discussion on the potential
role of astroglia in mood disorders and in the mechanistic action
of antidepressant drugs see refs. [125, 195–201].

Bipolar disorder
Direct evidence for cortical glutamatergic dysfunction in bipolar
disorder (BD) is somewhat varied, which may reflect clinical
heterogeneity in BD and the impacts of mood-stabilizing
medication use common in BD patients [127]. Investigations of
astrocyte density and expression of GFAP in cortical tissue from
BD patients yield largely heterogenous results [127, 202–207].
However, thinning of cortical gray and white matter [208, 209],
and decreased astroglial numbers are observed in BD cortical
tissue, with enhanced activity of the glutamatergic system
observed in BD patient magnetic resonance imaging studies
[210, 211]. Further, clear adaptations in astroglial gene expression
networks is evident in tissue isolated from BD patients [212, 213].
Generally, glutamate transporter GLAST and GLT-1 mRNA levels
are not impacted in BD patients [127]. However, astrocyte atrophy
has been observed in the prefrontal and anterior cingulate
cortices, leading to suspicions that homeostatic function of
cortical astroglia may be impaired in BD and that abnormal
glutamatergic neurotransmission and neuron-glial coupling may
be present [210, 214]. Further, evidence for elevation of cortical
glutamate levels and enhanced excitatory transmission has been
observed in BD patients [210, 211] and genetic variants in the GLT-
1 gene are associated with increased susceptibility to BD and
schizophrenia [215, 216]. Finally, astrocytes derived from BD
patients exhibit altered gene expression profiles and conditioned
media from these cells negatively impacts neuronal excitability in
culture models [217]. Together, these data also support a role for
cortical astroglia in the pathophysiology of BD progression [218].
Several therapeutics for BD have direct impacts on astroglial

homeostatic regulation of glutamate [219]. As an example,
valproic acid treatment increases promoter activity of GLAST
and GLT-1, prevents manganese-induced downregulation of
GLAST and GLT-1 and improves glutamate clearance [220].
Similarly, riluzole increases GLT-1 activity [221], and promotes
cortical glutamate-glutamine cycling likely enhancing neuronal
plasticity as a means to reduce BD symptoms [222]. Lithium affects
expression of astroglial genes and modifies astroglial signaling
[223], and rodent studies using cultured astroglia reveal a network
of lithium-responsive astroglial genes [174]. Acutely, lithium
inhibits glutamate clearance, yet when administered chronically
it enhances glutamate uptake in samples derived from the murine
cortex [224] and lithium protects cultured neurons from glutamate
excitotoxicity [225]. Together, these data indicate that manipulat-
ing astroglia function may be a common cellular consequence of
existing BD therapeutics.
While the effects of lithium on glutamate transport are

discussed above, lithium also acts to inhibit astroglial glycogen
synthase kinase-3β, a serine/threonine kinase involved in many
cellular functions [226]. Additionally, lithium treatment or genetic
deletion of glycogen synthase kinase-3β increases astroglial
density, pointing to the therapeutic efficacy of lithium potentially
being derived in part from its ability to reverse cortical thinning
and loss of astroglia [174, 227]. Lithium also targets the
extracellular matrix-modifying enzyme lysyl oxidase, as well as
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peroxisome proliferator-activated receptor gamma, both of which
have been linked to astrocyte proliferation and adaptations in
astroglial morphology [174]. These findings support a wide body
of evidence indicating that lithium directly targets astrocytes, and
that lithium can reverse cortical thinning and altered astroglial
morphometrics observed in BD patients.

Schizophrenia
Akin to BD, evidence for alterations in mRNA and protein levels of
GLT-1 and GLAST in cortical postmortem tissue from patients with
schizophrenia (SCZ) is varied depending on the cortical region
investigated [127]. While GLT-1 mRNA and protein levels are
increased in prefrontal cortex in SCZ patients [228, 229], reduc-
tions in GLT-1 expression have also been observed [230], with
others reporting no change [231]. Despite these somewhat
disparate findings, reductions in posttranslational modification of
GLAST and GLT-1 required for appropriate localization of these
proteins to the astroglial plasma membrane are observed in SCZ
patient samples [232]. Further, knock out of GLAST expression in
mice produces a variety of behavioral changes considered rodent
analogues of symptoms in SCZ [233], providing additional support
for the hypothesis that aberrant glutamate homeostasis could be
present in SCZ astrocytes. Additionally, a mutation in Disrupted-In-
Schizophrenia 1 (DISC1) is a genetic risk factor implicated in major
mental disorders that disrupts neurodevelopment and synaptic
signaling [234, 235], and astroglial expression of the mutated
variant of DISC1 reduces excitatory synapse formation in cultured
neurons, an effect that is rescued by D-serine administration [235].
The adaptations in GFAP levels observed in samples derived

from SCZ patients are also somewhat varied depending on the
cortical subregions investigated, with evidence existing for
increases [236, 237], decreases [238–240] and no change in GFAP
levels [240] (see ref. [127] for in depth review). Interestingly,
astrocyte distribution is altered in PFC white matter of SCZ
patients with enhanced clustering of astrocytes observed,
supporting the hypothesis that heterogeneity in the fidelity of
homeostatic or metabolic support by astroglia may contribute to
SCZ progression [207]. Consistent with this observation and similar
to what has been shown in MDD, the labeling of astrocytes
adjacent to blood vessels [241] is decreased in the prefrontal
cortex of SCZ postmortem tissue. Direct analyses of altered
function in SCZ astroglia has also been obtained in elegant
chimera studies where glial progenitor cells derived from
schizophrenic patients were implanted in mice. In these studies,
SCZ-derived cells exhibit delayed astrocytic differentiation and
altered astrocyte morphology, with astrocytes derived from SCZ
patients exhibiting fewer processes and less branching [242].
These data also point to shifts in the structure-function relation-
ship of astroglia in the pathophysiology of SCZ. Consistent with
this hypothesis, astrocytes derived from SCZ patients also exhibit
reduced expression of neuroligin, a cell adhesion protein that
controls the balance of excitatory and inhibitory synaptic
connections and regulates astrocyte morphology [243, 244].

Alcohol use disorder
Changes in astrocyte morphology in patients with alcohol use
disorder (AUD) have long been known [245]. Many of these
changes involve GFAP upregulation and morphological changes
indicative of reactive astrogliosis occurring in cortical and
subcortical brain structures [246–248]. Likewise, in animal models
chronic ethanol exposure induces reactive astrogliosis, character-
ized by increased astrocyte density, hypertrophy and/or increased
expression of astrocyte filament proteins including vimentin and
GFAP [249–251]. As an example, increased astrocyte density is
observed in the prelimbic cortex of alcohol-withdrawn rats, and
astrocyte density correlates positively with alcohol consumed
prior to withdrawal [250].

In some studies, reduced astrocyte density is observed. These
differences may have to do with disease stage as well as brain
region studied. For example, reduced astrocyte number has been
noted in the hippocampus of abstinent patients who were
formerly chronic alcohol users [252] and in the orbitofrontal
cortex of alcohol-dependent patients [253]. In either case,
dysregulated astrocyte function, from astrocyte atrophy or
reactive astrogliosis, is likely to disrupt synaptic activity. Adapta-
tions are also observed in synaptic adjacency of astroglia in the
central amygdala, a region linked to alcohol dependence in rodent
models (Chandler lab unpublished observation). Ethanol also
directly impacts cortical glutamate homeostasis [254]. In cortical
culture systems, ethanol treatment enhances glutamate clearance,
with upregulation of both GLAST and GLT-1 observed [255–258].
In rodents, prolonged ethanol exposure followed by a period of
abstinence increases the number of GFAP and glutamine
synthetase immunoreactive astroglia in the prelimbic PFC, an
effect that correlates with the extent of ethanol consumption
[250], suggesting that ethanol increases glutamate processing and
could engage a positive feedback loop linked to excessive ethanol
consumption. Comparatively few studies have examined GFAP
levels, astroglial density or morphological adaptations in cortical
astroglia in human patients with substance use disorder (SUD) or
in rodent models of drug taking and drug seeking. However,
reduced GFAP staining and reduced numbers of astrocytes are
observed in the prefrontal cortex in AUD patients [253, 259] and
packing density of astrocytes labeled for expression of gap
junction proteins is also reduced in alcohol-dependent subjects
[260]. Similarly, reduced astrocyte numbers are observed in
rodents exposed to ethanol following a period of abstinence
[261]. Moreover, cortical astrocyte gene expression profiles are
robustly impacted by ethanol exposure in rodents [262], indicating
that akin to MDD, BD and SCZ cortical astroglia are likely involved
in the neural systems underlying the progression of AUD.
Consistent with a role for astroglial glutamate homeostasis in
ethanol-related behaviors, GLAST knock out mice do not show
conditioned place preference for ethanol and exhibit reduced
voluntary ethanol intake [263] and intracerebral ventricular
infusion of a GLT-1 antagonist attenuates binge drinking in mice
[264]. In recent studies, chemogenetic activation of cortical
astroglia has been shown to potentiate ethanol consumption in
ethanol-naïve animals, enhancing both ethanol-induced acute
hyperlocomotion and subsequent sedation, with inhibition of
cortical astroglial function via disruption of intracellular Ca2+

signaling producing the opposite effect [265].
Astroglial regulation of inhibitory GABAergic transmission is also

altered by ethanol. In rats undergoing 10-hours of alcohol
withdrawal after weeks of chronic exposure, astrocytes in the
central amygdala increase their synaptic adjacency as well as their
expression of GAT-3 [266]. Furthermore, rats with low GAT-3
expression in the central amygdala exhibit compulsive drinking
behavior and alcohol dependent individuals show similar GAT-3
reductions [267, 268]. Since GABA spillover in the central
amygdala is causally linked with escalation of alcohol intake, as
well as withdrawal symptoms in dependent animals [269], these
findings support the hypothesis that GAT-3 upregulation and
increased synaptic adjacency by astrocytes in the central
amygdala are compensatory adaptations that may serve to
counteract extrasynaptic GABA spillover and withdrawal
symptoms.

Substance use disorder
Although outside of AUD there is little clinical data regarding
astroglial involvement in SUDs, a large body of work from rodent
models of SUDS has emerged showing that cocaine or heroin self-
administration produces both enduring and transient adaptations in
astroglial morphology and membrane transporter expression.
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Extinction training after cocaine or heroin self-administration down-
regulates GLT-1 expression in accumbens astroglia [270–274], yet in
the prelimbic PFC just a splice variant of GLT-1, GLT-1B, is
downregulated, which requires both long access cocaine self-
administration and an extended period of withdrawal [271].
Alternatively, rodent studies utilizing non-contingent methampheta-
mine demonstrate GLT-1 upregulation in the striatum [275, 276],
while methamphetamine self-administration and extinction do not
alter GLT-1 in the accumbens [277]. No changes in GLT-1 expression
in the PFC following amphetamine exposure have been identified
[278]. Notably methamphetamine exposure increases astroglial
glutamate release thought to be involved in microglial activation
and neuroinflammation associated with methamphetamine use [279].
It is perhaps surprising that cocaine and methamphetamine self-
administration and extinction training do not induce similar
adaptations in GLT-1 expression in the accumbens, given their similar
effects on monoamine transport [280]. Instead, heroin and nicotine
both result in downregulation of GLT-1 in the accumbens when self-
administered, much like cocaine [281, 282], and treatment of primary
cortical astrocyte cultures with morphine downregulates expression
of GLT-1 [283], with similar results observed in the cortex of rodents
following morphine treatment [284]. In addition to adaptations in
GLT-1, cocaine, methamphetamine, and heroin self-administration
induce morphological changes in astroglia in the nucleus accumbens
that consist of a reduction in the proximity of astroglial processes to
synapses [274, 277, 285, 286]. Further, chemogenetic activation of
nucleus accumbens astrocytes inhibits cue-induced cocaine [287] and
methamphetamine seeking [277], an effect likely mediated by
gliotransmitter release and/or morphological reorganization of
astroglia [287, 288]. Additionally, chemogenetic activation of nucleus
accumbens astrocytes also reduces motivation for ethanol in a
behavioral economics paradigm [289]. Remarkably, reinstated drug
seeking induced by drug-conditioned cues transiently increases
astroglial proximity to accumbens synapses [274], an effect that is
most pronounced surrounding large dendritic spines [290]. Astrocyte
fine process elongation during cued reinstatement coincides with
degradation of the extracellular matrix [291], a process that is
necessary for expansion of dendritic spines during drug seeking [292].
See Brown and Sorg in this issue of NPP for further detail on the
extracellular matrix, perineuronal nets and SUDS. Moreover, the
reinsertion of astroglial processes towards accumbens synapses
dampens cued reinstatement of heroin seeking, as preventing this
reinsertion by knocking down the actin binding protein ezrin
increases cued heroin seeking [293]. Finally, this dynamic of astroglial
withdrawal from accumbens synapses after heroin use and transient
restoration by heroin cues occurs selectively around D2-medium spiny
neuron (MSN) dendrites, while the pattern surrounding D1-MSNs is
the opposite [294].
In animal models, relapse behavior is linked to activity of

excitatory corticostriatal terminals [295], which are regulated by
astroglial uptake of both glutamate and GABA in the basal ganglia
[296–298]. As discussed above, astrocytes undergo remodeling in
subtler ways than was previously appreciated [62, 294], and
microscopic alterations in perisynaptic astroglial processes are
linked with synaptic adaptations in disorders of motivation
including drug relapse [50]. Astrocytes in the ventral pallidum, a
brain structure receiving GABAergic projections from the nucleus
accumbens that orchestrates both reward seeking [299, 300] and
hedonic liking [301], undergo synapse-selective morphological
plasticity after extinction training that abolishes heroin-seeking
behavior [62]. The increased adjacency of astrocytes with synapses
in the dorsolateral ventral pallidum following extinction training is
selective for D1-MSN afferents from the nucleus accumbens core.
Notably, astrocytes in the ventral pallidum also increase their
expression of GAT-3 during extinction training, and both the
increased adjacency with D1-MSN terminals and the increase in
GAT-3 expression are necessary for extinction of heroin-seeking
behavior, given that knockdown of either phenotype stimulates

reward-seeking in the extinguished context [62]. Remarkably,
manipulating either synaptic adjacency of pallidal astrocytes or
GAT-3 expression does not affect natural reward seeking [62]. The
signaling events that drive transient astrocyte morphological
adaptations to limit drug-seeking have not been characterized,
but are known to involve phosphorylation of ezrin, an astroglial-
selective actin-binding protein that permits astrocyte fine process
elongation [302, 303].
It is intriguing that astrocytes exhibit the same pattern of

synaptic insulation after heroin withdrawal at both excitatory
terminals that synapse onto D1-MSN dendrites in the nucleus
accumbens core, and at GABAergic D1-MSN terminals in the
ventral pallidum [62, 294, 303]. Likewise, astrocytes retract from
D1-MSN-containing synapses during cued reinstatement of heroin
seeking in both brain regions, upon glutamate or GABA release, in
the accumbens or pallidum, respectively. This observation raises
the possibility that astroglia are tuned via receptor and/or
transporter expression to nearby synapses, such that synaptic
activity triggers similar morphological adaptations. For example,
Na+ currents triggered by glutamate uptake in the accumbens, or
GABA uptake in the ventral pallidum, could elicit similar forms of
morphological plasticity upon synaptic transmitter release and
subsequent neurotransmitter transport at either site. Alternatively,
astrocytes may be tuned to signal uniquely with specific neural
subtypes (as in ref. [304]), rather than simply in response to
excitatory or inhibitory synaptic activity. For example, astrocytes in
the dorsal striatum engage in ATP/adenosine signaling selectively
with D1-MSNs, but not D2-MSNs [101], suggesting neural release of
certain molecules may recruit different patterns of gliotransmis-
sion, as well as degrees of synaptic insulation by astroglial
processes (as in ref. [294]).
Finally, thrombospondin (TSP) is secreted by astroglia, and

when activated in the extracellular matrix binds to the α2δ-1
auxiliary subunit on presynaptic Ca2+ channels and promotes
synaptogenesis during brain development [305]. TSP secretion
and activation is also produced following cocaine-induced
increases in astroglial Ca2+ [306]. This process mediates the
induction of silent synapses in the nucleus accumbens by cocaine
and since the astroglial Ca2+ increases often occur simultaneously
in multiple adjacent astroglia [307] this may contribute to
ensemble formation encoding learning associated with cocaine
use [308]. Stimulation of the α2δ-1 subunit by thrombospondin
may be consequential in cocaine relapse since blockade of this
receptor reduces cocaine prime-induced cocaine seeking [309].

Obsessive-compulsive disorder
Obsessive-compulsive disorder (OCD) is thought to arise from an
imbalance of excitatory and inhibitory neurotransmission in the
brain [310, 311]. In keeping with this framework, animal models of
OCD exhibit increased excitatory drive, or loss of inhibitory
regulation [312]. Given their essential role in regulating both
excitatory and inhibitory signaling, astrocytes have been the
subject of several studies seeking to uncover relevant pathophy-
siology in OCD [311, 313]. Since astroglial GAT-3 expression
reduces tonic inhibition of postsynaptic cells, abnormal GAT-3
expression can tip the excitatory:inhibitory balance. For example,
disrupting functionally critical Ca2+ dynamics in astroglia in the
dorsolateral striatum leads to maladaptive GAT-3 upregulation
along with a number of alterations in striatal MSN physiology, and
triggers excessive self-grooming behavior [314], an obsessive-
compulsive-like trait in mice [314, 315]. While neural activity is
generally disrupted by Ca2+ extrusion from astroglia, and MSNs
exhibit hyperpolarized resting membrane potentials, higher
rheobase, and right-shifted input-output curves overall, reduced
tonic inhibition is noted selectively on D1-MSNs [314]. Moreover,
excessive grooming in these animals is partially reversed by
GAT-3 blockade, indicating its direct contribution to OCD-like
behavior.
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FUTURE DIRECTIONS
Over the last decade the field of neuroscience has begun turning
toward a realization that we need a deeper understanding of the
role played by astroglia to understand how neuronal synapses are
tuned by astrocytes which in-turn regulate brain circuits and
behavior. This is true not only for homeostatic functions
performed by astroglia to constitutively maintain aspects of
synaptic metabolism and boundaries of synaptic transmitter
release, spillover and postsynaptic signaling, but also for under-
standing the dynamic changes in synaptic plasticity that are
induced by important environmental stimuli to initiate adaptive
learning and behavior, as well as pathological behaviors
characteristic of psychiatric disorders. These advances require
not only improved technologies for measuring and observing
astroglia and tripartite synaptic function, but also require us to ask
questions about brain and synaptic function from an astroglial
perspective. Below, we approach future directions from this point
of view by asking four fundamental questions from an astroglial
perspective, then describing existing and future technologies that
might be useful in answering these questions.
What is the functional relevance of astrocyte heterogeneity?

Recent analyses of astrocyte morphology, protein expression, and
function within and across brain regions have highlighted
considerable functional heterogeneity in astroglia [316–319], as
well as the existence of unique forms of astroglial plasticity in
subpopulations of brain astrocytes [294, 304, 320]. For example,
relapse to heroin use induces morphological plasticity in a
subpopulation of astrocytes that insert peripheral processes
toward synapses. Another subpopulation of accumbens astrocytes
remain retracted from synapses during heroin relapse but increase
their extrasynaptic expression of GLT-1. Though non-overlapping,
both adaptations are transient and serve to reduce drug-seeking
behavior in rodents [294]. These findings paired with the fact that
expression of certain classic astrocyte markers only occurs in
subpopulations of brain astrocytes [321] point to astrocytes as a
heterogeneous cell type in morphology, protein expression, and
function. Like in neurons, identifying reliable markers of unique
astroglial types is an important goal that will permit functional
characterization of different astrocyte subpopulations. High
throughput quantification of morphology and protein expression
across large numbers of astrocytes in critical brain regions, paired
with appropriate statistical methods for identifying unique
populations, and plasticity in these populations in various disease
states is an existing strategy that has yet to be conducted on a
large scale.
How do astroglia switch from constitutive homeostatic regulation of

synapses to dynamic regulators of synaptic transmission and behavior
induced by salient environmental stimuli? Resolving this primary issue
requires a shift toward in vivo technologies. In vitro and ex vivo
technologies have provided us with the knowledge that synaptic
activity and plasticity are strongly regulated by the proximity of
astroglia and the expression of various proteins that can control
transmitter spillover to extrasynaptic receptors (both neuronal and
astroglial). Culture systems and brain slice experimentation have
allowed for breakthroughs in understanding how astroglial Ca2+

dynamically regulates astroglial plasticity which in turn influences
neuronal synapses. However, in vitro and ex vivo preparations do
not perfectly mimic in vivo homeostatic environments. For
example, much of the subtle compartmentalization of extra-
cellular neuromodulators is disrupted in tissue slices and may not
exist in culture. More importantly, the physiological or patholo-
gical processes by which environmental stimuli lead to learning
and behavior requires in vivo models. A key advance that is
needed is improved sensitivity of Ca2+ sensors in astroglia [322–
329]. For example, while it is now possible to image Ca2+ fluxes in
peripheral perisynaptic astroglial processes in fixed-head 2-
photon imaging of cortex, deep brain structures require
implantation of a lens that causes a loss of both resolution and

fluorescence intensity. Given the advances currently being made
in genetic indicators for Ca2+, studies utilizing visualization and
analyses of adaptations in astroglial activity patterns during
behaviors indicative of psychiatric symptoms, such as cue-
induced stress or drug seeking, will provide much needed insight
into the role that astroglia play in these processes.
How do we test for astroglial necessity or sufficiency in mediating

behavioral pathologies? Viral strategies for influencing neuronal
activity are starting to be adapted for brain region-specific
stimulation of astrocytes [314, 330–333], but much work remains
in developing astroglial specific promoters and transgenes for
selective regulation of astroglia proteins [306, 334–336] and for
astroglial expression of genetic indicators of specific neurotrans-
mitters including dopamine, GABA and glutamate [337, 338]. As
described above for astroglial Ca2+ sensors, visualizing these
sensors in vivo in deep brain structures remains a hurdle, and as
astroglial subtypes are genetically and functionally defined, new
reagents selective for individual subtypes will need to be
developed, including viral transgene expression and transgenic
experimental animals.
Do astroglia coordinate circuit activity? Sufficient data are now

being accumulated regarding how astroglia are adapting in two
interconnected brain nuclei relative to specific neuronal subtypes.
As discussed above, recent studies show that drug cues produce
enhanced astroglia-synapse interaction with specific regulation
around D1- and D2-MSN dendrites in the nucleus accumbens in
parallel with adaptations selectively around D1- and D2-MSN
synapses in the ventral pallidum. The cell-type subcircuit
specificity raises the possibility that these adaptations may be
coordinated to modulate cued drug seeking. Simultaneous in vivo
imaging of astroglial Ca2+ transients in the behaving animal
paired with recordings of neuronal activity in the same brain
region, would be an ideal approach, yet this will undoubtedly be
technically challenging (see above). However, methods for
genetically tagging neurons activated during behavioral tasks
[339], called targeted recombination in active populations or TRAP
[340], could be adapted to use in astroglia to provide insight on
how signaling activity within astroglia in interconnected nuclei
may be shaping circuit activity. While work remains to be done to
identify relevant immediate early gene promoter activity in
astroglia that is induced by receptor stimulation or ionic flux,
studies illustrate the possibility [341, 342]. On one hand,
behaviorally stimulated ensembles of astroglia could be filled
with a membrane targeted reporter and synaptic proximity to
specific neuronal subtypes could be determined. On the other
hand, astrocytic TRAP can be combined with chemogenetic or
optogenetic tools to manipulate astroglial activity in subsets of
cells engaged by various stimuli. Additionally, once astrocytic
TRAP vectors become widely utilized, when combined with
vectors that allow for Cre-dependent manipulation of gene
expression in astroglia, (a relatively minor extension of the
existing astroglia shRNA vector technology [306]), it will be
possible to target subsets of astrocytes active during a particular
task or behavior and discreetly manipulate expression of
neurotransmitter receptor and release systems in these cells. This
approach will help investigators code how astroglial ensembles
are being regulated by neuro- and gliotransmission. With these
approaches, astrocytes and tripartite physiology can be amalga-
mated into the developing ensemble-based hypotheses of how
activity within small sets of neurons dictate complicated behaviors
[343, 344].
A final exciting approach toward understanding how astroglia

and tripartite synapses may regulate brain circuits is framed by
reports detailing axo-astrocytic transfer of viral vectors encoding
recombinases from neurons to astroglia, which when combined
with various intersectional viral vector approaches, allows for the
specific transduction of astrocytes that contact synapses with
anatomically specific presynaptic inputs. These strategies allow for
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the discreet microcircuit level manipulation and analyses of
astrocyte roles in regulating activity of circuits such as those
outlined in Box 2 [345].
In summary, the field of neuroscience appears to be on the

verge of having a toolkit to more directly observe how astroglia
regulate neuronal synapses in real time. This combined with
deeper understanding of how astroglial subtypes shape neural
activity will permit incorporating astroglial functions and plasticity
into existing circuit schema that are thought to underpin
psychiatric disorders. Accompanying this expansion in basic
knowledge, drug discovery efforts aimed at reversing astroglial
pathologies identified in postmortem human brain and the more
subtle pathologies currently being identified in animal models
hold great promise in developing novel therapeutic approaches
for treating psychiatric disorders.

REFERENCES
1. D’eiters O. Untersuchungen uber Gehim und Ruckenmark des Menschen und

der Saugethiere. Vieweg: Braunschweig; 1865.
2. Garcia-Marin V, Garcia-Lopez P, Freire M. Cajal’s contributions to glia research.

Trends Neurosci. 2007;30:479–87.
3. Yu AC, Lee YL, Eng LF. Glutamate as an energy substrate for neuronal-astrocytic

interactions. Prog Brain Res. 1992;94:251–9.
4. Schousboe A, Westergaard N, Sonnewald U, Petersen SB, Huang R, Peng L, et al.

Glutamate and glutamine metabolism and compartmentation in astrocytes. Dev
Neurosci. 1993;15:359–66.

5. Porter JT, McCarthy KD. Astrocytic neurotransmitter receptors in situ and in vivo.
Prog Neurobiol. 1997;51:439–55.

6. Vernadakis A. Glia-neuron intercommunications and synaptic plasticity. Prog
Neurobiol. 1996;49:185–214.

7. Araque A, Sanzgiri RP, Parpura V, Haydon PG. Astrocyte-induced modulation of
synaptic transmission. Can J Physiol Pharm. 1999;77:699–706.

8. Bacci A, Verderio C, Pravettoni E, Matteoli M. The role of glial cells in synaptic
function. Philos Trans R Soc Lond B Biol Sci. 1999;354:403–9.

9. Vesce S, Bezzi P, Volterra A. The highly integrated dialogue between neurons
and astrocytes in brain function. Sci Prog. 1999;82:251–70.

10. Araque A, Parpura V, Sanzgiri RP, Haydon PG. Tripartite synapses: glia, the
unacknowledged partner. Trends Neurosci. 1999;22:208–15.

11. Westbrook GL. Glutamate receptors and excitotoxicity. Res Publ Assoc Res Nerv
Ment Dis. 1993;71:35–50.

12. Frederickson RC. Astroglia in Alzheimer’s disease. Neurobiol Aging. 1992;13:
239–53.

13. Aschner M, LoPachin RM Jr. Astrocytes: targets and mediators of chemical-
induced CNS injury. J Toxicol Environ Health. 1993;38:329–42.

14. Parpura V, Heneka MT, Montana V, Oliet SH, Schousboe A, Haydon PG, et al. Glial
cells in (patho)physiology. J Neurochemistry. 2012;121:4–27.

15. Silani V, Braga M, Ciammola A, Cardin V, Scarlato G. Motor neurones in culture as
a model to study ALS. J Neurol. J Neurol. 2000;247:I28–36.

16. Halassa MM, Fellin T, Haydon PG. The tripartite synapse: roles for glio-
transmission in health and disease. Trends Mol Med. 2007;13:54–63.

17. Rajkowska G, Miguel-Hidalgo JJ. Gliogenesis and glial pathology in depression.
CNS Neurol Disord Drug Targets. 2007;6:219–33.

18. Verkhratsky A, Augusto-Oliveira M, Pivoriūnas A, Popov A, Brazhe A, Semyanov
A. Astroglial asthenia and loss of function, rather than reactivity, contribute to
the ageing of the brain. Pflug Arch. 2021;473:753–774.

19. Tran CHT. Toolbox for studying neurovascular coupling in vivo, with a focus
on vascular activity and calcium dynamics in astrocytes. Neurophotonics. 2022;
9:021909.

20. Beard E, Lengacher S, Dias S, Magistretti PJ, Finsterwald C. Astrocytes as key
regulators of brain energy metabolism: new therapeutic perspectives. Front
Physiol. 2021;12:825816.

21. Konishi H, Koizumi S, Kiyama H. Phagocytic astrocytes: emerging from the
shadows of microglia. Glia. 2022;70:1009–1026.

22. Zhukovsky P, Anderson J, Coughlan G, Mulsant BH, Cipriani A, Voineskos AN.
Coordinate-based network mapping of brain structure in major depressive
disorder in younger and older adults: a systematic review and meta-analysis. Am
J Psychiatry. 2021;178:1119–28.

23. Sahani V, Hurd YL, Bachi K. Neural underpinnings of social stress in substance
use disorders. Curr Top Behav Neurosci. 2022; https://doi.org/10.1007/
7854_2021_272. Online ahead of print.

24. Koob GF, Volkow ND. Neurobiology of addiction: a neurocircuitry analysis.
Lancet Psychiatry. 2016;3:760–73.

25. Albrecht J, Sidoryk-Węgrzynowicz M, Zielińska M, Aschner M. Roles of glutamine
in neurotransmission. Neuron Glia Biol. 2010;6:263–76.

26. Parpura V, Verkhratsky A. Astrocytes revisited: concise historic outlook on glu-
tamate homeostasis and signaling. Croat Med J. 2012;53:518–28.

27. Danbolt NC. Glutamate uptake. Prog Neurobiol. 2001;65:1–105.
28. Williams SM, Sullivan RK, Scott HL, Finkelstein DI, Colditz PB, Lingwood BE, et al.

Glial glutamate transporter expression patterns in brains from multiple mam-
malian species. Glia. 2005;49:520–41.

29. Pajarillo E, Rizor A, Lee J, Aschner M, Lee E. The role of astrocytic glutamate
transporters GLT-1 and GLAST in neurological disorders: Potential targets for
neurotherapeutics. Neuropharmacology. 2019;161:107559.

30. Li CT, Yang KC, Lin WC. Glutamatergic dysfunction and glutamatergic com-
pounds for major psychiatric disorders: evidence from clinical neuroimaging
studies. Front Psychiatry. 2018;9:767.

31. Lewerenz J, Maher P. Chronic glutamate toxicity in neurodegenerative diseases-
what is the evidence? Front Neurosci. 2015;9:469.

32. Scofield MD, Kalivas PW. Astrocytic dysfunction and addiction: consequences of
impaired glutamate homeostasis. Neuroscientist. 2014;20:610–22.

33. Cheung G, Bataveljic D, Visser J, Kumar N, Moulard J, Dallérac G, et al. Physio-
logical synaptic activity and recognition memory require astroglial glutamine.
Nat Commun. 2022;13:753.

34. Rose CR, Felix L, Zeug A, Dietrich D, Reiner A, Henneberger C. Astroglial
glutamate signaling and uptake in the hippocampus. Front Mol Neurosci.
2017;10:451.

35. Verkhratsky A, Kirchhoff F. NMDA receptors in glia. Neuroscientist. 2007;
13:28–37.

36. Lalo U, Pankratov Y, Kirchhoff F, North RA, Verkhratsky A. NMDA receptors
mediate neuron-to-glia signaling in mouse cortical astrocytes. J Neurosci.
2006;26:2673–83.

37. Aronica E, Gorter JA, Ijlst-Keizers H, Rozemuller AJ, Yankaya B, Leenstra S, et al.
Expression and functional role of mGluR3 and mGluR5 in human astrocytes and
glioma cells: opposite regulation of glutamate transporter proteins. Eur J Neu-
rosci. 2003;17:2106–18.

38. Hadzic M, Jack A, Wahle P. Ionotropic glutamate receptors: which ones,
when, and where in the mammalian neocortex. J Comp Neurol. 2017;525:
976–1033.

39. Panatier A, Robitaille R. Astrocytic mGluR5 and the tripartite synapse. Neu-
roscience. 2016;323:29–34.

40. Lalo U, Koh W, Lee CJ, Pankratov Y. The tripartite glutamatergic synapse. Neu-
ropharmacology. 2021;199:108758.

41. Guerra-Gomes S, Sousa N, Pinto L, Oliveira JF. Functional roles of
astrocyte calcium elevations: from synapses to behavior. Front Cell Neurosci.
2017;11:427.

42. Le Bail M, Martineau M, Sacchi S, Yatsenko N, Radzishevsky I, Conrod S, et al.
Identity of the NMDA receptor coagonist is synapse specific and devel-
opmentally regulated in the hippocampus. Proc Natl Acad Sci USA. 2015;112:
E204–13.

43. Wolosker H, Balu DT. D-Serine as the gatekeeper of NMDA receptor activity:
implications for the pharmacologic management of anxiety disorders. Transl
Psychiatry. 2020;10:184.

44. Durrant AR, Heresco-Levy U. D-Serine in neuropsychiatric disorders: new
advances. Adv Psychiatry. 2014;2014:859735–16.

45. Singer T, Ding S, Ding S. Astroglia abnormalities in post-stroke mood disorders.
Adv Neurobiol. 2021;26:115–38.

46. Wolosker H, Balu DT, Coyle JT. The rise and fall of the d-Serine-mediated glio-
transmission hypothesis. Trends Neurosci. 2016;39:712–21.

47. Coyle JT, Balu D, Wolosker H. D-Serine, the shape-shifting NMDA receptor co-
agonist. Neurochem Res. 2020;45:1344–53.

48. Otte DM, Barcena de Arellano ML, Bilkei-Gorzo A, Albayram O, Imbeault S, Jeung
H, et al. Effects of chronic D-Serine elevation on animal models of depression
and anxiety-related behavior. PLoS One. 2013;8:e67131.

49. Sardinha VM, Guerra-Gomes S, Caetano I, Tavares G, Martins M, Reis JS, et al.
Astrocytic signaling supports hippocampal-prefrontal theta synchronization and
cognitive function. Glia. 2017;65:1944–60.

50. Kruyer A, Kalivas PW. Astrocytes as cellular mediators of cue reactivity in
addiction. Curr Opin Pharm. 2020;56:1–6.

51. Verkhratsky A, Nedergaard M. Astroglial cradle in the life of the synapse. Philos
Trans R Soc Lond B Biol Sci. 2014;369:20130595.

52. Rusakov DA, Stewart MG. Synaptic environment and extrasynaptic glutamate
signals: The quest continues. Neuropharmacology. 2021;195:108688.

53. Henneberger C, Bard L, Panatier A, Reynolds JP, Kopach O, Medvedev NI, et al.
LTP induction boosts glutamate spillover by driving withdrawal of perisynaptic
astroglia. Neuron. 2020;108:919–36.e11.

54. Heller JP, Rusakov DA. Morphological plasticity of astroglia: Understanding
synaptic microenvironment. Glia. 2015;63:2133–51.

A. Kruyer et al.

30

Neuropsychopharmacology (2023) 48:21 – 36

https://doi.org/10.1007/7854_2021_272
https://doi.org/10.1007/7854_2021_272


55. Pannasch U, Freche D, Dallérac G, Ghézali G, Escartin C, Ezan P, et al. Connexin
30 sets synaptic strength by controlling astroglial synapse invasion. Nat Neu-
rosci. 2014;17:549–58.

56. Eroglu C, Barres BA. Regulation of synaptic connectivity by glia. Nature.
2010;468:223–31.

57. Perez-Alvarez A, Navarrete M, Covelo A, Martin ED, Araque A. Structural and
functional plasticity of astrocyte processes and dendritic spine interactions. J
Neurosci. 2014;34:12738–44.

58. Theodosis DT, Poulain DA, Oliet SH. Activity-dependent structural and functional
plasticity of astrocyte-neuron interactions. Physiol Rev. 2008;88:983–1008.

59. Bernardinelli Y, Randall J, Janett E, Nikonenko I, König S, Jones EV, et al. Activity-
dependent structural plasticity of perisynaptic astrocytic domains promotes
excitatory synapse stability. Curr Biol. 2014;24:1679–88.

60. Chung WS, Allen NJ, Eroglu C. Astrocytes control synapse formation, function,
and elimination. Cold Spring Harb Perspect Biol. 2015;7:a020370.

61. Reichenbach A, Derouiche A, Kirchhoff F. Morphology and dynamics of peri-
synaptic glia. Brain Res Rev. 2010;63:11–25.

62. Kruyer A, Dixon D, Angelis A, Amato D, Kalivas PW. Astrocytes in the ventral
pallidum extinguish heroin seeking through GAT-3 upregulation and morpho-
logical plasticity at D1-MSN terminals. Mol Psychiatry, 2022;27:855–864.

63. Fraser DD, Mudrick-Donnon LA, MacVicar BA. Astrocytic GABA receptors. Glia.
1994;11:83–93.

64. Nagai J, Rajbhandari AK, Gangwani MR, Hachisuka A, Coppola G.Masmanidis SC,
et al. Hyperactivity with disrupted attention by activation of an astrocyte
synaptogenic cue. Cell. 2019;177:1280–92.e20.

65. Mariotti L, Losi G, Sessolo M, Marcon I, Carmignoto G. The inhibitory neuro-
transmitter GABA evokes long-lasting Ca(2+) oscillations in cortical astrocytes.
Glia. 2016;64:363–73.

66. Perea, G, Gómez R, Mederos S, Covelo A, Ballesteros JJ, Schlosser L, et al.
Activity-dependent switch of GABAergic inhibition into glutamatergic excitation
in astrocyte-neuron networks. Elife, 2016;5:e20362.

67. Mederos S, Sánchez-Puelles C, Esparza J, Valero M, Ponomarenko A, Perea G.
GABAergic signaling to astrocytes in the prefrontal cortex sustains goal-directed
behaviors. Nat Neurosci. 2021;24:82–92.

68. Serrano A, Haddjeri N, Lacaille JC, Robitaille R. GABAergic network activation of
glial cells underlies hippocampal heterosynaptic depression. J Neurosci.
2006;26:5370–82.

69. Covelo A, Araque A. Neuronal activity determines distinct gliotransmitter release
from a single astrocyte. Elife. 2018;7:e32237.

70. Minelli A, Brecha NC, Karschin C, DeBiasi S, Conti F. GAT-1, a high-affinity GABA
plasma membrane transporter, is localized to neurons and astroglia in the
cerebral cortex. J Neurosci. 1995;15:7734–46.

71. Melone M, Ciappelloni S, Conti F. A quantitative analysis of cellular and synaptic
localization of GAT-1 and GAT-3 in rat neocortex. Brain Struct Funct.
2015;220:885–97.

72. Kersanté F, Rowley SC, Pavlov I, Gutièrrez-Mecinas M, Semyanov A, Reul JM,
et al. A functional role for both -aminobutyric acid (GABA) transporter-1 and
GABA transporter-3 in the modulation of extracellular GABA and GABAergic
tonic conductances in the rat hippocampus. J Physiol. 2013;591:2429–41.

73. Beenhakker MP, Huguenard JR. Astrocytes as gatekeepers of GABAB receptor
function. J Neurosci. 2010;30:15262–76.

74. Bak LK, Schousboe A, Waagepetersen HS. The glutamate/GABA-glutamine cycle:
aspects of transport, neurotransmitter homeostasis and ammonia transfer. J
Neurochem. 2006;98:641–53.

75. Benjamin AM. Influence of Na+, K+, and Ca2+ on glutamine synthesis and
distribution in rat brain cortex slices: a possible linkage of glutamine synthetase
with cerebral transport processes and energetics in the astrocytes. J Neu-
rochem. 1987;48:1157–64.

76. Bröer A, Albers A, Setiawan I, Edwards RH, Chaudhry FA, Lang F, et al. Regulation
of the glutamine transporter SN1 by extracellular pH and intracellular sodium
ions. J Physiol. 2002;539:3–14.

77. Todd AC, Marx MC, Hulme SR, Bröer S, Billups B. SNAT3-mediated glutamine
transport in perisynaptic astrocytes in situ is regulated by intracellular sodium.
Glia. 2017;65:900–16.

78. Roberts-Wolfe DJ, Kalivas PW. Glutamate transporter GLT-1 as a therapeutic target
for substance use disorders. CNS Neurol Disord Drug Targets. 2015;14:745–56.

79. Rothstein JD, Tabakoff B. Alteration of striatal glutamate release after glutamine
synthetase inhibition. J Neurochem. 1984;43:1438–46.

80. Wydra K, Golembiowska K, Zaniewska M, Kamińska K, Ferraro L, Fuxe K, et al.
Accumbal and pallidal dopamine, glutamate and GABA overflow during
cocaine self-administration and its extinction in rats. Addict Biol. 2013;18:
307–24.

81. Amitai N, Kuczenski R, Behrens MM, Markou A. Repeated phencyclidine
administration alters glutamate release and decreases GABA markers in the
prefrontal cortex of rats. Neuropharmacology. 2012;62:1422–31.

82. Dhaher R, Gruenbaum SE, Sandhu M, Ottestad-Hansen S, Tu N, Wang Y, et al.
Network-related changes in neurotransmitters and seizure propagation during
rodent epileptogenesis. Neurology. 2021;96:e2261–e2271.

83. Kelly CJ, Huang M, Meltzer H, Martina M. Reduced glutamatergic currents and
dendritic branching of layer 5 pyramidal cells contribute to medial prefrontal
cortex deactivation in a rat model of neuropathic pain. Front Cell Neurosci.
2016;10:133.

84. Kruyer A, Scofield MD. Astrocytes in addictive disorders. Adv Neurobiol.
2021;26:231–54.

85. Nam MH, Cho J, Kwon DH, Park JY, Woo J, Lee JM, et al. Excessive astrocytic
GABA causes cortical hypometabolism and impedes functional recovery after
subcortical stroke. Cell Rep. 2020;32:107861.

86. Park JH, Ju YH, Choi JW, Song HJ, Jang BK, Woo J, et al. Newly developed
reversible MAO-B inhibitor circumvents the shortcomings of irreversible inhi-
bitors in Alzheimer’s disease. Sci Adv. 2019;5:eaav0316.

87. Kwak H, Koh W, Kim S, Song K, Shin JI, Lee JM, et al. Astrocytes control sensory
acuity via tonic inhibition in the thalamus. Neuron. 2020;108:691–706.e10.

88. Unichenko P, Dvorzhak A, Kirischuk S. Transporter-mediated replacement of
extracellular glutamate for GABA in the developing murine neocortex. Eur J
Neurosci. 2013;38:3580–8.

89. Héja L, Simon Á, Szabó Z, Kardos J. Feedback adaptation of synaptic excitability
via Glu:Na(+) symport driven astrocytic GABA and Gln release. Neuropharma-
cology. 2019;161:107629.

90. Flanagan B, McDaid L, Wade JJ, Toman M, Wong-Lin K, Harkin J. A computa-
tional study of astrocytic GABA release at the glutamatergic synapse: EAAT-2
and GAT-3 coupled dynamics. Front Cell Neurosci. 2021;15:682460.

91. Wójtowicz AM, Dvorzhak A, Semtner M, Grantyn R. Reduced tonic inhibition in
striatal output neurons from Huntington mice due to loss of astrocytic GABA
release through GAT-3. Front Neural Circuits. 2013;7:188.

92. Pedrosa V, Clopath C. The role of neuromodulators in cortical plasticity. a
computational perspective. Front Synaptic Neurosci. 2016;8:38.

93. Sebastiao AM, Ribeiro JA. Neuromodulation and metamodulation by adenosine:
Impact and subtleties upon synaptic plasticity regulation. Brain Res. 2015;1621:
102–13.

94. Paes-De-Carvalho R. Adenosine as a signaling molecule in the retina: bio-
chemical and developmental aspects. Acad Bras Cienc. 2002;74:437–51.

95. Sheth S, Brito R, Mukherjea D, Rybak LP, Ramkumar V. Adenosine receptors:
expression, function and regulation. Int J Mol Sci. 2014;15:2024–52.

96. Schiffmann SN, Fisone G, Moresco R, Cunha RA, Ferré S. Adenosine A2A
receptors and basal ganglia physiology. Prog Neurobiol. 2007;83:277–92.

97. Silinsky EM, Redman RS. Synchronous release of ATP and neurotransmitter
within milliseconds of a motor nerve impulse in the frog. J Physiol.
1996;492:815–22.

98. Richardson PJ, Brown SJ. ATP release from affinity-purified rat cholinergic nerve
terminals. J Neurochem. 1987;48:622–30.

99. Cunha RA, Ribeiro JA. ATP as a presynaptic modulator. Life Sci. 2000;68:119–37.
100. Matos M, Bosson A, Riebe I, Reynell C, Vallée J, Laplante I, et al. Astrocytes detect

and upregulate transmission at inhibitory synapses of somatostatin inter-
neurons onto pyramidal cells. Nat Commun. 2018;9:4254.

101. Cavaccini A, Durkee C, Kofuji P, Tonini R, Araque A. Astrocyte signaling gates
long-term depression at corticostriatal synapses of the direct pathway. J Neu-
rosci. 2020;40:5757–68.

102. Agostinho P, Madeira D, Dias L, Simões AP, Cunha RA, Canas PM.
Purinergic signaling orchestrating neuron-glia communication. Pharm Res. 2020;
162:105253.

103. Boison D, Chen JF, Fredholm BB. Adenosine signaling and function in glial cells.
Cell Death Differ. 2010;17:1071–82.

104. Gomez-Villafuertes R, Gualix J, Miras-Portugal MT. Single GABAergic synaptic
terminals from rat midbrain exhibit functional P2X and dinucleotide receptors,
able to induce GABA secretion. J Neurochem. 2001;77:84–93.

105. Fritz BM, Yin F, Atwood BK. Input-selective adenosine A1 receptor-mediated
synaptic depression of excitatory transmission in dorsal striatum. Sci Rep.
2021;11:6345.

106. Roberts BM, Lambert E, Livesey JA, Wu Z, Li Y, Cragg SJ. Dopamine release in
nucleus accumbens is under tonic inhibition by adenosine A1 receptors regu-
lated by astrocytic ENT1 and dysregulated by ethanol. J Neurosci,
2022;42:1738–51.

107. Ferre S. An update on the mechanisms of the psychostimulant effects of caf-
feine. J Neurochem. 2008;105:1067–79.

108. Moreira-De-Sá A, Lourenço VS, Canas PM, Cunha RA. Adenosine A2A receptors
as biomarkers of brain diseases. Front Neurosci. 2021;15:702581.

109. Bonaventura J, Navarro G, Casadó-Anguera V, Azdad K, Rea W, Moreno E, et al.
Allosteric interactions between agonists and antagonists within the adenosine
A2A receptor-dopamine D2 receptor heterotetramer. Proc Natl Acad Sci USA.
2015;112:E3609–18.

A. Kruyer et al.

31

Neuropsychopharmacology (2023) 48:21 – 36



110. Ferré S, Díaz-Ríos M, Salamone JD, Prediger RD. New developments on the
adenosine mechanisms of the central effects of caffeine and their implications
for neuropsychiatric disorders. J Caffeine Adenosine Res. 2018;8:121–31.

111. Prasad K, de Vries EFJ, Elsinga PH, Dierckx RAJO, van Waarde A. Allosteric
interactions between adenosine A2A and dopamine D2 receptors in hetero-
meric complexes: biochemical and pharmacological characteristics, and
opportunities for PET imaging. Int J Mol Sci, 2021. 22:1719.

112. Verkhratsky A, Nedergaard M. Physiology of astroglia. Physiol Rev. 2018;98:
239–389.

113. Zhang S, Li B, Lovatt D, Xu J, Song D, Goldman SA, et al. 5-HT2B receptors are
expressed on astrocytes from brain and in culture and are a chronic target for all
five conventional ‘serotonin-specific reuptake inhibitors’. Neuron Glia Biol.
2010;6:113–25.

114. Corkrum M, Covelo A, Lines J, Bellocchio L, Pisansky M, Loke K, et al. Dopamine-
evoked synapti c regulation in the nucleus accumbens requires astrocyte
activity. Neuron. 2020;105:1036–1047.e5.

115. Karakaya S, Kipp M, Beyer C. Oestrogen regulates the expression and function of
dopamine transporters in astrocytes of the nigrostriatal system. J Neuroendo-
crinol. 2007;19:682–90.

116. Takeda H, Inazu M, Matsumiya T. Astroglial dopamine transport is mediated by
norepinephrine transporter. Naunyn Schmiedebergs Arch Pharm. 2002;366:620–3.

117. Inazu M, Takeda H, Matsumiya T. Functional expression of the norepinephrine
transporter in cultured rat astrocytes. J Neurochem. 2003;84:136–44.

118. Octeau JC, Chai H, Jiang R, Bonanno SL, Martin KC, Khakh BS. An optical neuron-
astrocyte proximity assay at synaptic distance scales. Neuron. 2018;98:49–66.e9.

119. Yu PH, Hertz L. Differential expression of type A and type B monoamine oxidase
of mouse astrocytes in primary cultures. J Neurochem. 1982;39:1492–5.

120. Vitalis T, Fouquet C, Alvarez C, Seif I, Price D, Gaspar P, et al. Developmental
expression of monoamine oxidases A and B in the central and peripheral ner-
vous systems of the mouse. J Comp Neurol. 2002;442:331–47.

121. Wang Q, Jie W, Liu JH, Yang JM, Gao TM. An astroglial basis of major depressive
disorder? An overview. Glia. 2017;65:1227–50.

122. Nagy C, Suderman M, Yang J, Szyf M, Mechawar N, Ernst C, et al. Astrocytic
abnormalities and global DNA methylation patterns in depression and suicide.
Mol Psychiatry. 2015;20:320–8.

123. Bernstein HG, Meyer-Lotz G, Dobrowolny H, Bannier J, Steiner J, Walter M, et al.
Reduced density of glutamine synthetase immunoreactive astrocytes in differ-
ent cortical areas in major depression but not in bipolar I disorder. Front Cell
Neurosci. 2015;9:273.

124. Choudary PV, Molnar M, Evans SJ, Tomita H, Li JZ, Vawter MP, et al. Altered
cortical glutamatergic and GABAergic signal transmission with glial involvement
in depression. Proc Natl Acad Sci USA. 2005;102:15653–8.

125. Sanacora G, Banasr M. From pathophysiology to novel antidepressant drugs:
glial contributions to the pathology and treatment of mood disorders. Biol
Psychiatry. 2013;73:1172–9.

126. Miguel-Hidalgo JJ, Waltzer R, Whittom AA, Austin MC, Rajkowska G, Stockmeier
CA. Glial and glutamatergic markers in depression, alcoholism, and their
comorbidity. J Affect Disord. 2010;127:230–40.

127. Zhang X, Alnafisah RS, Hamoud ARA, Shukla R, McCullumsmith RE, O'Donovan
SM. Astrocytes in neuropsychiatric disorders: a review of postmortem evidence.
Adv Neurobiol. 2021;26:153–72.

128. Ongur D, Drevets WC, Price JL. Glial reduction in the subgenual prefrontal cortex
in mood disorders. Proc Natl Acad Sci USA. 1998;95:13290–5.

129. Rajkowska G, Miguel-Hidalgo JJ, Wei J, Dilley G, Pittman SD, Meltzer HY, et al.
Morphometric evidence for neuronal and glial prefrontal cell pathology in major
depression. Biol Psychiatry. 1999;45:1085–98.

130. Cotter D, Mackay D, Landau S, Kerwin R, Everall I. Reduced glial cell density and
neuronal size in the anterior cingulate cortex in major depressive disorder. Arch
Gen Psychiatry. 2001;58:545–53.

131. Cotter D, Mackay D, Chana G, Beasley C, Landau S, Everall IP. Reduced neuronal
size and glial cell density in area 9 of the dorsolateral prefrontal cortex in
subjects with major depressive disorder. Cereb Cortex. 2002;12:386–94.

132. Gittins RA, Harrison PJ. A morphometric study of glia and neurons in the
anterior cingulate cortex in mood disorder. J Affect Disord. 2011;133:328–32.

133. Roman C, Vivi E, Di Benedetto B. Morphological features of astrocytes in health
and neuropsychiatric disorders. Adv Neurobiol. 2021;26:75–92.

134. O’Leary LA, Mechawar N. Implication of cerebral astrocytes in major depres-
sion: a review of fine neuroanatomical evidence in humans. Glia. 2021;69:
2077–99.

135. O'leary LA, Belliveau C, Davoli MA, Ma JC, Tanti A, Turecki G, et al. Widespread
decrease of cerebral vimentin-immunoreactive astrocytes in depressed suicides.
Front Psychiatry. 2021;12:640963.

136. Rajkowska G, Legutko B, Moulana M, Syed M, Romero DG, Stockmeier CA, et al.
Astrocyte pathology in the ventral prefrontal white matter in depression. J
Psychiatr Res. 2018;102:150–8.

137. Si X, Miguel-Hidalgo JJ, O'Dwyer G, Stockmeier CA, Rajkowska G. Age-dependent
reductions in the level of glial fibrillary acidic protein in the prefrontal cortex in
major depression. Neuropsychopharmacology. 2004;29:2088–96.

138. Torres-Platas SG, Hercher C, Davoli MA, Maussion G, Labonté B, Turecki G, et al.
Astrocytic hypertrophy in anterior cingulate white matter of depressed suicides.
Neuropsychopharmacology. 2011;36:2650–8.

139. Rajkowska G, Hughes J, Stockmeier CA, Javier Miguel-Hidalgo J, Maciag D.
Coverage of blood vessels by astrocytic endfeet is reduced in major depressive
disorder. Biol Psychiatry. 2013;73:613–21.

140. Rajkowska G, Stockmeier CA. Astrocyte pathology in major depressive disorder:
insights from human postmortem brain tissue. Curr Drug Targets. 2013;14:
1225–36.

141. Schreiner B, Romanelli E, Liberski P, Ingold-Heppner B, Sobottka-Brillout B,
Hartwig T, et al. Astrocyte depletion impairs redox homeostasis and triggers
neuronal loss in the adult CNS. Cell Rep. 2015;12:1377–84.

142. Bechtholt-Gompf AJ, Walther HV, Adams MA, Carlezon WA, Öngür D, Cohen BM.
Blockade of astrocytic glutamate uptake in rats induces signs of anhedonia and
impaired spatial memory. Neuropsychopharmacology. 2010;35:2049–59.

143. John CS, Smith KL, Van't Veer A, Gompf HS, Carlezon WA Jr, Cohen BM, et al.
Blockade of astrocytic glutamate uptake in the prefrontal cortex induces
anhedonia. Neuropsychopharmacology. 2012;37:2467–75.

144. Skupio U, Tertil M, Sikora M, Golda S, Wawrzczak-Bargiela A, Przewlocki R.
Behavioral and molecular alterations in mice resulting from chronic treatment
with dexamethasone: relevance to depression. Neuroscience. 2015;286:141–50.

145. Zink M, Vollmayr B, Gebicke-Haerter PJ, Henn FA. Reduced expression of glu-
tamate transporters vGluT1, EAAT2 and EAAT4 in learned helpless rats, an
animal model of depression. Neuropharmacology. 2010;58:465–73.

146. Magistretti PJ, Allaman I. A cellular perspective on brain energy metabolism and
functional imaging. Neuron. 2015;86:883–901.

147. Magistretti PJ, Pellerin L. Cellular bases of brain energy metabolism and their
relevance to functional brain imaging: evidence for a prominent role of astro-
cytes. Cereb Cortex. 1996;6:50–61.

148. Suzuki A, Stern SA, Bozdagi O, Huntley GW, Walker RH, Magistretti PJ, et al.
Astrocyte-neuron lactate transport is required for long-term memory formation.
Cell. 2011;144:810–23.

149. Zhang Y, Xue Y, Meng S, Luo Y, Liang J, Li J, et al. Inhibition of lactate transport
erases drug memory and prevents drug relapse. Biol Psychiatry. 2016;79:928–39.

150. Gibbs ME, Hutchinson D, Hertz L. Astrocytic involvement in learning and
memory consolidation. Neurosci Biobehav Rev. 2008;32:927–44.

151. Descalzi G, Gao V, Steinman MQ, Suzuki A, Alberini CM. Lactate from astrocytes
fuels learning-induced mRNA translation in excitatory and inhibitory neurons.
Commun Biol. 2019;2:247.

152. Carrard A, Elsayed M, Margineanu M, Boury-Jamot B, Fragnière L, Meylan EM,
et al. Peripheral administration of lactate produces antidepressant-like effects.
Mol Psychiatry. 2018;23:488.

153. Yin YN, Hu J, Wei YL, Li ZL, Luo ZC, Wang RQ, et al. Astrocyte-derived lactate
modulates the passive coping response to behavioral challenge in male mice.
Neurosci Bull. 2021;37:1–14.

154. Cao X, Li LP, Wang Q, Wu Q, Hu HH, Zhang M, et al. Astrocyte-derived ATP
modulates depressive-like behaviors. Nat Med. 2013;19:773–7.

155. Banasr M, Duman RS. Glial loss in the prefrontal cortex is sufficient to induce
depressive-like behaviors. Biol Psychiatry. 2008;64:863–70.

156. Lee Y, Son H, Kim G, Kim S, Lee DH, Roh GS, et al. Glutamine deficiency in the
prefrontal cortex increases depressive-like behaviours in male mice. J Psychiatry
Neurosci. 2013;38:183–91.

157. Lima A, Sardinha VM, Oliveira AF, Reis M, Mota C, Silva MA, et al. Astrocyte
pathology in the prefrontal cortex impairs the cognitive function of rats. Mol
Psychiatry. 2014;19:834–41.

158. Miguel-Hidalgo JJ, Baucom C, Dilley G, Overholser JC, Meltzer HY, Stockmeier
CA, et al. Glial fibrillary acidic protein immunoreactivity in the prefrontal cortex
distinguishes younger from older adults in major depressive disorder. Biol
Psychiatry. 2000;48:861–73.

159. Eldomiaty MA, Makarenko O, Hassan ZA, Almasry SM, Petrov P, Elnaggar AM.
Contribution of glia cells specifically astrocytes in the pathology of depression:
immunohistochemical study in different brain areas. Folia Morphol. 2020;79:
419–28.

160. Gosselin RD, Gibney S, O'Malley D, Dinan TG, Cryan JF. Region specific decrease
in glial fibrillary acidic protein immunoreactivity in the brain of a rat model of
depression. Neuroscience. 2009;159:915–25.

161. Di Benedetto B, Malik VA, Begum S, Jablonowski L, Gómez-González GB, Neu-
mann ID, et al. Fluoxetine requires the endfeet protein aquaporin-4 to enhance
plasticity of astrocyte processes. Front Cell Neurosci. 2016;10:8.

162. Allaman I, Fiumelli H, Magistretti PJ, Martin JL. Fluoxetine regulates the
expression of neurotrophic/growth factors and glucose metabolism in astro-
cytes. Psychopharmacology. 2011;216:75–84.

A. Kruyer et al.

32

Neuropsychopharmacology (2023) 48:21 – 36



163. Fang Y, Ding X, Zhang Y, Cai L, Ge Y, Ma K, et al. Fluoxetine inhibited the
activation of A1 reactive astrocyte in a mouse model of major depressive disorder
through astrocytic 5-HT2BR/beta-arrestin2 pathway. J Neuroinflammation. 2022;
19:23.

164. Song T, Chen W, Chen X, Zhang H, Zou Y, Wu H, et al. Repeated fluoxetine
treatment induces transient and long-term astrocytic plasticity in the medial
prefrontal cortex of normal adult rats. Prog Neuropsychopharmacol Biol Psy-
chiatry. 2021;107:110252.

165. Stenovec M. Ketamine alters functional plasticity of astroglia: an implication for
antidepressant effect. Life. 2021;11:573.

166. Schipke CG, Heuser I, Peters O. Antidepressants act on glial cells: SSRIs and
serotonin elicit astrocyte calcium signaling in the mouse prefrontal cortex. J
Psychiatr Res. 2011;45:242–8.

167. Daniele S, Zappelli E, Martini C. Trazodone regulates neurotrophic/growth fac-
tors, mitogen-activated protein kinases and lactate release in human primary
astrocytes. J Neuroinflammation. 2015;12:225.

168. Li B, Dong L, Wang B, Cai L, Jiang N, Peng L. Cell type-specific gene expression
and editing responses to chronic fluoxetine treatment in the in vivo mouse
brain and their relevance for stress-induced anhedonia. Neurochem Res.
2012;37:2480–95.

169. Gibbs ME, Hertz L. Serotonin mediation of early memory formation via 5-HT2B
receptor-induced glycogenolysis in the day-old chick. Front Pharm. 2014;5:54.

170. Maly IV, Morales MJ, Pletnikov MV. Astrocyte bioenergetics and major psy-
chiatric disorders. Adv Neurobiol. 2021;26:173–227.

171. Koizumi S. Glial purinergic signals and psychiatric disorders. Front Cell Neurosci.
2021;15:822614.

172. Machado-Santos AR, Loureiro-Campos E, Patrício P, Araújo B, Alves ND, Mateus-
Pinheiro A, et al. Beyond new neurons in the adult hippocampus: imipramine
acts as a pro-astrogliogenic factor and rescues cognitive impairments induced
by stress exposure. Cells, 2022;11:390.

173. Monai H, Ohkura M, Tanaka M, Oe Y, Konno A, Hirai H, et al. Calcium imaging
reveals glial involvement in transcranial direct current stimulation-induced
plasticity in mouse brain. Nat Commun. 2016;7:11100.

174. Rivera AD, Butt AM. Astrocytes are direct cellular targets of lithium treatment:
novel roles for lysyl oxidase and peroxisome-proliferator activated receptor-
gamma as astroglial targets of lithium. Transl Psychiatry. 2019;9:211.

175. Stenovec M, Lasič E, Božić M, Bobnar ST, Stout RF Jr, Grubišić V, et al. Ketamine
inhibits ATP-evoked exocytotic release of brain-derived neurotrophic factor
from vesicles in cultured rat astrocytes. Mol Neurobiol. 2016;53:6882–96.

176. Lasič E, Rituper B, Jorgačevski J, Kreft M, Stenovec M, Zorec R. Subanesthetic
doses of ketamine stabilize the fusion pore in a narrow flickering state in
astrocytes. J Neurochem. 2016;138:909–17.

177. Mitterauer BJ. Ketamine may block NMDA receptors in astrocytes causing a
rapid antidepressant effect. Front Synaptic Neurosci. 2012;4:8.

178. Kragh J, Bolwig TG, Woldbye DP, Jørgensen OS. Electroconvulsive shock and
lidocaine-induced seizures in the rat activate astrocytes as measured by glial
fibrillary acidic protein. Biol Psychiatry. 1993;33:794–800.

179. Fujiki M, Steward O. High frequency transcranial magnetic stimulation mimics
the effects of ECS in upregulating astroglial gene expression in the murine CNS.
Brain Res Mol Brain Res. 1997;44:301–8.

180. Kinoshita M, Hirayama Y, Fujishita K, Shibata K, Shinozaki Y, Shigetomi E, et al.
Anti-depressant fluoxetine reveals its therapeutic effect via astrocytes. EBio-
Medicine. 2018;32:72–83.

181. Illes P, Verkhratsky A, Tang Y. Pathological ATPergic signaling in major
depression and bipolar disorder. Front Mol Neurosci. 2019;12:331.

182. Nasir M, Trujillo D, Levine J, Dwyer JB, Rupp ZW, Bloch MH. Glutamate systems
in DSM-5 anxiety disorders: their role and a review of glutamate and GABA
psychopharmacology. Front Psychiatry. 2020;11:548505.

183. Duman RS, Sanacora G, Krystal JH. Altered connectivity in depression: GABA and
glutamate neurotransmitter deficits and reversal by novel treatments. Neuron.
2019;102:75–90.

184. Mariani N, Cattane N, Pariante C, Cattaneo A. Gene expression studies in
Depression development and treatment: an overview of the underlying mole-
cular mechanisms and biological processes to identify biomarkers. Transl Psy-
chiatry. 2021;11:354.

185. Yang Y, Cui Y, Sang K, Dong Y, Ni Z, Ma S, et al. Ketamine blocks bursting in the
lateral habenula to rapidly relieve depression. Nature. 2018;554:317–22.

186. Ficek J, Zygmunt M, Piechota M, Hoinkis D, Rodriguez Parkitna J, Przewlocki R,
et al. Molecular profile of dissociative drug ketamine in relation to its rapid
antidepressant action. BMC Genomics. 2016;17:362.

187. Browne CA, Lucki I. Antidepressant effects of ketamine: mechanisms underlying
fast-acting novel antidepressants. Front Pharm. 2013;4:161.

188. Ardalan M, Rafati AH, Nyengaard JR, Wegener G. Rapid antidepressant effect of
ketamine correlates with astroglial plasticity in the hippocampus. Br J Pharm.
2017;174:483–92.

189. Zhang Y, Wu S, Xie L, Yu S, Zhang L, Liu C, et al. Ketamine within clinically
effective range inhibits glutamate transmission from astrocytes to neurons and
disrupts synchronization of astrocytic SICs. Front Cell Neurosci. 2019;13:240.

190. MacKay MAB, Kravtsenyuk M, Thomas R, Mitchell ND, Dursun SM, Baker GB. D-
Serine: potential therapeutic agent and/or biomarker in schizophrenia and
depression? Front Psychiatry. 2019;10:25.

191. Strekalova T, Liu Y, Kiselev D, Khairuddin S, Chiu JLY, Lam J, et al. Chronic mild
stress paradigm as a rat model of depression: facts, artifacts, and future per-
spectives. Psychopharmacology. 2022;239:663–93.

192. Lewis CR, Olive MF. Early-life stress interactions with the epigenome: potential
mechanisms driving vulnerability toward psychiatric illness. Behav Pharm. 2014;
25:341–51.

193. Garcia-Keller C, Carter JS, Kruyer A, Kearns AM, Hopkins JL, Hodebourg R, et al.
Behavioral and accumbens synaptic plasticity induced by cues associated with
restraint stress. Neuropsychopharmacology. 2021;46:1848–56.

194. Tynan RJ, Beynon SB, Hinwood M, Johnson SJ, Nilsson M, Woods JJ, et al.
Chronic stress-induced disruption of the astrocyte network is driven by struc-
tural atrophy and not loss of astrocytes. Acta Neuropathol. 2013;126:75–91.

195. Di Benedetto B, Rupprecht R. Targeting glia cells: novel perspectives
for the treatment of neuropsychiatric diseases. Curr Neuropharmacol. 2013;11:
171–85.

196. Verkhratsky A, Parpura V, Scuderi C, Li B. Astroglial serotonin receptors as the
central target of classic antidepressants. Adv Neurobiol. 2021;26:317–47.

197. Stenovec M, Li B, Verkhratsky A, Zorec R. Ketamine action on astrocytes provides
new insights into rapid antidepressant mechanisms. Adv Neurobiol. 2021;26:
349–65.

198. Chen B, Zhang M, Ji M, Gong W, Chen B, Zorec R, et al. The association between
antidepressant effect of SSRIs and astrocytes: conceptual overview and meta-
analysis of the literature. Neurochem Res. 2021;46:2731–45.

199. Czeh B, Di B. Benedetto, antidepressants act directly on astrocytes: evidences
and functional consequences. Eur Neuropsychopharmacol. 2013;23:171–85.

200. Zhou X, Xiao Q, Xie L, Yang F, Wang L, Tu J. Astrocyte, a promising target for
mood disorder interventions. Front Mol Neurosci. 2019;12:136.

201. Liu B, Teschemacher AG, Kasparov S. Astroglia as a cellular target for neu-
roprotection and treatment of neuro-psychiatric disorders. Glia. 2017;65:
1205–26.

202. Qi XR, Kamphuis W, Shan L. Astrocyte changes in the prefrontal cortex from
aged non-suicidal depressed patients. Front Cell Neurosci. 2019;13:503.

203. Rao JS, Harry GJ, Rapoport SI, Kim HW. Increased excitotoxicity and neuroin-
flammatory markers in postmortem frontal cortex from bipolar disorder
patients. Mol Psychiatry. 2010;15:384–92.

204. Webster MJ, O'Grady J, Kleinman JE, Weickert CS. Glial fibrillary acidic protein
mRNA levels in the cingulate cortex of individuals with depression, bipolar
disorder and schizophrenia. Neuroscience. 2005;133:453–61.

205. Dean B, Gray L, Scarr E. Regionally specific changes in levels of cortical S100beta
in bipolar 1 disorder but not schizophrenia. Aust N Z J Psychiatry. 2006;40:
217–24.

206. Feresten AH, Barakauskas V, Ypsilanti A, Barr AM, Beasley CL. Increased
expression of glial fibrillary acidic protein in prefrontal cortex in psychotic ill-
ness. Schizophr Res. 2013;150:252–7.

207. Hercher C, Chopra V, Beasley CL. Evidence for morphological alterations in
prefrontal white matter glia in schizophrenia and bipolar disorder. J Psychiatry
Neurosci. 2014;39:376–85.

208. Hibar DP, Westlye LT, Doan NT, Jahanshad N, Cheung JW, Ching C, et al. Cortical
abnormalities in bipolar disorder: an MRI analysis of 6503 individuals from the
ENIGMA Bipolar Disorder Working Group. Mol Psychiatry. 2018;23:932–42.

209. Favre P, Pauling M, Stout J, Hozer F, Sarrazin S, Abé C, et al. Widespread
white matter microstructural abnormalities in bipolar disorder: evidence from
mega- and meta-analyses across 3033 individuals. Neuropsychopharmacology.
2019;44:2285–93.

210. Eastwood SL, Harrison PJ. Markers of glutamate synaptic transmission and
plasticity are increased in the anterior cingulate cortex in bipolar disorder. Biol
Psychiatry. 2010;67:1010–6.

211. Michael N, Erfurth A, Ohrmann P, Gössling M, Arolt V, Heindel W, et al. Acute
mania is accompanied by elevated glutamate/glutamine levels within the left
dorsolateral prefrontal cortex. Psychopharmacology. 2003;168:344–6.

212. Ramaker RC, Bowling KM, Lasseigne BN, Hagenauer MH, Hardigan AA, Davis NS,
et al. Post-mortem molecular profiling of three psychiatric disorders. Genome
Med. 2017;9:72.

213. Toker L, Mancarci BO, Tripathy S, Pavlidis P. Transcriptomic evidence for
alterations in astrocytes and parvalbumin interneurons in subjects with bipolar
disorder and schizophrenia. Biol Psychiatry. 2018;84:787–96.

214. Öngür D, Jensen JE, Prescot AP, Stork C, Lundy M, Cohen BM, et al. Abnormal
glutamatergic neurotransmission and neuronal-glial interactions in acute mania.
Biol Psychiatry. 2008;64:718–26.

A. Kruyer et al.

33

Neuropsychopharmacology (2023) 48:21 – 36



215. Fiorentino A, Sharp SI, McQuillin A. Association of rare variation in the glutamate
receptor gene SLC1A2 with susceptibility to bipolar disorder and schizophrenia.
Eur J Hum Genet. 2015;23:1200–6.

216. Veldic M, Millischer V, Port JD, Ho AM, Jia YF, Geske JR, et al. Genetic variant in
SLC1A2 is associated with elevated anterior cingulate cortex glutamate and
lifetime history of rapid cycling. Transl Psychiatry. 2019;9:149.

217. Vadodaria KC, Mendes A, Mei A, Racha V, Erikson G, Shokhirev MN, et al. Altered
neuronal support and inflammatory response in bipolar disorder patient-
derived astrocytes. Stem Cell Rep. 2021;16:825–35.

218. Jun C, Choi Y, Lim SM, Bae S, Hong YS, Kim JE, et al. Disturbance of the gluta-
matergic system in mood disorders. Exp Neurobiol. 2014;23:28–35.

219. Butt AM, Rivera AD. Astrocytes in bipolar disorder. Adv Neurobiol.
2021;26:95–113.

220. Johnson J Jr, Pajarillo E, Karki P, Kim J, Son DS, Aschner M, et al. Valproic acid
attenuates manganese-induced reduction in expression of GLT-1 and GLAST
with concomitant changes in murine dopaminergic neurotoxicity. Neurotox-
icology. 2018;67:112–20.

221. Carbone M, Duty S, Rattray M. Riluzole elevates GLT-1 activity and levels in
striatal astrocytes. Neurochem Int. 2012;60:31–8.

222. Brennan BP, Hudson JI, Jensen JE, McCarthy J, Roberts JL, Prescot AP, et al. Rapid
enhancement of glutamatergic neurotransmission in bipolar depression fol-
lowing treatment with riluzole. Neuropsychopharmacology. 2010;35:834–46.

223. Peng L, Li B, Verkhratsky A. Targeting astrocytes in bipolar disorder. Expert Rev
Neurother. 2016;16:649–57.

224. Dixon JF, Hokin LE. Lithium acutely inhibits and chronically up-regulates and
stabilizes glutamate uptake by presynaptic nerve endings in mouse cerebral
cortex. Proc Natl Acad Sci USA. 1998;95:8363–8.

225. Nonaka S, Hough CJ, Chuang DM. Chronic lithium treatment robustly protects
neurons in the central nervous system against excitotoxicity by inhibiting N-
methyl-D-aspartate receptor-mediated calcium influx. Proc Natl Acad Sci USA.
1998;95:2642–7.

226. Hardt SE, Sadoshima J. Glycogen synthase kinase-3beta: a novel regulator of
cardiac hypertrophy and development. Circ Res. 2002;90:1055–63.

227. Jung EM, Ka M, Kim WY. Loss of GSK-3 causes abnormal astrogenesis and
behavior in mice. Mol Neurobiol. 2016;53:3954–66.

228. Matute C, Melone M, Vallejo-Illarramendi A, Conti F. Increased expression of the
astrocytic glutamate transporter GLT-1 in the prefrontal cortex of schizo-
phrenics. Glia. 2005;49:451–5.

229. Shao L, Vawter MP. Shared gene expression alterations in schizophrenia and
bipolar disorder. Biol Psychiatry. 2008;64:89–97.

230. Ohnuma T, Augood SJ, Arai H, McKenna PJ, Emson PC. Expression of the human
excitatory amino acid transporter 2 and metabotropic glutamate receptors 3
and 5 in the prefrontal cortex from normal individuals and patients with schi-
zophrenia. Brain Res Mol Brain Res. 1998;56:207–17.

231. Bauer D, Gupta D, Harotunian V, Meador-Woodruff JH, McCullumsmith RE.
Abnormal expression of glutamate transporter and transporter interacting
molecules in prefrontal cortex in elderly patients with schizophrenia. Schizophr
Res. 2008;104:108–20.

232. Bauer D, Haroutunian V, Meador-Woodruff JH, McCullumsmith RE. Abnormal
glycosylation of EAAT1 and EAAT2 in prefrontal cortex of elderly patients with
schizophrenia. Schizophr Res. 2010;117:92–8.

233. Karlsson RM, Tanaka K, Heilig M, Holmes A. Loss of glial glutamate and
aspartate transporter (excitatory amino acid transporter 1) causes locomotor
hyperactivity and exaggerated responses to psychotomimetics: rescue by
haloperidol and metabotropic glutamate 2/3 agonist. Biol Psychiatry. 2008;
64:810–4.

234. Wu S, Barger SW. Disrupted-in-schizophrenia-1 as a broader link of glutama-
tergic transmission to schizophrenia impacts cerebral neurochemistry via the
production of the ‘gliotransmitter’ d-serine, a NMDA receptor coagonist. J
Neurochem. 2016;138:503–5.

235. Xia M, Zhu S, Shevelkin A, Ross CA, Pletnikov M. DISC1, astrocytes and neuronal
maturation: a possible mechanistic link with implications for mental disorders. J
Neurochem. 2016;138:518–24.

236. Toro CT, Hallak JE, Dunham JS, Deakin JF. Glial fibrillary acidic protein and
glutamine synthetase in subregions of prefrontal cortex in schizophrenia and
mood disorder. Neurosci Lett. 2006;404:276–81.

237. Markova E, Markov I, Revishchin A, Okhotin V, Sulimov G. 3-D Golgi and image
analysis of the olfactory tubercle in schizophrenia. Anal Quant Cytol Histol.
2000;22:178–82.

238. Williams MR, Hampton T, Pearce RK, Hirsch SR, Ansorge O, Thom M, et al.
Astrocyte decrease in the subgenual cingulate and callosal genu in schizo-
phrenia. Eur Arch Psychiatry Clin Neurosci. 2013;263:41–52.

239. Williams M, Pearce RK, Hirsch SR, Ansorge O, Thom M, Maier M. Fibrillary
astrocytes are decreased in the subgenual cingulate in schizophrenia. Eur Arch
Psychiatry Clin Neurosci. 2014;264:357–62.

240. Steffek AE, McCullumsmith RE, Haroutunian V, Meador-Woodruff JH. Cortical
expression of glial fibrillary acidic protein and glutamine synthetase is
decreased in schizophrenia. Schizophr Res. 2008;103:71–82.

241. Webster MJ, Knable MB, Johnston-Wilson N, Nagata K, Inagaki M, Yolken RH.
Immunohistochemical localization of phosphorylated glial fibrillary acidic pro-
tein in the prefrontal cortex and hippocampus from patients with schizo-
phrenia, bipolar disorder, and depression. Brain Behav Immun. 2001;15:388–400.

242. Windrem MS, Osipovitch M, Liu Z, Bates J, Chandler-Militello D, Zou L, et al.
Human iPSC glial mouse chimeras reveal glial contributions to schizophrenia.
Cell Stem Cell. 2017;21:195–208.e6.

243. Stogsdill JA, Ramirez J, Liu D, Kim YH, Baldwin KT, Enustun E, et al. Astrocytic
neuroligins control astrocyte morphogenesis and synaptogenesis. Nature.
2017;551:192–7.

244. Sakers K, Eroglu C. Control of neural development and function by glial neu-
roligins. Curr Opin Neurobiol. 2019;57:163–70.

245. Vetreno RP, Crews FT. Current hypotheses on the mechanisms of alcoholism.
Handb Clin Neurol. 2014;125:477–97.

246. Miguel-Hidalgo JJ, Rajkowska G. Comparison of prefrontal cell pathology
between depression and alcohol dependence. J Psychiatr Res. 2003;37:411–20.

247. Cullen KM, Halliday GM. Chronic alcoholics have substantial glial pathology in
the forebrain and diencephalon. Alcohol Alcohol Suppl. 1994;2:253–7.

248. Sarkisyan D, Bazov I, Watanabe H, Kononenko O, Syvänen AC, Schumann G,
et al. Damaged reward areas in human alcoholics: neuronal proportion decline
and astrocyte activation. Acta Neuropathol. 2017;133:485–7.

249. Alfonso-Loeches S, Pascual-Lucas M, Blanco AM, Sanchez-Vera I, Guerri C. Pivotal
role of TLR4 receptors in alcohol-induced neuroinflammation and brain
damage. J Neurosci. 2010;30:8285–95.

250. Miguel-Hidalgo JJ. Withdrawal from free-choice ethanol consumption
results in increased packing density of glutamine synthetase-immunoreactive
astrocytes in the prelimbic cortex of alcohol-preferring rats. Alcohol Alcohol. 2006;
41:379–85.

251. Kelso ML, Liput DJ, Eaves DW, Nixon K. Upregulated vimentin suggests new
areas of neurodegeneration in a model of an alcohol use disorder. Neu-
roscience. 2011;197:381–93.

252. Korbo L. Glial cell loss in the hippocampus of alcoholics. Alcohol Clin Exp Res.
1999;23:164–8.

253. Miguel-Hidalgo JJ, Overholser JC, Meltzer HY, Stockmeier CA, Rajkowska G.
Reduced glial and neuronal packing density in the orbitofrontal cortex in
alcohol dependence and its relationship with suicide and duration of alcohol
dependence. Alcohol Clin Exp Res. 2006;30:1845–55.

254. Miguel-Hidalgo JJ. Astroglia in the vulnerability and maintenance of alcohol use
disorders. Adv Neurobiol. 2021;26:255–79.

255. Smith TL. Regulation of glutamate uptake in astrocytes continuously exposed to
ethanol. Life Sci. 1997;61:2499–505.

256. Smith TL, Zsigo A. Increased Na(+)-dependent high affinity uptake of glutamate
in astrocytes chronically exposed to ethanol. Neurosci Lett. 1996;218:142–4.

257. Zink M, Schmitt A, Vengeliene V, Henn FA, Spanagel R. Ethanol induces
expression of the glutamate transporters EAAT1 and EAAT2 in organotypic
cortical slice cultures. Alcohol Clin Exp Res. 2004;28:1752–7.

258. Adermark L, Bowers MS. Disentangling the role of astrocytes in alcohol use
disorder. Alcohol Clin Exp Res. 2016;40:1802–16.

259. Miguel-Hidalgo JJ, Wei J, Andrew M, Overholser JC, Jurjus G, Stockmeier CA,
et al. Glia pathology in the prefrontal cortex in alcohol dependence with and
without depressive symptoms. Biol Psychiatry. 2002;52:1121–33.

260. Miguel-Hidalgo JJ, Wilson BA, Hussain S, Meshram A, Rajkowska G, Stockmeier
CA. Reduced connexin 43 immunolabeling in the orbitofrontal cortex in alcohol
dependence and depression. J Psychiatr Res. 2014;55:101–9.

261. Bull C, Syed WA, Minter SC, Bowers MS. Differential response of glial fibrillary
acidic protein-positive astrocytes in the rat prefrontal cortex following ethanol
self-administration. Alcohol Clin Exp Res. 2015;39:650–8.

262. Osterndorff-Kahanek EA, Becker HC, Lopez MF, Farris SP, Tiwari GR, Nunez YO,
et al. Chronic ethanol exposure produces time- and brain region-dependent
changes in gene coexpression networks. PLoS One. 2015;10:e0121522.

263. Karlsson RM, Adermark L, Molander A, Perreau-Lenz S, Singley E, Solomon M,
et al. Reduced alcohol intake and reward associated with impaired endo-
cannabinoid signaling in mice with a deletion of the glutamate transporter
GLAST. Neuropharmacology. 2012;63:181–9.

264. Smith KL, John CS, Sypek EI, Öngür D, Cohen BM, Barry SM, et al. Exploring the
role of central astrocytic glutamate uptake in ethanol reward in mice. Alcohol
Clin Exp Res. 2014;38:1307–14.

265. Erickson EK, DaCosta AJ, Mason SC, Blednov YA, Mayfield RD, Harris RA. Cortical
astrocytes regulate ethanol consumption and intoxication in mice. Neu-
ropsychopharmacology. 2021;46:500–8.

266. Nentwig TB, Kruyer A, Vaughan DT, Chandler LJ. Role of central amygdala
astrocytes in ethanol dependence. Alcohol: Clin Exp Res. 2021;45:80–262.

A. Kruyer et al.

34

Neuropsychopharmacology (2023) 48:21 – 36



267. Marti-Prats L, Belin-Rauscent A, Fouyssac M, Puaud M, Cocker PJ, Everitt BJ, et al.
Baclofen decreases compulsive alcohol drinking in rats characterized by
reduced levels of GAT-3 in the central amygdala. Addict Biol. 2021;26:e13011.

268. Augier E, Barbier E, Dulman RS, Licheri V, Augier G, Domi E, et al. A molecular
mechanism for choosing alcohol over an alternative reward. Science.
2018;360:1321–6.

269. Roberto M, Kirson D, Khom S. The role of the central amygdala in alcohol
dependence. Cold Spring Harb Perspect Med. 2021;11:a039339.

270. Scofield MD, Heinsbroek JA, Gipson CD, Kupchik YM, Spencer S, Smith AC, et al.
The nucleus accumbens: mechanisms of addiction across drug classes reflect
the importance of glutamate homeostasis. Pharm Rev. 2016;68:816–71.

271. Kim R, Sepulveda-Orengo MT, Healey KL, Williams EA, Reissner KJ. Regulation of
glutamate transporter 1 (GLT-1) gene expression by cocaine self-administration
and withdrawal. Neuropharmacology. 2018;128:1–10.

272. Reissner KJ, Kalivas PW. Using glutamate homeostasis as a target for treating
addictive disorders. Behav Pharm. 2010;21:514–22.

273. Reissner KJ, Gipson CD, Tran PK, Knackstedt LA, Scofield MD, Kalivas PW. Glu-
tamate transporter GLT-1 mediates N-acetylcysteine inhibition of cocaine rein-
statement. Addict Biol. 2015;20:316–23.

274. Kruyer A, Scofield MD, Wood D, Reissner KJ, Kalivas PW. Heroin cue-evoked
astrocytic structural plasticity at nucleus accumbens synapses inhibits heroin
seeking. Biol Psychiatry. 2019;86:811–9.

275. Nishino N, Shirai Y, Kajimoto Y, Kitamura N, Yamamoto H, Yang CQ, et al.
Increased glutamate transporter (GLT-1) immunoreactivity in the rat striatum
after repeated intermittent administration of methamphetamine. Ann N Y Acad
Sci. 1996;801:310–4.

276. Shirai Y, Shirakawa O, Nishino N, Saito N, Nakai H. Increased striatal glutamate
transporter by repeated intermittent administration of methamphetamine.
Psychiatry Clin Neurosci. 1996;50:161–4.

277. Siemsen BM, Reichel CM, Leong KC, Garcia-Keller C, Gipson CD, Spencer S, et al.
Effects of methamphetamine self-administration and extinction on astrocyte
structure and function in the nucleus accumbens core. Neuroscience.
2019;406:528–41.

278. Sidiropoulou K, Chao S, Lu W, Wolf ME. Amphetamine administration does not
alter protein levels of the GLT-1 and EAAC1 glutamate transporter subtypes in
rat midbrain, nucleus accumbens, striatum, or prefrontal cortex. Brain Res Mol
Brain Res. 2001;90:187–92.

279. Canedo T, Portugal CC, Socodato R, Almeida TO, Terceiro AF, Bravo J, et al.
Astrocyte-derived TNF and glutamate critically modulate microglia activation by
methamphetamine. Neuropsychopharmacology. 2021;46:2358–70.

280. Howell LL, Kimmel HL. Monoamine transporters and psychostimulant addiction.
Biochem Pharm. 2008;75:196–217.

281. Shen HW, Scofield MD, Boger H, Hensley M, Kalivas PW. Synaptic glutamate
spillover due to impaired glutamate uptake mediates heroin relapse. J Neurosci.
2014;34:5649–57.

282. Gipson CD, Reissner KJ, Kupchik YM, Smith AC, Stankeviciute N, Hensley-Simon
ME, et al. Reinstatement of nicotine seeking is mediated by glutamatergic
plasticity. Proc Natl Acad Sci USA. 2013;110:9124–9.

283. Wang H, Wang S, Zhang K, Wang H, Lan L, Ma X, et al. Aquaporin 4 forms a
macromolecular complex with glutamate transporter 1 and Mu opioid receptor
in astrocytes and participates in morphine dependence. J Mol Neurosci.
2017;62:17–27.

284. Wu N, Lu XQ, Yan HT, Su RB, Wang JF, Liu Y, et al. Aquaporin 4 deficiency
modulates morphine pharmacological actions. Neurosci Lett. 2008;448:221–5.

285. Scofield MD, Li H, Siemsen BM, Healey KL, Tran PK, Woronoff N, et al. Cocaine
self-administration and extinction leads to reduced glial fibrillary acidic protein
expression and morphometric features of astrocytes in the nucleus accumbens
core. Biol Psychiatry. 2016;80:207–15.

286. Testen A, Sepulveda-Orengo MT, Gaines CH, Reissner KJ. Region-specific
reductions in morphometric properties and synaptic colocalization of astro-
cytes following cocaine self-administration and extinction. Front Cell Neurosci.
2018;12:246.

287. Scofield MD, Boger HA, Smith RJ, Li H, Haydon PG, Kalivas PW. Gq-DREADD
selectively initiates glial glutamate release and inhibits cue-induced cocaine
seeking. Biol Psychiatry. 2015;78:441–51.

288. Scofield MD. Exploring the role of astroglial glutamate release and association
with synapses in neuronal function and behavior. Biol Psychiatry.
2018;84:778–86.

289. Bull C, Freitas KC, Zou S, Poland RS, Syed WA, Urban DJ, et al. Rat nucleus
accumbens core astrocytes modulate reward and the motivation to self-administer
ethanol after abstinence. Neuropsychopharmacology. 2014;39:2835–45.

290. Siemsen BM, Barry SM, Vollmer KM, Green LM, Brock AG, Westphal AM, et al. A
subset of nucleus accumbens neurons receiving dense and functional
prelimbic cortical input are required for cocaine seeking. Front Cell Neurosci.
2022;16:16.

291. Chioma VC, Kruyer A, Bobadilla AC, Angelis A, Ellison Z, Hodebourg R, et al.
Heroin seeking and extinction from seeking activate matrix metalloproteinases
at synapses on distinct subpopulations of accumbens cells. Biol Psychiatry.
2021;89:947–8.

292. Garcia-Keller CS, Neuhofer D, Kruyer A, Bobadilla AC, Spencer S, Monforton C, et al.
Extracellular Matrix Signaling Through β3 Integrin Mediates Cocaine Cue-Induced
Transient Synaptic Plasticity and Relapse. Biol Psychiatry. 2019;86:377–87.

293. Kruyer A, Chioma VC, Kalivas PW. The opioid-addicted tetrapartite synapse. Biol
Psychiatry. 2020;87:34–43.

294. Kruyer A, Angelis A, Garcia-Keller C, Li H, Kalivas PW. Plasticity in astrocyte
subpopulations regulates heroin relapse. Preprint at https://www.biorxiv.org/
content/10.1101/2020.07.22.216036v2. 2020.

295. Kalivas PW. Addiction as a pathology in prefrontal cortical regulation of corti-
costriatal habit circuitry. Neurotox Res. 2008;14:185–9.

296. Goubard V, Fino E, Venance L. Contribution of astrocytic glutamate and GABA
uptake to corticostriatal information processing. J Physiol. 2011;589:2301–19. Pt 9.

297. Kalivas PW. The glutamate homeostasis hypothesis of addiction. Nat Rev Neu-
rosci. 2009;10:561–72.

298. Gipson CD, Kupchik YM, Kalivas PW, Rapid, transient synaptic plasticity in
addiction. Neuropharmacology, 2014;76:276–86.

299. Farrell MR, Ruiz CM, Castillo E, Faget L, Khanbijian C, Liu S, et al. Ventral pallidum
is essential for cocaine relapse after voluntary abstinence in rats. Neu-
ropsychopharmacology. 2019;44:2174–85.

300. Mahler SV, Vazey EM, Beckley JT, Keistler CR, McGlinchey EM, Kaufling J, et al.
Designer receptors show role for ventral pallidum input to ventral tegmental
area in cocaine seeking. Nat Neurosci. 2014;17:577–85.

301. Smith KS, Berridge KC. The ventral pallidum and hedonic reward: neurochemical
maps of sucrose “liking” and food intake. J Neurosci. 2005;25:8637–49.

302. Lavialle M, Aumann G, Anlauf E, Pröls F, Arpin M, Derouiche A. Structural plas-
ticity of perisynaptic astrocyte processes involves ezrin and metabotropic glu-
tamate receptors. Proc Natl Acad Sci USA. 2011;108:12915–9.

303. Kruyer A, Scofield MD, Wood D, Reissner KJ, Kalivas PW. Heroin cue-evoked
astrocytic structural plasticity at nucleus accumbens synapses inhibits heroin
seeking. Biol Psychiatry. 2019;86:811–9.

304. Martín R, Bajo-Grañeras R, Moratalla R, Perea G, Araque A. Circuit-specific sig-
naling in astrocyte-neuron networks in basal ganglia pathways. Science.
2015;349:730–4.

305. Eroglu Ç, Allen NJ, Susman MW, O'Rourke NA, Park CY, Özkan E, et al. Gaba-
pentin receptor alpha2delta-1 is a neuronal thrombospondin receptor respon-
sible for excitatory CNS synaptogenesis. Cell. 2009;139:380–92.

306. Wang J, Li KL, Shukla A, Beroun A, Ishikawa M, Huang X, et al. Cocaine triggers
astrocyte-mediated synaptogenesis. Biol Psychiatry. 2021;89:386–97.

307. Rusakov DA, Bard L, Stewart MG, Henneberger C. Diversity of astroglial
functions alludes to subcellular specialisation. Trends Neurosci. 2014;37:
228–42.

308. Wang J, Holt LM, Huang HH, Sesack SR, Nestler EJ, Dong Y. Astrocytes in cocaine
addiction and beyond. Mol Psychiatry. 2022;27:652–68.

309. Spencer S, Brown RM, Quintero GC, Kupchik YM, Thomas CA, Reissner KJ, et al.
alpha2delta-1 signaling in nucleus accumbens is necessary for cocaine-induced
relapse. J Neurosci. 2014;34:8605–11.

310. Burguière E, Monteiro P, Mallet L, Feng G, Graybiel AM. Striatal circuits, habits,
and implications for obsessive-compulsive disorder. Curr Opin Neurobiol.
2015;30:59–65.

311. Tanaka K. Astroglia and obsessive compulsive disorder. Adv Neurobiol.
2021;26:139–49.

312. Ahmari SE, Spellman T, Douglass NL, Kheirbek MA, Simpson HB, Deisseroth K,
et al. Repeated cortico-striatal stimulation generates persistent OCD-like beha-
vior. Science. 2013;340:1234–9.

313. Petrelli F, Zehnder T, Pucci L, Cali C, Bondiolotti BM, Perez AM, et al. Astrocytic
VMAT2 in the developing prefrontal cortex is required for normal grooming
behavior in mice. Preprint at https://www.biorxiv.org/content/10.1101/
2021.01.27.428434v1.full. 2021.

314. Yu X, Taylor A, Nagai J, Golshani P, Evans CJ, Coppola G, et al. Reducing astrocyte
calc ium signaling in vivo alters striatal microcircuits and causes repetitive
behavior. Neuron. 2018;99:1170–87.e9.

315. Kalueff AV, Stewart AM, Song C, Berridge KC, Graybiel AM, Fentress JC. Neuro-
biology of rodent self-grooming and its value for translational neuroscience. Nat
Rev Neurosci. 2016;17:45–59.

316. Takata N, Hirase H. Cortical layer 1 and layer 2/3 astrocytes exhibit distinct
calcium dynamics in vivo. PLoS One. 2008;3:e2525.

317. Tang X, Taniguchi K, Kofuji P. Heterogeneity of Kir4.1 channel expression in glia
revealed by mouse transgenesis. Glia. 2009;57:1706–15.

318. John Lin CC, Yu K, Hatcher A, Huang TW, Lee HK, Carlson J, et al. Identification of
diverse astrocyte populations and their malignant analogs. Nat Neurosci.
2017;20:396–405.

A. Kruyer et al.

35

Neuropsychopharmacology (2023) 48:21 – 36

https://www.biorxiv.org/content/10.1101/2020.07.22.216036v2
https://www.biorxiv.org/content/10.1101/2020.07.22.216036v2
https://www.biorxiv.org/content/10.1101/2021.01.27.428434v1.full
https://www.biorxiv.org/content/10.1101/2021.01.27.428434v1.full


319. Batiuk MY, Martirosyan A, Wahis J, de Vin F, Marneffe C, Kusserow C, et al.
Identification of region-specific astrocyte subtypes at single cell resolution. Nat
Commun. 2020;11:1220.

320. Bayraktar OA, Bartels T, Holmqvist S, Kleshchevnikov V, Martirosyan A, Poliou-
dakis D, et al. Astrocyte layers in the mammalian cerebral cortex revealed by a
single-cell in situ transcriptomic map. Nat Neurosci. 2020;23:500–9.

321. Zhang Y, Barres BA. Astrocyte heterogeneity: an underappreciated topic in
neurobiology. Curr Opin Neurobiol. 2010;20:588–94.

322. Lohr C, Beiersdorfer A, Fischer T, Hirnet D, Rotermund N, Sauer J, et al. Using
genetically encoded calcium indicators to study astrocyte physiology: a field
guide. Front Cell Neurosci. 2021;15:690147.

323. Wakida NM, Gomez-Godinez V, Li H, Nguyen J, Kim EK, Dynes JL, et al. Calcium
dynamics in astrocytes during cell injury. Front Bioeng Biotechnol. 2020;8:912.

324. Srinivasan R, Lu TY, Chai H, Xu J, Huang BS, Golshani P, et al. New transgenic
mouse lines for selectively targeting astrocytes and studying calcium signals in
astrocyte processes in situ and in vivo. Neuron. 2016;92:1181–95.

325. Jiang R, Haustein MD, Sofroniew MV, Khakh BS. Imaging intracellular Ca(2)(+)
signals in striatal astrocytes from adult mice using genetically-encoded calcium
indicators. J Vis Exp. 2014;93:e51972.

326. Tong X, Shigetomi E, Looger LL, Khakh BS. Genetically encoded calcium indi-
cators and astrocyte calcium microdomains. Neuroscientist. 2013;19:274–91.

327. Shigetomi E, Bushong EA, Haustein MD, Tong X, Jackson-Weaver O, Kracun S,
et al. Imaging calcium microdomains within entire astrocyte territories and
endfeet with GCaMPs expressed using adeno-associated viruses. J Gen Physiol.
2013;141:633–47.

328. Shigetomi E, Kracun S, Sofroniew MV, Khakh BS. A genetically targeted optical
sensor to monitor calcium signals in astrocyte processes. Nat Neurosci.
2010;13:759–66.

329. Shigetomi E, Khakh BS. Measuring near plasma membrane and global intra-
cellular calcium dynamics in astrocytes. J Vis Exp. 2009;26:1142.

330. Borodinova AA, Balaban PM, Bezprozvanny IB, Salmina AB, Vlasova OL. Genetic
constructs for the control of astrocytes’ activity. Cells. 2021;10:1600.

331. Yu X, Moye SL, Khakh BS. Local and CNS-wide astrocyte intracellular calcium
signaling attenuation in vivo with CalEx(flox) mice. J Neurosci. 2021;41:4556–74.

332. Nagai J, Bellafard A, Qu Z, Yu X, Ollivier M, Gangwani MR, et al. Specific and
behaviorally consequential astrocyte Gq GPCR signaling attenuation in vivo with
ibetaARK. Neuron. 2021;109:2256–2274.e9.

333. Octeau JC, Gangwani MR, Allam SL, Tran D, Huang S, Hoang-Trong TM, et al.
Transient, consequential increases in extracellular potassium ions accompany
channelrhodopsin2 excitation. Cell Rep. 2019;27:2249–2261.e7.

334. Koh W, Park YM, Lee SE, Lee CJ. AAV-mediated astrocyte-specific gene
expression under human ALDH1L1 promoter in mouse thalamus. Exp Neurobiol.
2017;26:350–61.

335. Pignataro D, Sucunza D, Vanrell L, Lopez-Franco E, Dopeso-Reyes IG, Vales A,
et al. Adeno-associated viral vectors serotype 8 for cell-specific delivery of
therapeutic genes in the central nervous system. Front Neuroanat. 2017;11:2.

336. O’Carroll SJ, Cook WH, Young D. AAV targeting of glial cell types in the central
and peripheral nervous system and relevance to human gene therapy. Front
Mol Neurosci. 2020;13:618020.

337. Patriarchi T, Cho JR, Merten K, Howe MW, Marley A, Xiong WH, et al. Ultrafast
neuronal imaging of dopamine dynamics with designed genetically encoded
sensors. Science, 2018;360:eaat4422.

338. Marvin JS, Scholl B, Wilson DE, Podgorski K, Kazemipour A, Müller JA, et al.
Stability, affinity, and chromatic variants of the glutamate sensor iGluSnFR. Nat
Methods. 2018;15:936–9.

339. Giannotti G, Heinsbroek JA, Yue AJ, Deisseroth K, Peters J. Prefrontal cortex
neuronal ensembles encoding fear drive fear expression during long-term
memory retrieval. Sci Rep. 2019;9:10709.

340. Guenthner CJ, Miyamichi K, Yang HH, Heller HC, Luo L. Permanent genetic
access to transiently active neurons via TRAP: targeted recombination in active
populations. Neuron. 2013;78:773–84.

341. Herrera DG, Robertson HA. Activation of c-fos in the brain. Prog Neurobiol.
1996;50:83–107.

342. Cvetkovic C, Patel R, Shetty A, Hogan K, Anderson M, Basu N. et al. Assessing Gq-
GPCR-induced human astrocyte reactivity using bioengineered neural orga-
noids. J Cell Biol, 2022;221:e202107135.

343. Josselyn SA, Kohler S, Frankland PW. Heroes of the engram. J Neurosci.
2017;37:4647–57.

344. Whitaker LR, Hope BT. Chasing the addicted engram: identifying functional
alterations in Fos-expressing neuronal ensembles that mediate drug-related
learned behavior. Learn Mem. 2018;25:455–60.

345. Georgiou L, Echeverría A, Georgiou A, Kuhn B. Ca(+) activity maps of astrocytes
tagged by axoastrocytic AAV transfer. Sci Adv. 2022;8:eabe5371.

346. Mohan A, Pendyam S, Kalivas PW, Nair SS. Molecular diffusion model of neu-
rotransmitter homeostasis around synapses supporting gradients. Neural
Comput. 2011;23:984–1014.

347. Pendyam S, Mohan A, Kalivas PW, Nair SS. Role of perisynaptic parameters in
neurotransmitter homeostasis-computational study of a general synapse.
Synapse. 2012;66:608–21.

348. Lehre KP, Rusakov DA. Asymmetry of glia near central synapses favors pre-
synaptically directed glutamate escape. Biophys J. 2002;83:125–34.

349. Cholet N, Pellerin L, Magistretti PJ, Hamel E. Similar perisynaptic glial locali-
zation for the Na+,K+-ATPase alpha 2 subunit and the glutamate transpor-
ters GLAST and GLT-1 in the rat somatosensory cortex. Cereb Cortex.
2002;12:515–25.

350. Melone M, Ciriachi C, Pietrobon D, Conti F. Heterogeneity of astrocytic and
neuronal GLT-1 at cortical excitatory synapses, as revealed by its colocalization
with Na+/K+-ATPase alpha isoforms. Cereb Cortex. 2019;29:3331–50.

351. Verkhratsky A, Matteoli M, Parpura V, Mothet JP, Zorec R. Astrocytes as secretory
cells of the central nervous system: idiosyncrasies of vesicular secretion. EMBO J.
2016;35:239–57.

352. Araque A, Li N, Doyle RT, Haydon PG. SNARE protein-dependent glutamate
release from astrocytes. Neuroscience. 2000;20:666–73.

353. Baker DA, McFarland K, Lake RW, Shen H, Tang XC, Toda S, et al. Neuroa-
daptations in cystine-glutamate exchange underlie cocaine relapse. Nat Neu-
rosci. 2003;6:743–9.

354. Bridges R, Lutgen V, Lobner D, Baker DA. Thinking outside the cleft to under-
stand synaptic activity: contribution of the cystine-glutamate antiporter (System
xc-) to normal and pathological glutamatergic signaling. Pharmacol Rev.
2012;64:780–802.

355. Ota Y, Zanetti AT, Hallock RM. The role of astrocytes in the regulation of synaptic
plasticity and memory formation. Neural Plast. 2013;2013:185463.

356. Rodríguez-Arellano JJ, Parpura V, Zorec R, Verkhratsky A. Astrocytes in physio-
logical aging and Alzheimer’s disease. Neuroscience. 2016;323:170–82.

357. Kruyer A, Chioma VC, Kalivas PW. The opioid-addicted tetrapartite synapse. Biol
Psychiatry. 2020;87:34–43.

358. Rouault TA. Iron metabolism in the CNS: implications for neurodegenerative
diseases. Nat Rev Neurosci. 2013;14:551–64.

AUTHOR CONTRIBUTIONS
All three authors contributed equally in writing this review.

FUNDING
This review was sponsored in part by the National Institutes of Health (DA007288 and
DA044782, AK; DA046373 and DA012513, PWK; DA054154, MDS) and the Veterans
administration (BX004727, PWK).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Peter W. Kalivas
or Michael D. Scofield.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

A. Kruyer et al.

36

Neuropsychopharmacology (2023) 48:21 – 36

http://www.nature.com/reprints
http://www.nature.com/reprints

	Astrocyte regulation of synaptic signaling in psychiatric disorders
	Introduction
	Astrocyte regulation of excitatory synapses
	Astrocyte regulation of inhibitory synapses
	Astrocyte regulation of neuromodulators
	Astrocyte involvement in psychiatric disorders
	Major depressive disorder
	Bipolar disorder
	Schizophrenia
	Alcohol use disorder
	Substance use disorder
	Obsessive-compulsive disorder

	Future directions
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




