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Abstract: A serotonergic dysfunction has been largely postulated as the main cause of depression,
mainly due to its effective response to drugs that increase the serotonergic tone, still currently the first
therapeutic line in this mood disorder. However, other dysfunctional pathomechanisms are likely
involved in the disorder, and this may in part explain why some individuals with depression are
resistant to serotonergic therapies. Among these, emerging evidence suggests a role for the astrocytic
inward rectifier potassium channel 4.1 (Kir4.1) as an important modulator of neuronal excitability
and glutamate metabolism. To discuss the relationship between Kir4.1 dysfunction and depression, a
systematic review was performed according to the PRISMA statement. Searches were conducted
across PubMed, Scopus, and Web of Science by two independent reviewers. Twelve studies met
the inclusion criteria, analyzing Kir4.1 relationships with depression, through in vitro, in vivo, and
post-mortem investigations. Increasing, yet not conclusive, evidence suggests a potential pathogenic
role for Kir4.1 upregulation in depression. However, the actual contribution in the diverse subtypes
of the disorder and in the comorbid conditions, for example, the epilepsy-depression comorbidity,
remain elusive. Further studies are needed to better define the clinical phenotype associated with
Kir4.1 dysfunction in humans and the molecular mechanisms by which it contributes to depression
and implications for future treatments.
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1. Introduction

Depression is a common and serious mood disorder, occurring at any age, from child-
hood to late adulthood [1,2], and presenting in multiple clinical forms [3]. Its neurobiology
is only partially known and is thought to rely on a series of different and in part concur-
rent mechanisms that underlie both the core psychopathology of the disorder and the
heterogeneous clinical variants characterizing its presentation [4].

The initial “Monoaminergic hypothesis” [5,6], later further revised as a “Serotonin
(5-HT) hypothesis” [7,8], historically relies on the clinical evidence of the depressogenic
effect of reserpine [9,10], a drug that depletes brain monoamines by disrupting their
vesicular storage. The long-lasting clinical experience with antidepressant drugs, such
as monoamine inhibitors, tricyclic antidepressants (TCAs), selective serotonin and sero-
tonin/norepinephrine reuptake inhibitors (respectively, SSRIs and SNRIs) [11,12], which
are all known to relieve depressive symptoms mainly through an increase in serotonin
levels at the synaptic cleft [13], has further emphasized the crucial role of serotonergic
dysfunction in the disorder. Indeed, currently, clinical evidence and relevant guidelines still
support the use of SSRIs as the first-line drugs in depression, in both adults [12] and young
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people [14]. The “serotonin hypothesis”, however, has become too simplistic over time and
some criticisms have questioned the quasi-exclusive role of serotonin in the disorder. These
criticisms mainly result from the finding of a wide response to conventional antidepressant
treatments, with 10–30% of patients displaying drug-refractoriness [15]. Moreover, the
discrepancy between the rapid increase in synaptic monoamine levels after antidepressant
administration [13], and the late clinical response (typically, 2–6 weeks after starting treat-
ment) seen in treated patients [16,17], further weakens the serotonergic hypothesis as the
exclusive mechanism in the disorder.

In the 1990s, the discovery of the rapid antidepressant properties of ketamine, an
N-methyl-D-aspartate receptor (NMDAR) antagonist, has strongly suggested a role for
glutamate in the pathogenesis of depression [18,19], emphasizing its participation in
neuroplasticity [20]. Neurotrophins, particularly the brain-derived neuronal growth factor
(BDNF) [21,22], are also thought to play a pivotal role in the pathophysiology of depression;
a reduction of the BDNF-related trophic support, indeed, seems to entail neuronal and
glial atrophy in brain areas involved in the disorder (hippocampus, amygdala, prefrontal
cortex) [23]. In the same areas, the levels of neurotrophins increase under antidepressants
administration in a period of 2–6 weeks, possibly explaining their contribution to symptoms
reversion and the previously discussed time-lag between treatment starting and clinical
response [16].

Several reviews have, finally, focused on the role of astrocytes in depression pathogen-
esis, leading to a significant shift from a neuro-centric approach toward an astrocyte-centric
vision of the disorder [23–25]. Growing evidence is showing that astrocytes, the most
numerous cells in the mammalian brain, strongly influence brain function through mod-
ulation of metabolic and neurotransmission activities at the tripartite synapse [26,27],
thus playing a role in many neurologic and psychiatric disorders [28–30]. Interestingly,
post-mortem studies on patients diagnosed with major depressive disorders [24,25,31–34]
and animal models [24,35] have shown quantitative and morphological abnormalities in
brain regions (i.e., fronto-limbic areas) traditionally associated with depression. Astrocyte
dysfunction is supposed to contribute to the pathogenesis of depression through several
mechanisms, i.e., by affecting the monoaminergic system, modulating neuronal activity,
or altering the excitatory-inhibitory balance, and by disturbing the neurotrophic support
of neuronal networks [23]. Among the large number of astrocyte proteins acting at the
tripartite synapse, recent evidence has focused on the inward rectifier potassium channel
4.1 (Kir4.1 channel; KCNJ10 gene) as a possible contributor to several neuropsychiatric
diseases [36], including depression [37–41]. The inwardly rectifying role of Kir4.1, in-
deed, helps maintaining the ionic and osmotic environment in the extracellular space,
the so-called spatial K+ buffering [42]. The polarized transport of K+ in astrocytes is es-
sential for normal neuronal activity and excitability and for synaptic functions [36,43].
Interestingly, several antidepressant drugs have been shown to affect Kir4.1 function or
trafficking [44–46], and an altered expression of the Kir4.1 channel in different brain areas
has been associated with depression-like behaviors in rodents [37,47] and observed in brain
from patients with depression in post-mortem studies [38,39].

In this study, we have systematically reviewed the literature evidence on this topic
to further clarify the relationship between Kir4.1 function and the antidepressant drugs
that are used to treat human depression, and the role of the channel in the neurobiology of
the disorder.

2. Methods

The study was conducted according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. A systematic search strategy was car-
ried out in PubMed, Scopus, and Web of Science databases from their inception until June
2021. We also searched in papers’ reference lists to identify additional studies meeting our
criteria. Free text terms have been combined as follows for all databases: (depress* OR
antidepre*) AND (Kir4.1 OR inward rectifying 4.1 OR KCNJ10). We used the research tool
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“Zotero” (https://www.zotero.org/download/ (accessed on 7 June 2021)) to collect all the
results in a single library. The full text of all potentially eligible articles and their supple-
mentary information were obtained and independently assessed by two authors (S.D.V.
and M.M.). We resolved any ambiguities about eligibility through discussion. Studies were
included if they reported on the relationship between the astrocytic Kir4.1 channel and (1)
antidepressant drugs or (2) depression. The antidepressant drugs that were considered
for the inclusion of the studies in our systematic review were those recommended in
the treatment guidelines for adults [12] and young people [14] (i.e., SSRIs, SNRIs, TCAs,
monoamine oxidase inhibitors, atypical antidepressants), and the more recently FDA (Food
and Drug Administration) approved drug for resistant depression ketamine [48].

The selection excluded: (a) duplicates; (b) studies not concerning the aim of the paper;
(c) studies focusing on drugs that were not approved for depression treatment in humans
or with alleged antidepressant effects only based on limited evidence in animal models; (d)
articles written in a language other than English, French, or Italian; (e) reviews, meeting
abstracts and editorial comments.

The search strategy for the systematic review can be found in the Supplementary
Materials.

3. Results

The PRISMA Flow Diagram [49] of the review process is presented in Figure 1. The
search of PubMed, Scopus and Web of Science databases provided a total of 80 records. Two
additional studies were selected by checking the references of the identified relevant papers.
After adjusting for duplicates, 50 records remained. Of these, 20 papers were excluded
because they dealt with a different topic, 16 because they were reviews, meeting abstracts,
or editorial comments, and 2 further studies because they reported on molecules with
alleged antidepressant effects based only on preclinical studies. A total of 12 studies were
therefore identified for inclusion in the review [37–39,44–46,50–55]. We classified these
studies according to their focus on (1) Kir4.1 and depression (2) Kir4.1 and antidepressants.
Tables 1 and 2 summarize the main results of the studies included in this work.

Table 1. Kir4.1 channel expression changes in depression.

Reference Model Brain Areas Kir4.1 Expression

Medina et al., 2016 [38]
Post-mortem study on brain
samples from patients with

depression
Hippocampus ↓ Kir4.1

Cui et al., 2018 [37] and Yang
et al., 2018 [54]

Rodent models of depression
(cLH rat and LPS-treated rat) Lateral Habenula ↑ Kir4.1

Xiong et al., 2019 [39]
Post-mortem study on brain
samples from patients with

depression
Parietal cortex ↑ Kir4.1

Xiong et al., 2019 [55] Rodent models of depression
(CSDS model)

Prefrontal cortex, nucleus
accumbens septi and

hippocampus
No change

cLH: congenitally learned helpless rat, LPS: lipopolysaccharide, CSDS: chronic social defeat stress.

https://www.zotero.org/download/
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Table 2. Effects of antidepressant drugs on Kir4.1 function/expression.

Reference Drug Model Kir4.1 Expression/Function

Su et al., 2007 [44] TCAs HEK293T cells ↓ Kir4.1

Ohno et al., 2007 [45] SSRIs HEK293T cells ↓ Kir4.1

Furutani et al., 2009 [52] TCAs and SSRIs

Chimeric and site directed
mutants of Kir4.1 expressed in
Xenopus Laevis oocytes and
computational analyses of

three-dimensional
arrangements of the ligands.

↓ Kir4.1 interacting with
channel pore residues

Kinboshi et al., 2017 [53] SSRIs, TCAs, mianserin, and
siRNA Primary mouse astrocytes ↓ Kir4.1 and ↑ BDNF

Stenovec et al., 2020 [46] Ketamine Rat cortex astrocytes ↓ Kir4.1 reducing mobility of
Kir4.1-carrying vesicles.

Song et al., 2019 [51] and Song
et al., 2021 [50] Fluoxetine Normal adult rats ↓ Kir4.1 and ↑ BDNF

TCAs: tricyclic antidepressants; SSRIs: selective serotonin reuptake inhibitors, siRNA: RNA silencing; BDNF: brain derived neurotrophic factor.
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3.1. Kir4.1 Channel Expression and Depression

Studies on patients and animal models highlighted an alteration of astrocytic Kir4.1 chan-
nel expression in a variety of central nervous system (CNS) pathological conditions [43].
Among them, an altered expression of these astrocytic channels has also been found in
depression, both in rodent models [37,54] and in post-mortem human studies [38,39].

3.1.1. Down-Regulation of the Astrocytic Kir4.1 Channel

Following a set of separate evidence pointing towards a pathogenic role for astro-
cytes in major depressive disorder (MDD), Medina and colleagues investigated the glial
syncytial function in post-mortem hippocampal samples from 13 individuals with MDD
diagnosis and 10 controls [38]. Hippocampal tissues were electively used for the experi-
ments due to the important roles of this limbic structure not only for learning and memory
but also for emotional behaviors [56,57] and its involvement in the pathophysiology of
depression [58,59]. The investigation of hippocampal gene expression revealed 1114 genes
differentially expressed between control and MDD groups. A search focused on glial
function showed a downregulation, in the hippocampus of MDD patients, of many genes
involved in astrocyte metabolism. These included the KCNJ10 gene, coding for Kir4.1,
AQP4, which is a member of the aquaporin family important for water homeostasis and
K+ buffering [60], SLC1A2 and SLC1A3 involved in glutamate reuptake function, and
GJA1, a gap junctions’ component that participates in the formation of astrocyte syncytium.
Although KCNJ10 mRNA displayed a statistically significant reduction in MDD samples
on microarray analyses, the authors could not establish whether the decreased expression
of KCNJ10 was a cause or consequence of the depressive condition.

3.1.2. Up-Regulation of Astrocytic Kir4.1 Channel

Very interesting insights have emerged from two studies published simultaneously
by the same research group [37,54]. Their research follows previous evidence from animal
and human studies demonstrating that dysfunctional activity of the lateral habenula
(LHb), an epithalamic relay nucleus connecting forebrain limbic structures with midbrain
monoaminergic centers and primarily hosting glutamatergic neurons, is involved in the
development of depressive features [61–63]. Using the “Congenitally Learned Helpless Rat”
(cLH), an established animal model for congenital depression, Yang and colleagues [54]
found that the systemic injection and the local infusion into the rat LHb of ketamine, an
NMDAR antagonist, equally result in the reversion of depressive symptoms. This finding
likely suggests a specific role for the LHb in mediating the antidepressant effect of ketamine-
induced NMDAR blockade. To confirm the role of the LHb neuronal hyperexcitability in
depression, the authors performed electrophysiological recordings in the LHb neurons
of two rodent models of depression (the cLH rat and the chronic restraint stress (CRS)
mouse) and observed a significant increase in bursting activity compared with control
animals. By applying optogenetic tools driving the bursting activity in the LHb, they also
demonstrated that the increased bursts of mice LHb neurons is a sufficient mechanism
underlying aversion and depression-like symptoms. Then, they demonstrated that the
excessive bursting of LHb neurons is triggered by hyperpolarization of neurons and found
that NMDA receptors and T-type sensitive calcium channels (T-VSCCs) are crucial for LHb
bursting activity. Moreover, the addition of ketamine and mibefradil (a T-VSCC blocker) to
LHb brain slices eliminates and reduces the bursting activity of LHb neurons, respectively,
but this phenomenon does not affect the resting membrane potential. Thus, in addition to
reversing depressive symptoms, ketamine injection reduced LHb bursting activity in both
cLH rats and CRS mice. The same rapid antidepressant effect was achieved by blocking
the T-VSCC channels through systemic injection of the antiepileptic drug ethosuximide or
by bilateral infusion of mibefradil into the LHb of CRS mice. Thus, the authors suggested
that increased bursting activity in LHb neurons drives depression, and that the rapid
antidepressant effect of ketamine might be related to the quenching of LHb neurons.
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In their accompanying paper, Cui and colleagues [37] also investigated the possible
role of astrocytes in depression, focusing their study on the astrocytic Kir4.1 channel,
by examining if it had a role in regulating the resting membrane potential (RMP) and
bursting activity of LHb neurons. The authors assessed the localization and expression
of Kir4.1 channels in the LHb of two animal models of depression (the already investi-
gated cLH rat and the lipopolysaccharide (LPS)-treated rat), demonstrating that Kir4.1 is
expressed both on astrocytic endfeet surrounding synapses and on astrocytic processes
contacting the neuronal soma, and showing an up-regulation of Kir4.1 in the LHb of both
animal models, at least in part dependent on transcription. This upregulation, moreover,
occurred 60–90 days after birth, just when the rodents showed their first depression-like
symptoms. The synchrony between the increased expression of Kir4.1 in the LHb and
the depressive phenotype suggested a causal role for Kir4.1 upregulation in depression.
This was further corroborated by linking depression-like behaviors and overexpression
of adeno-associated virus (AAV) mRNA/KCNJ10 in the LHb of wild-type mice. These
results suggested that increased extracellular potassium clearance mediated by Kir4.1 over-
expression might underlie the neuronal hyperpolarization required for burst initiation
in LHb. Moreover, downregulation of Kir4.1 in the LHb of cLH rats, through short hair-
pin RNAs (shRNAs) or dominant-negative constructs that block its function, caused a
reduction in bursting activity and the rescue of depressive behaviors. To explain the cas-
cade mechanisms by which Kir4.1 overexpression led to increased bursting of the LHb
neurons and ultimately to depressive symptoms, the authors postulated the hypothesis
that Kir4.1-mediated neuronal hyperpolarization could inactivate the T-VSCCs and induce
the activation of the NMDA receptors, which triggered the LHb neuronal bursting. The
excessive bursting of LHb neurons could inhibit the monoaminergic centers located down-
stream, activating the tegmental rostromedial nucleus. Monoamine deficiency thus would
be responsible for the depressive phenotype.

Following the important evidence provided by these two studies, another study [39]
demonstrated upregulation of Kir4.1 channels by western blotting in post-mortem parietal
cortex of patients with MDD but not in brain areas from patients with different psychiatric
disorders such as schizophrenia and bipolar disorder and in a non-affected control group.

3.1.3. No Change of Expression of Kir4.1 Astrocytic Channel

In contrast to previous studies, one work [55] performed on CSDS (susceptible mice
after chronic social defeat stress), a model of depression based on the stress paradigm [64],
found no change in Kir4.1 expression in the prefrontal cortex [65,66], nucleus
accumbens [67,68] and hippocampus [69] and concluded that Kir4.1 is not essential in
the CSDS model of depression.

3.2. Kir4.1 Channels and Drugs with Antidepressant Action
3.2.1. Kir4.1 Channels, TCAs, and SSRIs

The first association of astrocytic Kir4.1 channels with depression emerged from the
evidence that several antidepressant drugs, in particular TCAs and SSRIs, are able to inhibit
currents through the channel [44,45] by direct interaction [52], suggesting that Kir4.1 in-
hibition could have an antidepressant action [40]. The inhibition of Kir4.1 channels by
antidepressants may induce neuronal excitability, since the resulting altered potassium
siphoning would lead to an increased extracellular [K+] and reduced clearance of extracel-
lular glutamate [40]. This mechanism could hypothetically also explain the pro-convulsive
side effect of some antidepressant drugs [40].

In vitro studies performed on HEK293T cells transfected with human Kir4.1 com-
plementary DNA (cDNA) have shown that TCAs (such as amitriptyline, nortriptyline,
desipramine, and imipramine) inhibit Kir4.1 channel activity in a voltage-dependent man-
ner [44]. Whole-cell patch-clamp recordings after administration of these drugs showed,
indeed, an inhibition of both outward and inward potassium currents, with a reversible
effect after elimination of the drug. The same research group [45] showed similar in-
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hibitory effects on Kir4.1 currents, using selective serotonin reuptake inhibitors (SSRIs), i.e.,
sertraline, fluoxetine, and fluvoxamine, while the tetracyclic (mianserin) or the 5-HT1A
receptor-related (buspirone) displayed no significant effects on channel function. Flu-
oxetine and sertraline displayed a stronger, voltage-independent effect, with respect to
fluvoxamine, which instead inhibited Kir4.1 in a voltage-dependent manner.

Inhibition of Kir4.1 has been therefore postulated as a possible mechanism contributing
to the antidepressant effect of tricyclic drugs, perhaps by enhancing neuronal excitability
through the increase in extracellular potassium levels [40]. The pro-excitatory effect of
Kir4.1 inhibition by antidepressants might also account, at least in part, for the reduced
convulsive threshold induced by some of these drugs in humans [44,45]. Using chimeric
and site directed mutants of Kir4.1 expressed in Xenopus Laevis oocytes and computational
analyses of three-dimensional arrangements of the ligands, it has been suggested that the
inhibitory effect of antidepressants (SSRIs and TCAs) on Kir4.1 can be due to a direct ionic
interaction of the drugs with channels’ pore residues [52].

3.2.2. Kir4.1 Channels, Antidepressants and BDNF

A study on primary mouse astrocyte cultures and on HEK293T cells has shown that
inducing a loss of function of Kir4.1, by either antidepressant drugs (fluoxetine, sertraline,
fluvoxamine, imipramine, and mianserin) or RNA silencing (siRNA), results in a significant
increase in mRNA and protein levels of BDNF [53], a modulator of both depression [21,70]
and epileptogenesis [71,72].

Recently, in vivo experiments have confirmed the possible link between downreg-
ulation of Kir4.1 and upregulation of the BDNF/TrkB pathway [50,51]. Two studies in
adult rats [50,51] treated repeatedly with intraperitoneal injections of fluoxetine for 15 days
showed neuroplastic changes in the medial prefrontal cortex, a brain region involved in
the pathogenesis of depression and in the antidepressant action of Fluoxetine [73,74], likely
due to both downregulation of Kir4.1 and upregulation of BDNF signaling. Therefore, the
Kir4.1 downregulation and the BDNF/TrkB signaling pathway upregulation, the latter
at least in part induced by Kir4.1 inhibition itself, could both contribute to the long-term
neurotrophic effects of chronic fluoxetine treatment in rodent models.

3.2.3. Kir4.1 Channels and Ketamine

Interesting insights have emerged from a study investigating the effect of ketamine,
an NMDA receptor antagonist, used in clinical practice both as an anesthetic and as a
rapid-acting antidepressant drug, on Kir4.1 metabolism [46]. Adding sub-anesthetic doses
of ketamine to cultured rat cortex astrocytes resulted in reduced intracellular trafficking
and lower plasmalemmal density of Kir4.1 channels. This finding suggests that the antide-
pressant effects of ketamine may rely, at least in part, on Kir4.1 functional modulation at
astrocytes [46]. The molecular mechanisms underlying the rapid action of ketamine remain
poorly understood, however, with potential explanations relating to the aforementioned
downregulation of the Kir4.1 channels [46].

4. Discussion

In this systematic review, we have collected and investigated the literature data
reporting on the role of the astrocytic Kir4.1 channel in the pathogenesis of depression. Our
investigations support the hypothesis that Kir4.1 takes part in the complex mechanisms that
underlie the disorder and influence its response to therapies. Our analyses of published
work add further evidence that also astrocytes, and not only neurons, contribute to the
neurobiology of psychiatric disorders [23,24]. Figure 2 provides a schematic representation
of the tripartite synapse with the main pathways involved in the neurobiology of depression
potentially affected by Kir4.1 dysfunction.
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Figure 2. Graphical representation of a tripartite synapse where the following neurometabolic pathways involved in
depression and possibly affected by Kir4.1 dysfunction are schematically illustrated: (A) Serotonergic transmission (B)
astrocyte-mediated K+ siphoning, glutamate reuptake, and BDNF secretion (C) glutamatergic transmission.

First, we focused on the possible consequences of channel up- and down-regulation
on tripartite synapse metabolism, in particular on the astrocyte siphoning function and
glutamatergic transmission, also highlighting the controversial findings that emerge from
the most relevant recent literature. The mechanisms by which the altered channel expres-
sion may affect depression firstly concern the astrocyte-mediated potassium siphoning and
the neuronal glutamate-uptake [37,75–77]. Both these metabolic processes may therefore
contribute to depression development by impairing glutamatergic transmission. Given
the prevalence of glutamatergic circuits in brain areas involved in mood disorders [20],
their dysfunction is expected to be crucial for the development of the disorder [20,78]. Data
in post-mortem tissues and in vivo lend further support to this mechanism. Additional
evidence supporting a role for Kir4.1 overexpression in the disorder results from a recent
work [47] where LPS mice (a rodent model for depression [79]) were treated with Ginseno-
side Rg1, a molecule with known antidepressant properties in preclinical studies [80,81].
Interestingly, LPS mice displayed an increased hippocampal expression of Kir4.1, which
was reduced by Ginsenoside Rg1 administration. In addition, the silencing of Kir4.1 in
the hippocampus, after bilateral injection of shRNA, led to a significant improvement in
depression-like behaviors contributing to rescue the pathological phenotype.

Second, we shifted the focus on other mechanisms, mainly serotonin- and neurotrophin-
mediated, which likely interplay with Kir4.1 in depression pathogenesis. The studies
described above underline a role of the astrocytic Kir4.1 channel in the neurobiology of
depression that goes beyond the serotonergic system or influences it indirectly through
the connection between the networks directly affected by Kir4.1 dysregulation and the
downstream monoaminergic centers [37,54]. It has been recently shown that the application
of 5-HT in mouse sensory cortex slices can induce the production of secondary messen-
gers that act on Kir4.1 channels [82] to modify the extracellular potassium homeostasis
and, thus, the neuronal activity. The evidence that serotonin can communicate with and
modulate Kir4.1 activity adds further complexity to the bulk of pathomechanisms, under-
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lying depression, where Kir4.1 may at the same time be an upstream and downstream
interactor of serotonergic metabolites. Recent transcriptomic studies performed on rat
raphe tissues have suggested that the ph-sensitivity of 5HT neurons mainly rely on the
expression levels of the Kir5.1 channel, which are expressed in both serotonergic neurons
and glial cells [83]. The role of the Kir5.1 channels in dorsal raphe (DR) may be relevant for
depression since DR, as well as peri-coerulear 5-HT neurons, provide dense serotonergic
projections to locus coeruleus (LC) neurons, which are, in turn, important for regulating
fundamental behavioral functions such as cognition, anxiety, and mood [84,85]. On the
other hand, Kir4.1 channels are only present in glial cells in raphe tissues; therefore, their
altered expression is unlikely to affect the DR-LC network through direct mechanisms.
However, we cannot rule out the possibility that an altered expression of Kir4.1 channels
might affect the formation of Kir4.1/Kir5.1 heteromeric channels, as has been postulated to
occur in vivo in cortical astrocytes [86,87] and in LC neurons [88].

In addition to serotonin, neurotrophins, particularly the neurotrophic factor derived
from the brain (BDNF), are also involved in the neurobiology of depression [21,22,89,90].
Thus, another potential mechanism through which kir4.1 dysfunction could contribute to
depression is by influencing astrocyte BDNF secretion [40,41]. Evidence that Kir4.1 inhibi-
tion increases astrocyte secretion of BDNF [53] led to the hypothesis that Kir4.1 overexpres-
sion may participate in the neurobiology of depression by reducing BDNF secretion [40,41].
However, targeted studies are needed to elucidate the effects of Kir4.1 dysfunction on
serotonergic transmission and BDNF secretion.

The direct inhibition of Kir4.1 channels by administration of sertraline or quinacrine
to CSDS mice, a rodent model of the disorder, moreover, did not improve depressive-like
behaviors, differently from the treatment with ketamine, which displayed a more obvi-
ous antidepressant effect [55]. Although the positive effect of ketamine administration on
depression features likely pivots on its main NMDAR antagonism pharmacodynamic mech-
anism, a Kir4.1-mediated effect on mice symptoms cannot be completely ruled out given
the potential modulation of the channel induced by ketamine itself in astrocytes [46,91].
As stated by the same authors, the Kir4.1 channel may instead play a non-decisive role in
this model of depression, although the effects of channel inhibitors would deserve to be
investigated in long-term treatments, since previous studies showed that social avoidance
in CSDS was reduced by chronic administration of fluoxetine and imipramine [92]. Phar-
macological studies represent an additional and important piece of evidence supporting
the role of Kir4.1 overexpression in depression [44–46,52,53]. A recent review on the effects
of the novel antidepressant drugs on astrocytes also underlines the role of Kir4.1 upreg-
ulation in the pathogenesis of depression [41]: the authors hypothesized that increased
Kir4.1 function might foster astrocyte-mediated glutamate uptake and consequently reduce
the extracellular glutamate. This may lead to glutamatergic hypofunction, diminished
BDNF levels, and loss of synaptic connectivity determining the depressive symptoms [41].

Taken together, the available literature is strongly unbalanced towards a role for
Kir4.1 overexpression in the pathogenesis of depression, although some inconsistencies
have emerged from the previous discussed literature. To deal with this aspect of the
Kir4.1 metabolism, we can hypothesize the presence of conditions seen already in other
Kir4.1-related conditions such as epilepsy, which is often seen in comorbidity with depres-
sion [93], where it has been documented either loss [94,95] or gain [96] of function KCNJ10
variants. The two dysfunctional conditions of the Kir4.1 protein, respectively, lead to the
Sesame/EAST syndrome [94,95] and the autism-epilepsy phenotype [96], both as a result
of potassium siphoning alteration and possibly glutamatergic dysfunction. We cannot
exclude that, similar to epilepsy conditions, depression can also be driven by diverse if
not apparently opposite functional impairments of the Kir4.1 channel, namely a gain or
loss of protein function. However, both dysfunctional conditions may definitely lead to
glutamatergic dysfunction as a possible final common path of the channel’s impairment.
The possible consequences of Kir4.1 downregulation on glutamate metabolism are rela-
tively more straightforward, with respect to upregulation. Indeed, the loss of the channel
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function is expected to result in reduced astrocyte-siphoning with elevating extracellular
potassium and glutamate, as it has been observed in cultured cortical astrocytes with knock-
down of the channel [75] and in Kir4.1 knock-out conditional mice [76], and in neuronal
hyperexcitability as it has been observed, e.g., in Noda epileptic rat [97]. Furthermore, the
extracellular accumulation of glutamate could be responsible for excitotoxicity [75]. On the
other hand, the functional consequences of channel upregulation still remain less obvious.
Although one of the expected consequences of Kir4.1 upregulation primarily remains the
increased glutamate uptake from the extracellular compartment, leading to glutamatergic
hypofunction [41], the most robust findings that emerge from recent research in rodents
strongly demonstrate the opposite. In particular, neuronal hyperpolarization due to the
reduced K+ siphoning may lead to excessive bursting and glutamatergic hyperactivation,
at least in specific neuronal networks or regions, for example, the LHb neurons investi-
gated in the disease models from Cui and colleagues, eventually through Ca++ channels
inactivation and NMDA receptors recruitment [37].

Expression studies of Kir4.1 in animal models revealed that the channel is weakly
expressed during the first stages of the development, while it is strongly expressed in the
adult stage [98]. This expression pattern correlates with the fluctuations of extracellular K+

at birth and its increased regulation in adulthood, when Kir4.1 expression saturates [99].
The progressive expression of Kir4.1 also correlates with glial differentiation [100]. The
differences in the spatial and temporal expression of Kir4.1 during brain development in
humans still remain largely unknown. However, we can hypothesize that they contribute
to the diversity of disease manifestations that may result from channel dysfunction in
different stages of human development, e.g., autism and/or epilepsy in infants or young
children and depression in older patients [36,77,96].

5-HT: 5-hydroxytryptamine. 5-HTR: 5-hydroxytryptamine receptors. 5-HIAA: 5-
hydroxyindoleacetic acid. VMAT: vesicular monoamine transporter. MAO-A: monoamine
oxidase A. SERT: serotonin transporter. Kir4.1: inward rectifier potassium channel 4.1.
AQP4: aquaporin 4. EAAT: excitatory amino acid transporter. Na+/K+ ATPase: sodium–
potassium pump. GPCR: G protein-coupled receptor. BDNF: brain-derived neurotrophic
factor. Glu: glutamate. VGLUT: vesicular glutamate transporter. GLUT: glucose transporter.
GLN: glutamine. PAG: phosphate-activated glutaminase. AMPAR: α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor or AMPA receptor. NMDAR: N-methyl-D-
aspartate receptor. mGluR: metabotropic glutamate receptor.

5. Conclusions

In conclusion, entangled neurobiological mechanisms likely underlie the heteroge-
neous spectrum of psychopathological conditions that manifest with depression as the
main feature or as part of a clinical spectrum of mood/behavioral disorders. This clinical
complexity leads clinicians to recognize several subtypes of depression probably reflecting
the neurobiological heterogeneity described above. Furthermore, the seemingly conflict-
ing nature of some literature data could simply reflect the polyhedral pathophysiology
of this disorder, with Kir4.1 dysfunction possibly representing only one, although likely
important, player for some, not for all, forms of depression. The comorbidity with other
neurobiological conditions where Kir4.1 dysfunction belongs to the array of potential
pathomechanisms, for example, epilepsy, may represent an additional important resource
for research. Planning future genetic studies on clinical samples with comorbid conditions,
will likely allow identifying those individuals where channel dysfunction can still have
a relatively more central role compared to other mechanisms and eventually finding out
closer genotype–phenotype correlations. This may in turn allow stratifying the popula-
tion, within the heterogeneity of the disorder, through a “precision medicine” approach, a
starting point for more tailored pharmacological treatments. Animal models of the disease
will remain, however, the ideal platform for further clarification of the actual role of the
Kir4.1-mediated astrocytic buffering and metabolism at the tripartite synapse.
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