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Abstract: Depression is a serious psychiatric illness that affects millions of people worldwide. Weeks 
of antidepressant therapy are required to relieve depressive symptoms, and new drugs are still being 
extensively researched. The latest studies have shown that in depression, there is an imbalance 
between the main excitatory (glutamatergic) and inhibitory (GABAergic) systems. Administration of 
antagonists of the glutamatergic system, including zinc, has shown an antidepressant effect in 
preclinical as well as clinical studies. Zinc inhibits the NMDA receptor via its binding site located on 
one of its subunits. This is thought to be the main mechanism explaining the antidepressant properties 
of zinc. In the present review, a link between zinc and the glutamatergic system is discussed in the context of depressive 
disorder. 
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INTRODUCTION 

 Depression is a serious psychiatric illness that is 
associated with a high risk of morbidity and mortality. 
Understanding the neurobiological mechanisms that underlie 
the development of major depression is a challenge of the 
21st century. Recently available antidepressants such as tricyclic 
antidepressants and selective serotonin/noradrenaline 
reuptake inhibitors are based on the monoaminergic theory 
of depression, which views inappropriate serotonin, 
noradrenaline and/or dopamine levels in the brain as being 
responsible for the condition [1]. However, more than 30% 
of patients do not respond to this treatment [2]. Due to the 
unsatisfactory clinical efficacy and numerous side effects  
of commonly used drugs, as well as the fact that weeks of 
therapy are required to relieve symptoms, new antidepressant 
strategies are being extensively researched. Over the past 
decades, a body of evidence has emerged linking the 
pathophysiology of depressive disorder to glutamatergic 
hyperactivity and identifying the N-methyl D-aspartate 
(NMDA) receptor and glutamatergic synapse as a potential 
target for pharmacologic intervention. Preclinical studies have 
been conducted to evaluate glutamate-based antidepressants, 
which modulate not only ionotropic but also metabotropic 
glutamate (mGlu) receptors and specialized transporters 
regulating synaptic glutamate concentrations, such as glial 
glutamate transporter 1 [3,4]. Yet there are also other putative 
pathomechanisms of depression (Fig. 1) which conceptualize 
depression as an immuno-inflammatory and neuroprogressive 
disorder [5-9]. Phenomena such as cell-mediated immune 
(CMI) activation, induction of indoleamine 2,3-dioxygenase 
(IDO), oxidative and nitrosative stress (O&NS), mitochondrial 
dysfunctions, hypothalamic-pituitary-adrenal (HPA) axis  
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dysregulations and neurotrophic disturbances have been 
proved to induce apoptosis and inhibit neuronal growth and 
plasticity [5,6,10]. Consequently, many depressed patients 
display cognitive and functional decline, as well as structural 
brain abnormalities, as indicated, for example, by reduced 
hippocampal volume [7,11]. In such patients, longer and 
more frequent depressive episodes increase their susceptibility 
to future relapses. 

GLUTAMATERGIC SYSTEM IN THE BRAIN 

 Glutamate is the main excitatory neurotransmitter in the 
central nervous system (CNS) and binds to a variety of 
ionotropic as well as metabotropic receptors (Fig. 2). Some 
of them are located at pre- or postsynaptic membranes, and 
some are on glial cells. The ionotropic receptors (ion channels) 
include N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-
5-methyl-isoxazole-4-propionic acid (AMPA) and kainate 
receptors; the metabotropic receptors include three groups of 
G protein-coupled receptors (mGluRs): (I) mGluR1 and 
mGluR5; (II) mGluR2 and mGluR3; and (III) mGluR4, 
mGluR6 and mGluR7 [12,13]. 

 Glutamate is released to the synaptic cleft from 
depolarized presynaptic neurons and then taken up to 
astrocytes via excitatory amino acid transporters (EAATs), 
where the so-called glutamine cycle begins [14]. In the 
astrocytes, glutamate is converted by glutamine synthetase 
into glutamine, which is passed from the astrocytes to the 
neurons via specific glutamine transporters. In the neurons, 
glutamine is reconverted to glutamate and to GABA via 
glutamic acid decarboxylase [12]. Another process leading to 
glutamate production from the beginning (de novo) involves 
glucose and amino acids derived from energy metabolism 
[14]. To maintain homeostasis in the brain, the release of 
glutamate is required. This is possible via presynaptic 
mGluR2/3 that regulates glutamate release or via an 
appropriate inhibitory potential triggered by GABA. 
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 Dysregulation between main excitatory glutamatergic 
neurotransmission and main inhibitory GABA-ergic neuro- 
transmission results in cellular damage called “excitotoxicity”. 

This phenomenon is thought to be a cause of depressive 
disorder and as such is considered to be a potential 
pharmacological target for the treatment of depression. 

 

Fig. (1). Theories of depression: Glutamatergic Theory of Depression (imbalances between glutamatergic and GABAergic systems in the 
brain [38]); Monoaminergic Theory of Depression (insufficient concentrations of monoamines in the brain [103,104]); Neurotophic Theory 
of Depression (reduction in brain derived neurotrophic factor, BDNF [102] and nerve growth factor, NGF as well as decreased amount of 
neurons and reduced hippocampal volume); HPA Theory of Depression (hyperactivation of the hypothalamic-pituitary-adrenal axis, an 
increased corticosterone concentrations and reduced glucocorticoid receptors, enlarged adrenal gland); Immunological Theory of Depression 
(inflammation, an increased cytokines levels [5]). 

 

Fig. (2). Glutamatergic receptors: ionotropic (ion channels) – (i) N-methyl-D-aspartate (NMDA), (ii) α-amino-3-hydroxy-5-methyl-
isoxazole-4-propionic acid (AMPA) and (iii) kainate receptors; metabotropic (mGluRs) – (i) mGluR1 and mGluR5; (ii) mGluR2 and 
mGluR3; and (iii) mGluR4, mGluR6 and mGluR7. 
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GLUTAMATE AND DEPRESSION – PRECLINICAL 
EVIDENCE (EXAMPLES) 

 Studies over the past few years have shown that the 
glutamatergic system plays an important role in both the 
pathophysiology and the treatment of depression. 
Suppressing glutamatergic neurotransmission as well as 
inhibiting the NMDA receptor seem to be important 
strategies in the pharmacological treatment of depression. 

 NMDA receptors, as described above, are ion channels 
that flux the cations Ca2+ and Na+, and they are tetrameric 
complexes that consists of two obligatory NR1 subunits and 
two NR2 subunits that have been identified as NR2A-D or 
NR3A-B [14,15]. Multiple allosteric regulatory sites that 
modulate glutamatergic neurotransmission are located at the 
NMDA receptors. Preclinical behavioral tests such as the 
forced swim test (FST, known as the ‘Porsolt Test’) or the 
tail suspension test (TST) have shown a reduction in 
immobility scores/antidepressant activity of AP-7, CGP 
39551 and CGP 37849 (competitive NMDA antagonist), 
dizocilpine - MK-801 and memantine (uncompetitive 
antagonist), eliprodil (polyamine NR2B antagonist), 1-
aminocyclopropanecarboxylic acid - ACPC (glycine partial 
agonist), and L-701,324 (highly selective glycine B receptor 
antagonist) [16,17]. The forced swim test and the tail 
suspension test were designed as screening tests for potential 
antidepressant drugs [18,19], although there are also other 
preclinical models that reflect the depressive symptoms of 
this illness [20]. Aversive stimulus/stressors, when repeated 
for several weeks, were found to lead to a significant 
reduction in sucrose consumption by rodents and to the 
development of anhedonia. It was found that administration 
of glutamatergic antagonists such as CGP 37849 or MK-801 
reversed this reduced sucrose consumption [21,22], and 
ketamine (channel blocker) or Ro 25-6981 (selective 
NMDA-2B antagonist) also restored sucrose preference 
within 24 hours, even after a single dose [23]. 

 Like NMDA receptors, AMPA receptors seem to be 
pharmacological targets for the treatment of depression, 
because of their function of creating homeostasis between 
glutamate and GABA. It is thought that positive allosteric 
modulators of AMPA receptors could act as a novel 
antidepressant [24]. Selective positive allosteric modulators 
of AMPA receptors, such as LY 404187 and LY 392098, 
were found to be active in both the tests and the models of 
depression [25–27]. 

 The last decade has also produced strong evidence 
indicating the involvement of metabotropic mGluRs, which 
modulate glutamatergic transmission, in the treatment of 
depression [13,28,29]. Antagonists of group I mGluR, such 
as MTEP (3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine) 
and MPEP (2-methyl-6-(phenylethynyl)pyridine), or of 
group II – namely, mGluR 2 and mGluR3 (e.g. LY 341495, 
MGS0039) – reduced immobility time in the FST and TST 
[13,30]. 

 NMDA receptors are also modulated by trace elements 
such as magnesium or zinc (which will be discussed in the 
next sections) [31,32]. Magnesium is present at the NMDA 
receptor as a channel blocker. Its removal is required to 

facilitate ion flow and NMDA activation. A diet low in 
magnesium has been shown to result in depressive-like [33] 
and anxiety-like behaviors [33,34], as well as in a significant 
reduction in amygdala-hypothalamic protein, but not in 
mRNA levels of GluN1 subunits [35]. Chronic magnesium 
treatment caused a reduction in the olfactory bulbectomy 
(OB)-induced hyperactivity. Moreover, magnesium 
supplementation significantly increased the protein levels of 
BDNF, GluN2B (an NMDA-receptor subunit), P-S831 
(phospho-Ser_831_GluA1) and P-S845 (phosphor-Ser845-
GluA1) in the hippocampus as well as the prefrontal cortex 
of rats following an olfactory bulbectomy [36]. According to 
the authors, the results suggest the possible involvement of 
the AMPA/BDNF pathway in the antidepressant response of 
magnesium. Pretreatment with D-serine (an agonist for the 
glycineB site of the NMDA receptors) abolished the 
antidepressant response of magnesium, as measured by the 
FST [37]. 

 It has only been possible to present a few examples 
because of the breadth of the topic, but for more details 
regarding glutamate and depression, see the following 
reviews [13,16,38]. 

GLUTAMATE AND DEPRESSION – CLINICAL 
EVIDENCE (EXAMPLES) 

 Major depressive disorder is linked to a high risk of 
suicide. Postmortem studies have confirmed the 
glutamatergic hypothesis of depression. Hashimoto et al. 
found increased glutamate concentrations in the frontal 
cortex of suicide victims who had suffered from major 
depression and bipolar disorder [39]. Also in the frontal 
cortex of suicide victims who had suffered from depression, 
Nowak et al. [40] observed reduced glycine displaceable 
[3H]CGP-39653 binding to the glutamate receptors, which, 
according to the authors, means that dysfunction of the 
glutamatergic system is involved in the pathophysiology of 
depression and suicidal behavior [40]. 

 Until now only one drug – namely, ketamine – had been 
found to produce a rapid (i.e. after a single dose) antidepressant 
response, even in treatment-resistant depression [41,42]. 
Ketamine is a high-affinity NMDA antagonist. In a randomized, 
placebo-controlled, double-blind study, in contrast to 
untreated controls, patients suffering from treatment-resistant 
depression showed a significant improvement within 110 
minutes of receiving a single intravenous dose of ketamine 
[41]. Ketamine was also found to be effective after a  
single dose in bipolar depression. In a randomized controlled 
trial, ketamine improved depressive symptoms and  
suicidal ideation within 40 minutes, compared with patients 
receiving a placebo, who showed no improvement [43]. This 
improvement was observed through the next 3 days. In a 
study by Berman et al. [44], patients receiving ketamine 
showed significant improvement, as measured by the 
Hamilton Depression Rating Scale (HDRS). There are also 
other NMDA antagonists that produce antidepressant effects, 
but not after a single dose. Patients suffering from treatment-
resistant major depression showed significant improvement 
after 3 weeks of treatment with riluzole (a neuroprotective 
agent with glutamatergic modulating and anticonvulsant 
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properties) [45]. In a study by Preskorn et al. [46], in contrast 
to untreated controls, nonresponders to antidepressant therapy 
showed mood improvement as measured by the Montgomery-
Asberg Depression Rating Scale and the HDRS after a single 
infusion (in addition to 6-week paroxetine treatment) with 
CP-101,606, an NR2B subunit-selective NMDA receptor 
antagonist. 

ZINC AT THE GLUTAMATERGIC SYNAPSES 

 Zinc is a multifunctional element that is important for 
DNA replication and transcription as well as protein 
synthesis, and that therefore influences cell division and 
differentiation [47]. Zinc plays an important role in the 
mammalian brain. It exists in a histochemically reactive 
form, and also as zinc metaloprotein and free zinc [48]. It has 
been found that zinc is mostly present in the regions of the 
brain involved in emotions, such as the hippocampus, the 
frontal cortex, the amygdala and the olfactory bulb 
[47,49,50]. These structures are rich in so-called zincergic 
neurons that contain glutamate and Zn2+, which may be 
released upon excitation [51]. The term ‘gluzinergic 
neurons’ has been proposed for neurons that release zinc and 
glutamate [48]. Because of its location, zinc can modulate 
excitability in the brain via its influence on the glutamatergic 
and GABAergic receptors [52]. Although it is the potent 
action of zinc ions on the NMDA receptor that is most often 
described, zinc also influences the AMPA and kainate 
receptors, and its activity is dependent on its concentration. 
It has been found that at high concentrations, zinc increases 
the response of the AMPA and kainate receptors, while at 
much higher concentrations it inhibits their response [52]. 
Inhibition of the NMDA receptor by zinc depends on the 
combination of NMDA subunits. The NR2A subunit has a 
much higher affinity than the NR2B subunit [8]. Receptors 
that contain NR1/NR2A subunits can be inhibited by a high-
affinity, voltage-independent mechanism as well as by a low 
affinity, while receptors containing NR1/NR2B subunits are 
inhibited only by moderate-affinity, voltage-independent 
blocking [52]. 

ZINC IN PRECLINICAL STUDIES 

Zinc Deficiency 

 It is believed that zinc deficiency can have an influence 
on mood, leading to the development of depressive-like 
symptoms; however it was still not known whether 
hypozincemia leads to the development of depressive 
behavior or whether zinc deficiency is a result of depression. 
In preclinical studies a specially prepared zinc-deficient diet 
was used to investigate behavioral as well as biochemical 
and molecular changes. Following administration of the 
zinc-deficient diet (containing 40% of the daily requirement 
of zinc) there was an increase in immobility time in both the 
FST and the TST [53]. Additionally, mice receiving a diet 
low in zinc exhibited enhanced immediate-to-early gene 
Zif268 expression in the amygdala. It should be mentioned 
that antagonist binding to the NMDA receptor attenuates 
activation of Zif268 in the basolateral amygdala [54]. All of 
these changes observed under zinc-deficient/stress conditions 
were normalized/reversed by desipramine (selective serotonic 
reuptake inhibitor, SSRI) treatment [53]. Other studies have 

also shown that administration of a diet low in zinc leads to 
the development of depressive-like behavior in mice [55–58] 
and rats [59,60]. Moreover zinc-deficient rats showed 
anhedonia, as measured by the sucrose preference test [59]. 
In those animals a reduction in saccharin intake was 
observed in comparison with controls receiving a zinc-
adequate diet. Depressive-like behavior observed under zinc-
deficient conditions is possibly explained by enhanced 
excitation. Interestingly, young rats receiving a zinc-
deficient diet for 4 weeks showed enhanced exocytosis and, 
probably as a result, abnormal glutamate release, which was 
attenuated in the presence of zinc [61]. The higher glutamate 
concentration that is found in zinc deficiency is thought to be 
due to enhanced activation of the hypothalamic-pituitary-
adrenal (HPA) axis, the main mechanism involved in the 
stress reaction. Rodents receiving a zinc-deficient diet had 
significantly elevated corticosterone concentrations [58,60]. 
It is thought that cortisol/corticosterone may mediate the 
blocking of glutamate transporter activity under zinc-
deficient/stress conditions, leading to the accumulation of 
excess glutamate [20]. It is also thought that the secretion of 
excess corticosterone observed in zinc deficiency may be 
linked to the enhanced excitation of glutamatergic neurons 
due to intracellular Ca2+ dyshomeostasis [61]. Another 
explanation for high glutamate release in zinc deficiency is 
enhanced activity of NMDA receptor. Zinc down-regulates 
the glutamate response by inhibiting NMDA receptors [62]. 
This inhibition activity is abolished under zinc-deficient 
conditions, which results in prolonged intracellular Ca2+ 
release, as well as excitotoxic damage [63].  

Zinc Supplementation 

 Preclinical studies have shown that zinc supplementation 
may enhance antidepressant therapy. Moreover, zinc 
administration has been shown to produce antidepressant 
action by itself. Zinc has been found to be active in 
commonly used animal tests and models of depression. 
Administration of diverse types of zinc salt, such as zinc 
sulphate (30 mg/kg body weight of rats or mice) [64,65], 
zinc hydroaspartate (65 mg/kg body weight of rats) [66] and 
zinc chloride (30 mg/kg body weight of mice) [67], caused a 
reduction in immobility time in the forced swim test. In the 
tail suspension test immobility scores were also reduced 
following zinc chloride (10-30 mg/kg) treatment in mice. 
Other studies have shown that joint administration of an 
antidepressant (such as imipramine, citalopram, fluoxetine, 
reboxetine, desipramine or bupropion) and zinc salt 
(sulphate, hydrospartate or chloride), both in ineffective 
doses, reduced immobility time in the FST and TST in mice 
or rats [65,68-70]. These independent studies have shown 
that zinc may effectively supplement antidepressant therapy, 
thereby reducing persistent side effects of commonly used 
antidepressants. Zinc was also found to be active in animal 
models of depression. Exposure to chronic mild stress 
(CMS) or chronic unpredictable stress (CUS) leads to the 
development of several symptoms of depressive disorder, 
including anhedonia, as measured by the sucrose preference 
test [20]. Zinc hydroaspartate reversed those changes in both 
CMS [71] and CUS [72] conditions. Moreover, joint 
administration of zinc hydroaspartate and imipramine, both 
in ineffective doses, also reversed negative symptoms 
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developed through the CUS procedure [72]. Olfactory 
bulbectomy is another model of depression which causes 
abnormalities in behavior as well as in neurotransmitter 
(serotonergic, noradrenergic, glutamatergic, GABAergic and 
cholinergic) release that are similar to those observed in 
mood disorders [20]. A study by Nowak et al. [73] showed 
that both acute and chronic administration of zinc 
hydroaspartate reduced negative symptoms induced by the 
removal of the olfactory bulb in rats. 

 Other authors have examined the effect of zinc 
hydroaspartate on postpartum depression in mice [74]. 
Postpartum depression is a major depressive disorder that 
can happen in women at any time up to 1 year after they 
have given birth [75]. They found that acute combined 
administration of zinc, magnesium and vitamin D on 
postpartum day 3 significantly improves depressive 
symptoms [74]. 

 Inhibition of the NMDA receptor is thought to be one of 
the main mechanisms explaining the antidepressant 
properties of zinc. A study by Rosa et al. [76] has shown that 
inhibition of the NMDA receptor and interaction with the L-
arginine-nirtic oxide (NO) pathway may be the mechanisms 
by which the antidepressant properties of zinc take effect. 
Pre-treatment with L-arginine (a substrate for NO synthase) 
abolished the anti-immobility effect of zinc chloride. In 
another study, as with magnesium, administration of D-
serine abolished the antidepressant effect of zinc in the 
forced swim test (FST), indicating the importance of the 
glycineB site in the antidepressant response of zinc [37]. 

ZINC IN CLINICAL STUDIES 

 About 50% of the world’s population may suffer from 
zinc deficiency due to a low supply [77]. It has been reported 
that patients suffering from depression showed lower serum 
zinc than healthy controls [78,79]. Significant differences 
between patients who respond to antidepressant therapy and 
non-responders were also found [80]. Clinical studies 
focusing on zinc concentration in depressed subjects have 
been reviewed by [81], who have summarized clinical data 
comparing zinc levels in depressed and non-depressed 
patients. Based on the literature, which included 1643 
depressed and 804 non-depressed subjects, they found 
generally lower peripheral blood zinc concentrations in those 
suffering from depressive disorder. Lower serum zinc  
levels were also found in women suffering from postpartum 
depression [82]. Patients were assessed for postpartum 
depressive symptoms using the Edinburgh Postnatal 
Depression Rating Scale (EPDRS). On the 3rd day after 
childbirth, the EPDRS score increased by 45%, and a 24% 
reduction in serum zinc levels was observed when compared 
with the 30th postpartum day. In the study by Nowak et al. 
[83], patients suffering from unipolar depression had 
significantly decreased zinc concentrations in the blood, 
although it normalized after successful antidepressant 
therapy. 

 Zinc may be a therapeutic agent or supplement that could 
help to reverse the symptoms of unipolar depression. In a 
placebo-controlled, double-blind pilot study by Nowak et al. 
[84], zinc supplementation of tricyclic reuptake inhibitors as 

well as of selective serotonin reuptake inhibitors reduced the 
scores in scales commonly used to assess depressive 
symptoms – namely, the Hamilton Depression Rating Scale 
(HDRS) and the Beck Depression Inventory (BDI) – after 6 
and 12 weeks, in comparison with placebo-supplemented 
subjects. Likewise, Siwek et al. [80] showed that the 
supplementation of imipramine treatment with zinc 
significantly reduced depression scores in comparison with 
placebo-supplemented groups. 

 A postmortem study found a decrease in zinc’s potency 
to inhibit [3H]MK-801 binding to the NMDA receptor in the 
hippocampus, but not in the frontal cortex of suicide victims 
[85, 86]. 

 Based on glutamatergic theory of depression, zinc can 
potentially be beneficial to help uncover novel synaptic 
avenues for the development of fast-acting antidepressants. 
Antidepressant action of zinc observed in preclinical as well 
as clinical studies may results from inhibition of the NMDA 
receptor. Zinc influences also other types of receptors, such 
as the AMPA, metabotropic (mGluR) and GABA. It is 
speculated that zinc may maintain homeostasis between 
excitatory and inhibitory systems via zinc receptor - GPR39, 
which seems to be a promising target in depression. 
Although further studies with agonists and antagonists are 
required to better understand the role of GPR39 in the 
antidepressant action. 

THE GPR39 ZINC RECEPTOR AS A NEW TARGET 
FOR ANTIDEPRESSANT TREATMENT 

 Recent studies indicate that zinc may act as a 
neurotransmitter in the central nervous system via the 
GPR39 receptor [87]. The authors found that the GPR39 
receptor is activated by zinc ions. GPR39 is a metabotropic 
receptor widely expressed in regions of the brain that are 
involved in emotional processes – the frontal cortex, the 
amygdala and the hippocampus [88], the last specifically in 
its CA3 neurons [89]. In our previous studies we found that 
mice or rats receiving a zinc-deficient diet had a lower 
expression of the GPR39 receptor in the hippocampus as 
well as in the frontal cortex [55,90]. Moreover, we observed 
GPR39 down-regulation in both the hippocampus and the 
frontal cortex in suicide victims [90]. Because these reports 
were the first indicating the possible role of the zinc receptor 
in depressive disorder, it could only be speculated that the 
changes observed may have resulted from decreased CREB 
and BDNF levels in the hippocampus. The role of the 
GPR39 is widely reviewed by Młyniec et al. [91]. The 
GPR39 receptor activates diverse pathways in the brain, 
including Gαs and Gαq, which lead to CREB expression via 
cAMP responsive element (CRE)-mediated transcription 
[87,89,92–94]. CREB increases BDNF expression, and a 
significant decrease in CREB and BDNF levels in the 
hippocampus of mice receiving a zinc-deficient diet for 6 
weeks has been observed [90]. The CREB/BDNF neuronal 
pathway seems to play a pivotal role in the pathophysiology 
of depression and the antidepressant response [95]. In our 
next study we found that GPR39 knockout mice (GPR39 
KO) showed a depressive-like phenotype, as measured by 
the FST and TST [96]. They also exhibited significantly 
decreased CREB and BDNF levels in the hippocampus. This 
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indicates that GPR39 may modulate the CREB/BDNF 
pathway, but further studies are needed to confirm this 
finding. The GPR39 receptor seems to be involved in the 
antidepressant response. This zinc receptor was found to be 
up-regulated in the frontal cortex of mice receiving selective 
antidepressants such as escitalopram, reboxetine and 
bupropion, but not imipramine in chronic doses [97]. 

 There is evidence that the GPR39 receptor may modulate 
glutamatergic neurotransmission (Fig. 3). This could also 
possibly be the mechanism underlying the depressive-like 
phenotype found in zinc-deficient or GPR39 KO mice. 
Chorin et al. [98] reported that activation of the GPR39 
receptor in the CA3 region of the hippocampus leads to 
increased activity of the K+/Cl- cotransporter 2 (KCC2). 
KCC2 plays a pivotal role in maintaining hyperpolarizing 
GABAA reversal potentials, which are based on Cl- currents 
mediated by glycine-gated receptor channels or GABA [99]. 
This leads to the regulation of excitatory glutamatergic 
synapses, which is crucial, according to the glutamatergic 
theory of depression. A study by Matrisciano et al. [100] 
showed an increased behavioral response to diazepam in a 
genetic rat model of unipolar depression is associated with 
an increased expression of KCC2 in the central nervous 
system, suggesting a potential role of KCC2 in depressive 
disorders. It appears that KCC2 acts through the GPR39 
receptor to maintain homeostasis between inhibitory and 
excitatory signaling in the brain, but this needs to be 
confirmed by additional studies. Enhanced activity of  
KCC2 was found to be up-regulated by synaptic Zn2+ [98]. 
Synaptic zinc also inhibits glutamate release by enhancing 
endocanabionoid synthesis. According to Perez-Rosello  
et al., synaptic zinc, as well as the GPR39 receptor, is 
required for triggering the synthesis of endocannabinoid 2-
arachinoglycerol (2AG) [101]. This seems to be necessary for 
glutamate inhibition triggered by synaptic Zn2+. The authors 

found that there is no initiation of 2-AG synthesis mediated 
by zinc in mice lacking a metabotropic zinc receptor. 

CONCLUSIONS 

 According to the glutamatergic theory of depression, an 
imbalance between the main excitatory and inhibitory 
systems leads to the development of depressive symptoms. 
Drugs that attenuate glutamatergic neurotransmission 
showed antidepressant properties in preclinical and clinical 
studies. Because of strong evidence of decreased zinc 
concentrations in depressive disorder, it is believed that zinc 
may be a possible state marker of that illness. Zinc is an 
antagonist of the glutamatergic NMDA receptor and seems 
to play a significant role in the treatment of depression by 
influencing neurotransmission via the recently discovered 
GPR39 zinc receptor. This may be an important target for 
new antidepressants, but further studies are required. 
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