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 Depression and schizophrenia are burdensome, costly serious and disabling mental disorders. Moreover the
existing treatments are not satisfactory. As amino-acidergic (AA) neurotransmitters built a vast majority of
brain neurons, in this article we plan to focus on drugs influencing AA neurotransmission in both diseases: we
will discuss several facts concerning glutamatergic and GABA-ergic neurotransmission in these diseases, based
mainly on preclinical experiments that used stimulators and/or blockers of both neurotransmitter systems. In
general a picture emerges showing, that treatments that increase excitatory effects (with either antagonists or
agonists) tend to evoke antidepressant effects, while treatments that increase inhibitory effects tend to display
antipsychotic properties. Moreover, it seems that the antidepressant activity of a given compound excludes it
as a potential antipsychotic and vice versa.
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1. Introduction

It is estimated that each year, 38.2%of the EuropeanUnion (EU) pop-
ulation (or 164.8 million people) suffer from a mental disorder: 7.8%
suffer from depression and 1.2% from psychotic diseases (Wittchen et
al., 2011). In terms of disability measured in DALYs (disability adjusted
α-amino-3-hydroxy-5-methyl-
enzhydrylethane-1,2-diamine
disability-adjusted life years;
ropic glutamate receptors; KO,
, negative allosteric modulator;
ic modulator.
y, Polish Academy of Sciences,
life years), depression has already become by far the most burdensome
disorder of all diseases in the EU aswell as themost costly brain disease
(Andlin-Sobocki, Jonsson, Wittchen, & Olesen, 2005). On the other
hand, schizophrenia is considered to be among themost seriousmental
diseases and one of the most individually disabling of the mental disor-
ders (Ormel et al., 2008), (Rossler, Salize, van Os, & Riecher-Rossler,
2005).

The serendipitous discovery of antidepressant and antipsychotic
drugs at the beginning of the 1950s (Laborit, Huguenard, & Alluaume,
1952) (Kuhn, 1958) led to the development of monoaminergic theories
of both depression (Schildkraut, 1965); (Lapin & Oxenkrug, 1969) and
schizophrenia (Carlsson & Lindqvist, 1963) (Horn & Snyder, 1971),
which dominated the field for next 40 years and, to a large extent, are
still dominant. The problem arises when it comes to the treatment of
both diseases. Despite the fact that monoaminergic drugs to treat both
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Fig. 1. The basic excitatory-inhibitory loop on the level of the whole brain with the
placement of receptors for amino acidergic agents to explain their preclinica
effectiveness as antidepressant or antipsychotic substances. (1) Excitatory glutamatergic
neuron (green - go), (2) inhibitory GABA-ergic neuron (red - stop). AD: antidepressant
PD: pro-depressant, AP: antipsychotic, PP: pro-psychotic.

A) The NMDA receptors are placed postsynaptically at the GABA-ergic neuron. The inhi
bition of NMDA receptors leads to antidepressant (AD) effects that may be accompa
nied by pro-psychotic (PP) activity. These effects are perhaps due to disinhibition o
GABA neurons and the increase in glutamate influx. This is an example of action o
an antagonist with excitatory effects (green bars - ). The co-agonists of NMDA re
ceptors show antipsychotic (AP) efficacy, perhaps due to inhibitory effects on gluta
mate influx. This is an example of an action of an agonist with inhibitory effects

(red arrows- ).

B) Stimulation of AMPA receptors produces antidepressant, while inhibition antipsy
chotic-like effects.

C) As mGlu5 and NMDA receptors are closely related, mGlu5 receptors are placed on
GABA-ergic neurons together with NMDA receptors. Antagonists and/or NAMs o
mGlu5 receptors produce AD effects that may be accompanied by PP activity. Ago
nists and PAMs of mGlu5 receptors have AP activity in animal models.

D) The mGlu2/3 receptors are placed presynaptically and are negatively coupled to AC
Inhibition of these receptors is connected with AD activity. Stimulation of mGlu2/3
receptors mediates the inhibitory effects of glutamatergic transmission and displays
AP efficacy.

E) The mGlu4 receptors share presynaptic placement and second messenger coupling
with mGlu2/3 receptors. Stimulation of mGlu4 receptors produces AP effects (the
PD activity was also documented). The effects of mGlu4 antagonists have not ye
been determined.

F) Stimulation of mGlu7 receptors mediates the inhibitory effects of glutamatergic
transmission. Stimulation of mGlu7 receptors placed on GABA-ergic neurons leads
to inhibition of GABA release, hence to increases in glutamate release. This results

in AD efficacy, hence the term agonist with excitatory effects (green arrows- )

The blockade of these receptors, termed an antagonist with inhibitory effects (red
bars- ) – tends to produce AP activity.

G) The GABA B receptors here are placed presynaptically on glutamatergic neurons. In
hibition of these receptors is connected with AD efficacy. Stimulation of GABA B re
ceptors mediates inhibitory effects of GABA-ergic transmission and produces AP
effects.
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depression and schizophrenia have been on the market for over
60 years, neither their efficacy nor the adverse effect profiles are satis-
factory; moreover, long-term treatment is necessary to achieve a posi-
tive clinical outcome (Rosenzweig-Lipson et al., 2007); (Leucht,
Wahlbeck, Hamann, & Kissling, 2003).

Drug discovery in neuroscience involves behavioral testing of new
compounds at the preclinical level. Analyzing the results, one can ob-
serve that the compounds active in animal models of depression are,
in most cases, not active as antipsychotics and vice versa. What the
mechanism of this phenomenon is, remains an area of speculation at
present. Are depression and schizophrenia two poles of brain disability,
and is their treatmentmutually exclusive? In this article, wewill discuss
these questions.

2. Glutamate and GABA as promising targets for new psychotropic
drugs

Cells that produce γ-aminobutyric acid (GABA) or glutamate (Glu)
comprise the vast majority of brain neurons; it is presumed that up to
99.9% of neurons (0.1% = 100 million neurons) are either GABAergic
or glutamatergic (van der Zeyden, Denziel, Rea, Cremers, & Westerink,
2008). Moreover, both systems stay in physiological balance by being
inhibitory and excitatory forces, respectively (Schoepp, 2001). All of
the other neurotransmitters and neuromodulators play supporting
roles and are under the control of the two biggest players. An important
factor is that the receptors that are able to receive and process the sig-
nals from glutamate or GABA are present on all cells in the brain, includ-
ing neurons and glia. Therefore, it is highly probable that disturbances in
glutamatergic or GABAergic neurotransmissionmay underliemany CNS
disorders and that manipulation of GABA- or glutamate-dependent
pathways will have a great impact on brain functioning. As such, these
receptors may prove to be excellent drug targets.

Is the functioning of the brain dependent on the physiological bal-
ance between excitation and inhibition? In the nervous system, we
have examples showing that whole networks can operate on such a
basis. An obvious example is the autonomic nervous system (ANS).
Here, the functioning of almost all of the internal organs depends on
the balance between two transmitter systems: the cholinergic (para-
sympathetic) system and the adrenergic (sympathetic) system. For ex-
ample, the stimulation of the cholinergic system slows down the heart
rate, while the stimulation of the adrenergic system does the opposite.
The bronchi can be dilated either by blocking the parasympathetic sys-
tem or by stimulating the sympathetic system (Lundberg, 1996). Such
examples can be given for virtually all internal organs. Can this rather
simplisticmechanismbe functioning in such an immensely complicated
structure as the central nervous system (CNS)?

3. Ionotropic glutamate receptors

The activity of glutamate is controlled by the number of ionotropic
and metabotropic receptors that are expressed in almost all neurons
in the CNS. The ionotropic (iGlu) receptors are ligand-gated cation
channels which are named after the agonists that they were originally
identified. Three major types of iGlu are N-methyl-D-aspartate
(NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) and kainate receptors, (Kew & Kemp, 2005; Parsons, Danysz,
& Quack, 1998).

3.1. NMDA receptors – the first examples of dichotomy

The observations concerning NMDA receptor ligands are important
to consider. The NMDA receptors that mediate the rise in postsynaptic
Ca2+ are cationic ion channels involved in physiological and patholog-
ical processes in the brain (Lau & Zukin, 2007). The first preclinical data
showing that NMDA receptor antagonists produce antidepressant-like
effects were published by Trullas and Skolnick in 1990 (Trullas &
Skolnick, 1990). These findings were reproduced by a number of re-
searchers for a number of compounds [for review, see (Pilc,
Wieronska, & Skolnick, 2013)]. This research indicated that treatments
that inhibited or attenuated NMDA-receptor mediated neurotransmis-
sion had antidepressant activity. It was confirmed later in clinical trials
that the blockade of NMDA receptors ameliorates symptoms in severely
depressed patients (Berman et al., 2000); (Zarate et al., 2006) reviewed
in (Machado-Vieira, Henter, & Zarate, 2016). It is postulated that the an-
tagonistic action of ketamineonNMDAreceptors located onGABA-ergic
neurons (Fig. 1 A) results in the loss of inhibitory control over gluta-
matergic neurons and produces a subsequent glutamate efflux in the
l
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prefrontal cortex (Moghaddam, Adams, Verma, & Daly, 1997) (hence,
the term antagonist with excitatory effects) and thus produces antide-
pressant effects (Fig. 1 A) [for review, see (Palucha-Poniewiera & Pilc,
2016)].

However, the antidepressant efficacy of NMDA receptor antagonists
is accompanied by a number of adverse effects, including psychotomi-
metic activity and abuse potential described first in 1959 for phencycli-
dine (angel dust) in humans taking it illegally (Luby, Cohen,
Rosenbaum, Gottlieb, & Kelley, 1959). Ketamine is also a drug of abuse.

On the other hand, administration of such agents as Glycine, D-ser-
ine, D-alanine (the endogenous co-agonists of the glycine modulatory
site of NMDA receptors) as well as D-Cycloserine and GLYX-13 (which
are partial agonists of the glycine modulatory site) can be used in
schizophrenia as add-on treatments (Hashimoto, Malchow, Falkai, &
Schmitt, 2013), (Balu & Coyle, 2015) and can significantly improve the
predominantly treatment-resistant negative and cognitive symptoms
of the disease (Tsai & Lin, 2010). If, as discussed above, theNMDA recep-
tors are located on GABA-ergic neurons, their stimulation should lead to
the release of GABA, hence the term agonistswith inhibitory effects (Fig.
1A). Generally, no antidepressant-like activity is observed after admin-
istration of these ligands, except for GLYX-13 (rapastinel), which pro-
duces rapid antidepressant effects (Liu et al., 2017); however, its
partial agonist properties may explain its possible dual antipsychotic
and/or antidepressant activity.

Therefore, NMDA receptor studies reveal that a pharmacological di-
chotomy exists. On the one hand, antagonists/negative modulators of
NMDA receptorsmay act as antidepressants [with psychotomimetic ac-
tivity (Domino & Luby, 2012)], and on the other hand, enhancers of
NMDA-related neurotransmission tend to exert antipsychotic effects
(Fig. 1A). This profile of action resembles and follows the ideas put for-
ward by Emil Kraepelin, the father of the theory of dichotomy between
schizophrenia and affective disorders (Craddock & Owen, 2010);
(Moller, 2008). This division was presented in his textbook “Compen-
diumder Psychiatrie zumGebrauche für Studierende undÄrzte,”published
in 1899 (Angst & Sellaro, 2000). This book has been highly influential on
modern psychiatric classification systems, including the DSM-IV-TR and
ICD-10, and its influence is reflected in the taxonomic separation of
schizophrenia from affective psychosis. Below are further examples
that support this dichotomy perspective.

3.2. AMPA/kainate receptors

Compounds which augment signaling through AMPA receptors
(AMPA receptor potentiators) exhibit antidepressant-like behavioral ef-
fects in animal models for review see: (Bleakman, Alt, & Witkin, 2007)
(Pilc et al., 2013). Pre-treatment with 1,2,3,4-Tetrahydro-6-nitro-2,3-
dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX), an AMPA receptor
antagonist, attenuated ketamine-induced antidepressant-like behavior
(Maeng et al., 2008), the authors suggested that NMDA antagonists
might exert rapid antidepressant-like effects by enhancing AMPA rela-
tive to NMDA throughput in critical neuronal circuits. The inhibition of
GABA release after stimulation of AMPA receptors has been described
(Satake, Saitow, Rusakov, & Konishi, 2004) and may lead, similarly as
in the case of mGlu7 receptor agonists (see 4.3.2 below) to increases
in the function of glutamatergic neurons.

The early studies demonstrated that the MK-801 evoked
hyperlocomotion and dopamine release in the nucleus accumbens
was antagonized by 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX)
perfusion of the ventral tegmental area (VTA) in a concentration-de-
pendent manner (Mathe, Nomikos, Schilstrom, & Svensson, 1998). Sys-
temic administration of the calcium permeable (CP-AMPA) receptor-
selective antagonist, IEM 1460 (N,N,N-trimethyl-5- [(tricyclo
[3.3.1.13,7]dec-1-ylmethyl)amino]-1-pentanaminium bromide
hydrobromide), inhibited MK-801/PCP-induced hyperactivity in mice
(Umino, Umino, & Nishikawa, 2018). Moreover the preferential kai-
nite/AMPA antagonist CNQX – but not the preferential AMPA/kainate
antagonist NBQX which displays 30-fold selective for AMPA over
kainate receptors, countered the disruption of medial prefrontal cortex
(mPFC) low frequency oscillations (LFO) evoked by phencyclidine
(Lladó-Pelfort et al., 2016).

Therefore, AMPA/kainate receptor studies reveal that a pharmaco-
logical dichotomy exists. On the one hand, agonists/PAMs of AMPA re-
ceptors may act as antidepressants and on the other hand, antagonists
of AMPA/kainate receptor-related neurotransmission may exert anti-
psychotic effects (Fig.1B).

4. Metabotropic glutamatergic receptors

The metabotropic glutamatergic (mGlu) receptors constitute a fam-
ily of at least 8 subtypes, which is divided further into three groups de-
pending on sequence homology, pharmacology, and the second
messenger pathways that they activate. Group I mGlu receptors
(mGlu1 and mGlu5) are positively coupled to phospholipase C; group
II mGlu receptors (mGlu2 and mGlu3) and group III mGlu receptors
(mGlu4, mGlu6, mGlu7 and mGlu8) are negatively coupled to adenylyl
cyclase (Conn & Pin, 1997).

4.1. The group I metabotropic glutamate receptors

The mGlu1 and mGlu5 receptors are members of the group I mGlu
family; they are excitatory in nature as they are positively coupled to
phospholipase C, and stimulation of these receptors leads to excitatory
responses mediated by activation of the Gαq GTP-binding protein sub-
unit (Conn & Pin, 1997). The mGlu5 receptors are closely connected
with NMDA receptors at the postsynaptic density via adaptor proteins
(Brakeman et al., 1997), (Tu et al., 1999); therefore, in the figure, they
are placed on GABA-ergic neurons (Fig. 1C). The connection functions
in such a way that stimulation of mGlu5 receptors increases NMDA re-
ceptor function, while a decrease in NMDA receptor function is ob-
served after mGlu5 receptor blockade (Attucci, Carla, Mannaioni, &
Moroni, 2001), (Awad, Hubert, Smith, Levey, & Conn, 2000), (Pisani,
Calabresi, Centonze, & Bernardi, 1997). The response that occurs via
the Gαq signaling pathway is independent of signaling that occurs
through the NMDA receptor complex (Gao & Jacobson, 2013); Rook et
al., 2015).

The effects of mGlu5 receptor agonists and antagonists are similar to
the effects of NMDA receptor agents. Several preclinical studies show
that the blockade of mGlu5 receptors produces antidepressant-like ef-
fects (Tatarczynska et al., 2001), (Belozertseva, Kos, Popik, Danysz, &
Bespalov, 2007; Hughes et al., 2013) [for review, see (Palucha-
Poniewiera & Pilc, 2016)]. Importantly, the recent clinical data tend to
support the preclinical studies, showing significant efficacy of
basimglurant, the mGlu5 receptor negative allosteric modulator
(NAM) as adjunctive therapy to ongoing selective serotonin reuptake
inhibitors (SSRI) or selective noradrenaline reuptake inhibitors (SNRI)
treatment (Lindemann et al., 2015) (see also (Emmitte, 2017)). The
problem of NMDA-like adverse effect (see above) might be solved by
the discovery of a biased allosteric mGlu5 receptor modulator, which
would not influence NMDA receptors (see below).

The pharmacological dichotomy between depression and schizo-
phrenia is supported by findings that the stimulation of mGlu5 recep-
tors using agonists or positive allosteric modulators (PAMs) such as 3-
cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB), S-(4-
Fluoro-phenyl)-{3-[3-(4-fluoro-phenyl)-[1,2,4]-oxadiazol-5- yl]-
piperidin-1-yl}-methanone (ADX47273), 2-(4-(2-(benzyloxy)acetyl)
piperazin-1-yl)benzonitrile (VU0364289) or 1-(4-(2,4-difluorophen-
yl)piperazin-1-yl)-2-((4- fluorobenzyl)oxy)ethanone (DPFE) produced
antipsychotic effects in animal studies [for review, see: (Wierońska,
Zorn, Doller, & Pilc, 2016)]. However, adverse effects such as epilepti-
form activity and neuronal death (Parmentier-Batteur et al., 2014)
were described. Some researchers believe that mGlu5 agonists or
PAMs could be used in humans (Kanuma, Aoki, & Shimazaki, 2010).
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Compounds with allosteric agonist activity (e.g., VU0422465) are more
likely to induce adverse effects in comparison to pure PAMs (Rook et al.,
2013) Importantly, it is possible to obtain biased PAMs of mGlu5 recep-
tors, like VU0409551, with antipsychotic efficacy and which selectively
potentiates mGlu5 coupling to Gαq-mediated signaling but does not af-
fect mGlu5 modulation of NMDAR currents (Rook et al., 2015). This
opens up an entirely new possibility of obtaining new mGlu5 receptor
ligands that are free of interactions with NMDA receptors and therefore
perhaps free of NMDA receptor-related adverse effects. Thus, treat-
mentswithmGlu5 receptor antagonists, which have an excitatory effect
on glutamatergic neurotransmission (via placement of mGlu5 receptors
together with NMDA receptors on GABA-ergic neurons), produce anti-
depressant (and possibly pro-psychotic) effects, while agonists/PAMs,
which exert inhibitory effects, could be antipsychotics (Fig. 1C).
4.2. Group II mGlu receptors: further examples of the opposite action of ag-
onists and antagonists

The mGlu2/3 receptors are members of the group II mGlu receptors
which are negatively coupled to adenylate cyclase activity via Gi/Go pro-
teins and are expressed presynaptically (Conn & Pin, 1997), (Schoepp,
2001) as auto- or heteroreceptors; therefore, in the Fig. 1, they are
placed on a glutamatergic neuron (Fig. 1D). Their stimulation leads to
inhibition of neurotransmitter release (this is an example of an agonist
with inhibitory effects) (Nicoletti et al., 2011). The mGlu2/3 receptor li-
gands have been widely investigated, and a dual profile of their action
has been observed. Thus, the majority of the data show that the
orthosteric mGlu2/3 receptor antagonists (1R, 2R, 3R, 5R,6R)-2-amino-
3- (3,4-dichlorobenzyloxy)-6-fluorobicyclo [3.1.0]hexane-2,6-dicar-
boxylic acid (MGS0039) and (2S)-2-amino-2-[(1S,2S)-2-
carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid (LY341495)
evoked antidepressant-like effects in animals (Chaki et al., 2004;
Palucha-Poniewiera et al., 2010) [for a recent review, see (Chaki,
2017)]. Also, NAMs ofmGlu2/3 receptors, such as RO4491533, showan-
tidepressant-like efficacy (Campo et al., 2011). The results of clinical
studies on the orthosteric/allosteric group II mGlu receptor antagonists
are awaited [for review, see (Chaki, 2017)].

On the other hand, the agonists of group IImGlu receptors and selec-
tivemGlu2 receptor PAMs exerted antipsychotic-like activity (Cartmell,
Monn, & Schoepp, 2000; Klodzinska, Tokarski, Bijak, & Pilc, 2002;
Moghaddam & Adams, 1998; Takamori, Hirota, Chaki, & Tanaka, 2003)
[for review, see (Wierońska et al., 2016) (Galici et al., 2006; Hikichi et
al., 2015)]. However, the clinical studies that at first demonstrated the
antipsychotic effects of mGlu2/3 receptor agonists in humans (Patil et
al., 2007) were not reproduced latter (Kinon et al., 2011). The use of
mGlu2 PAMs was also not successful [for review, see (Maksymetz,
Moran, & Conn, 2017)]. The controversial results of the clinical trials,
failure of mGlu2/3 receptor agonists may be explained by the fact that
the mGlu2/3 receptors form heterocomplexes with 5-HT2A receptors
(Gonzalez-Maeso et al., 2008). The epigenetic modifications induced
at the mGlu2 promoter by atypical (but not typical) antipsychotics
(Kurita et al., 2012) might be the reason for the lack of efficacy of
mGlu2/3 receptor agonists in those patients [for discussion see:
(Muguruza, Meana, & Callado, 2016)]. The recent findings indicate
that the use of mGlu2 ligands in young patients free from antipsychotic
therapy history may produce positive results (Kinon, Millen, Zhang, &
McKinzie, 2015).

Thus, antagonists ofmGlu2/3 receptors, which have an excitatory ef-
fect on glutamatergic neurotransmission by increasing glutamate re-
lease, produce antidepressant effects, while agonists, which exert
inhibitory effects, are antipsychotics (Fig. 1D). However, in one report
the potentiation of mGlu2 receptor activity by N-(4-((2-
(trifluoromethyl)-3- hydroxy-4(isobutyryl)phenoxy)methyl)benzyl)-
1-methyl-1H-imidazole-4-carboxamide (THIIC) also evoked antide-
pressant-like activity (Fell et al., 2011). It is possible that the efficacy
of THIIC might represent the single compound effect and might not be
representative of a class effect.

4.3. Group III mGlu receptors

The group III mGlu receptors share the presynaptic placement with
group II mGlu receptors and are also negatively linked to adenylate cy-
clase. Their stimulation leads to inhibition of glutamate release as in the
case of mGlu2/3 receptors (Schoepp, 2001). The group III mGlu recep-
tors represent the largest group of the metabotropic glutamate recep-
tors, as they consist of four receptor subtypes: mGlu4, mGlu6, mGlu7
and mGlu8 receptors. The difference between the groups is that group
II mGlu receptors are placed perisynaptically, whereas group III mGlu
receptors are placed presynaptically within the synapse (Vizi, Fekete,
Karoly, & Mike, 2010). The paucity of selective and brain-penetrant li-
gands has slowed down the research on the third group of mGlu recep-
tors; however, some selective compounds have been discovered
recently.

4.3.1. The mGlu4 receptors
The activators ofmGlu4 receptors have been shown to exert antipsy-

chotic-like effects in animal models, including orthosteric agonists such
as [((3S)-3-Amino-3-carboxy)propyl][(4-hydroxy-5-methoxy-3-nitro-
phenyl) hydroxymethyl]phosphinic acid; (LSP1-2111) (Wierońska,
Stachowicz, Acher, Lech, & Pilc, 2012) and [((3S)-3-Amino-3-carboxy)
propyl] [(4-(carboxymethoxy)phenyl) hydroxymethyl]phosphinic
acid; (LSP4-2022) (Wozniak et al., 2016), as well as PAMs such as
(1S,2R)-N1-(3,4-dichlorophenyl)-cyclohexane-1,2-dicarboxamide)
(LuAF21934) and LuAF32615, which showed positive results in the
models of positive, negative and cognitive symptoms of schizophrenia
(Sławińska et al., 2013). Antipsychotic-like activity was also described
for 5-Methyl-N-(4-methylpyrimidin-2-yl)-4-(1H-pyrazol-4-yl)thiazol-
2-amine (ADX88178), another mGlu4 receptor PAM (Kalinichev et al.,
2014). The results obtained with mGlu4 receptor agonists and PAMs
are in linewith those obtained using group IImGlu receptor stimulators
(see above), showing that compounds that exert inhibitory effects on
glutamate release are antipsychotics at the preclinical level. Simulta-
neously, the LuAF21934 did not possess antidepressant-like activity
(Slawinska et al., 2013) or even a pro-depressive effect of LSP4-2022
was observed (Podkowa et al., 2015), which is also in agreement with
the proposed dichotomy (Fig. 1E). However, further studies with the
use ofmGlu4 receptor antagonists or NAMs, to demonstrate their antic-
ipated antidepressant efficacy, are needed. Moreover, the efficacy of
ADX88178 in the forced swim test was also described in one study
(Kalinichev et al., 2014).

4.3.2. The mGlu7 receptors
The available positive allosteric modulator of mGlu7 receptors-

N,N′-dibenzhydrylethane-1, 2-diamine dihydrochloride (AMN082)-
induced clear antidepressant-like activity in animal models of depres-
sion (Palucha et al., 2007); (Palucha-Poniewiera, Branski, Lenda, &
Pilc, 2010). Supporting the proposed dichotomy (Fig. 1F), the com-
pound induced pro-psychotic activity in the (5S,10R)-(+)-5-Methyl-
10,11-dihydro-5H-dibenzo[a,d] cyclohepten-5,10-imine maleate (MK-
801)-induced hyperactivity test and DOI-induced head twitches test
(Wierońska et al., 2012).

There are few available mGlu7 antagonists, and their activity in ani-
mal models has not been fully investigated yet. The available data indi-
cate that ADX71743, a potent and selective mGlu7 receptor NAM may
have some antipsychotic, but not antidepressant-like activity
(Kalinichev et al., 2013), again supporting the proposed dichotomy
(Fig. 1F). However, clearly more experiments are needed to explore
the subject further.

ThemGlu7 receptors share the presynaptic placementwith group 2/
3 receptors and mGlu4 receptors; however, the major dissimilarity lies
in the fact that while agonists of mGlu2/3 or mGlu4 receptors exert
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antipsychotic-like effects, the agonists of mGlu7 receptors possess anti-
depressant-like activity.

There are several possible explanations for this. One explanation is
that mGlu7 receptors are predominantly placed on GABA-ergic nerve
terminals, which create synapses with other GABAergic neurons
(Dalezios, Lujan, Shigemoto, Roberts, & Somogyi, 2002; Somogyi et al.,
2003),where they control the release of GABA. For example, K+-evoked
[3H]GABA release was inhibited by AMN082 in mouse hippocampal
synaptosomes (Summa et al., 2013). Therefore, stimulation of mGlu7
receptors leads to inhibition of GABA release [Fig. 1F] and thus may
lead to increases in the function of glutamatergic neurons; this is an ex-
ample of an agonist with excitatory effects. Hence, the action of mGlu7
receptor agonists may resemble the action of group 2/3 (and possibly
mGlu4) receptor antagonists. The second possible explanation is that
the affinity of glutamate for mGlu4 is high, while it is very low for
mGlu7 receptors [see (Schoepp, Jane, & Monn, 1999) for review], sug-
gesting that mGlu7 receptors are stimulated only when the concentra-
tion of glutamate is high. The third possible explanation is that the
metabolites of the mGlu7 receptor positive allosteric modulator
AMN082,which showphysiologically relevant binding affinity atmono-
aminergic transporters, may act as the monoaminergic agents (Sukoff
Rizzo et al., 2011). Clearly, more experiments with the use of selective
agonists and antagonists of mGlu7 receptors are necessary to elucidate
their function as possible antidepressant and/or antipsychotic
substances.

Summarizing: while Figs. 1A and C demonstrate the antidepressant
efficacy of antagonists placed on GABA-ergic neurons, displaying excit-
atory effects, or placed on glutamatergic terminals (Fig. 1 D,) increasing
the release of glutamate, in the case ofmGlu7 receptors (Fig. 1F), it is an
agonist, which, due to the placement of GABA-ergic nerve terminals, in-
hibits the release of GABA [Fig. 1 (2)], also displaying excitatory effects.

4.3.3. The mGlu6/8 receptors
The mGlu6 receptors are present in the retina, and the existing data

are too scarce to discuss the involvement of mGlu8 receptors in depres-
sion or psychosis.

5. GABA receptors: more examples of dichotomy

GABA is the inhibitory counterpart of glutamate and is the most
abundant inhibitory amino acid (IAA); up to 40% of brain neurons are
GABA-ergic (van der Zeyden et al., 2008). GABA acts upon two
ionotropic receptors (GABAA and GABAC) and one metabotropic recep-
tor (GABAB) (Chebib & Johnston, 1999).

5.1. GABAA receptors: question marks

GABAA receptors are ligand-gated chloride ion channels that are
composed of five protein subunits that can belong to different subunit
classes. The promiscuity of subunits raises the possibility that more
than 800 distinct GABAA-R subtypes might exist in the brain (Olsen &
Sieghart, 2009). Drugs like benzodiazepines that modulate the GABAA-
R have been on themarket for over 50 years and display anxiolytic, sed-
ative/hypnotic, anesthetic, and antiepileptic profiles. However, little
data on the antipsychotic or antidepressant effects of agents acting on
GABAA receptors exist.

The blockade of GABA-ergic transmission in the preforontal cortex
(PFC) by bicuculine, an antagonist of GABAA receptors, induces abnor-
malities in rats that resemble schizophrenia (Tse, Piantadosi, &
Floresco, 2015). Enhancement of GABA-ergic activity by TPA023 (MK-
0777), a benzodiazepine-like agent with selective activity at GABAA re-
ceptors containing theα2 orα3 subunits, improved cognitive function-
ing in patients with schizophrenia (Lewis et al., 2008). The fact that a
negative allosteric modulator for α5 subunit-containing GABA recep-
tors exerts a rapid and persistent antidepressant-like action (Zanos et
al., 2017) is in agreement with the dichotomy perspective. However,
recent studies also indicate that neuroactive steroids (NASs), which
function as positive allosteric modulators (PAMs), were effective as an-
tidepressants in animal studies [for review, see (Schüle, Nothdurfter, &
Rupprecht, 2014)]. Taking into account that 800 distinct GABAA-R sub-
types that might exist in the brain, it is premature to place them on
the picture.

5.2. GABAB receptors: clear examples of the dichotomy

GABAB receptors are broadly distributed throughout the brain, oc-
curring either as presynaptic (auto- or hetero-) receptors or as postsyn-
aptic receptors. This subtype is negatively coupled to AC and to K+ and
Ca2+ channel receptors (Chebib & Johnston, 1999). Its stimulation leads
to inhibition of the release of neurotransmitters from nerve terminals
(Misgeld, Bijak, & Jarolimek, 1995).

GABAB receptor ligands were proposed as putative and effective
compounds in treating several CNS disorders. The antidepressant effi-
cacy of GABAB receptor antagonists (Nakagawa, Sasaki, & Takashima,
1999), (Slattery, Desrayaud, & Cryan, 2005) (Nowak et al., 2006),
(Froestl et al., 2004; Ghose, Winter, McCarson, Tamminga, & Enna,
2011) and NAMs was demonstrated in animal models of depression,
such as the forced swim test, olfactory bulbectomy or chronic mild
stress model of depression, confirming the GABAB-ergic hypothesis of
depression proposed in 1984 (Pilc & Lloyd, 1984), but, as stated in a re-
cent review by Alexander, “definitive testing of GABAB antagonists in
depression, however, still awaits the development of potent, selective
and brain-penetrant compounds.” (Alexander, 2017). It has to be men-
tioned that one study the GABAB receptor positive allosteric modulator
CGP 7930 and the GABA B receptor agonists baclofen and SKF 97541
displayed antidepressant effects, although a single test (a modified
forced swim test) was used (Frankowska, Filip, & Przegaliński, 2007).

In humans baclofen,which has been used for several yearsmainly to
treat spasticity, was reported not to produce beneficial effects in affec-
tive disorder; rather, it increased symptoms of depression in some pa-
tients (Post, Ketter, Joffe, & Kramlinger, 1991).

On the other hand, agonists or positive allosteric modulators of this
receptor were shown to induce antipsychotic-like activity (Arai et al.,
2008; Bortolato et al., 2007; Frau et al., 2014; Mizoguchi & Yamada,
2011; J.Wieronska et al., 2015; J.M.Wieronska et al., 2011). The preclin-
ical data are supported by some clinical evidence (Frederiksen & Badr,
1978), but the picture is far from clear as some patients with schizo-
phrenia got worse when taking baclofen (Garbutt & van Kammen,
1983). Clearly further studies on the action of GABA agonists on nega-
tive and cognitive symptoms of schizophrenia are needed
(Kantrowitz, Citrome, & Javitt, 2009).

Thus, the majority of findings indicate that the treatments that lead
to decreased GABA-ergic transmission (GABAB antagonists) produce
antidepressant effects, while agonists (which increase inhibitory ef-
fects) are endowed with antipsychotic efficacy (Fig. 1G). Therefore, in
this case, the obvious antidepressant vs. antipsychotic pharmacological
dichotomy is observed, and in the picture Fig. 1G is identical to Fig. 1 A,
C, D.

6. Conclusions

The analysis of pharmacological data on agonists and PAMs or antag-
onists andNAMs of amino acidergic receptors (AAR) has revealed a very
consistent pattern of their effects. Thus, treatments that increase the ex-
citatory effects (either via blockade (see Fig. 1 A, C, D, G) or stimulation
of AAR (Fig. 1 B, F) tend to produce antidepressant effects at the preclin-
ical (and sometimes clinical) level, while treatments that increase the
inhibitory effects either via stimulation of AAR (see Fig. 1 A, C, D, E, G)
or blockade of AAR (Fig. 1 B, F) tend to produce antipsychotic effects.
This indicates that depression and schizophrenia may remain opposite
in their pathologies. At the same time, it must be noted that the obser-
vations based on animal models of psychiatric diseases may not apply
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to human patients. Moreover, depression and schizophrenia are not ho-
mogenous diseases, and a variety of symptoms like affective symptoms
in schizophrenia or psychotic symptoms in depression occur. Therefore,
this dichotomy that can be observed at the preclinical level may not be
obvious in patients.

However, the observations described above may show the preclini-
cal avenues available for developing new effective and rapidly acting
therapies for both depression and schizophrenia.

Conflict of interest statements

The authors declare that there are no conflicts of interest.

Acknowledgments

The study was supported by the Statutory Funds of the Polish Acad-
emy of Science and by the National Science Centre, Grant no. 2012/ 6/
06/A/NZ7/00014 (MAESTRO) given to A. Pilc by grant no 2015/17/B/
NZ7/02984 (OPUS) from the National Science Center (NCN) in Poland
to J. M. Wierońska.

References

Alexander, R.C. (2017). The potential efficacy of GABAB antagonists in depression. Current
Opinion in Pharmacology 35, 101–104.

Andlin-Sobocki, P., Jonsson, B., Wittchen, H.U., & Olesen, J. (2005). Cost of disorders of the
brain in Europe. European Journal of Neurology 12(Suppl. 1), 1–27.

Angst, J., & Sellaro, R. (2000). Historical perspectives and natural history of bipolar disor-
der. Biological Psychiatry 48, 445–457.

Arai, S., Takuma, K., Mizoguchi, H., Ibi, D., Nagai, T., Takahashi, K., et al. (2008). Involve-
ment of pallidotegmental neurons in methamphetamine- and MK-801-induced im-
pairment of prepulse inhibition of the acoustic startle reflex in mice: reversal by
GABA(B) receptor agonist baclofen. Neuropsychopharmacology 33, 3164–3175.

Attucci, S., Carla, V., Mannaioni, G., & Moroni, F. (2001). Activation of type 5 metabotropic
glutamate receptors enhances NMDA responses in mice cortical wedges. British
Journal of Pharmacology 132, 799–806.

Awad, H., Hubert, G.W., Smith, Y., Levey, A.I., & Conn, P.J. (2000). Activation of metabotro-
pic glutamate receptor 5 has direct excitatory effects and potentiates NMDA receptor
currents in neurons of the subthalamic nucleus. The Journal of Neuroscience 20,
7871–7879.

Balu, D.T., & Coyle, J.T. (2015). The NMDA receptor ‘glycine modulatory site’ in schizo-
phrenia: D-serine, glycine, and beyond. Current Opinion in Pharmacology 20, 109–115.

Belozertseva, I.V., Kos, T., Popik, P., Danysz, W., & Bespalov, A.Y. (2007). Antidepressant-
like effects of mGluR1 and mGluR5 antagonists in the rat forced swim and the
mouse tail suspension tests. European Neuropsychopharmacology 17, 172–179.

Berman, R.M., Cappiello, A., Anand, A., Oren, D.A., Heninger, G.R., Charney, D.S., & Krystal, J.
H. (2000). Antidepressant effects of ketamine in depressed patients. Biological
Psychiatry 47, 351–354.

Bleakman, D., Alt, A., & Witkin, J.M. (2007). AMPA receptors in the therapeutic manage-
ment of depression. CNS & Neurological Disorders Drug Targets 6, 117–126.

Bortolato, M., Frau, R., Orru, M., Piras, A.P., Fa, M., Tuveri, A., et al. (2007). Activation of
GABA(B) receptors reverses spontaneous gating deficits in juvenile DBA/2 J mice.
Psychopharmacology 194, 361–369.

Brakeman, P.R., Lanahan, A.A., Obrien, R., Roche, K., Barnes, C.A., Huganir, R.L., &Worley, P.
F. (1997). Homer: A protein that selectively binds metabotropic glutamate receptors.
Nature 386, 284–288.

Campo, B., Kalinichev, M., Lambeng, N., Yacoubi, M.E., Royer-Urios, I., Schneider, M., et al.
(2011). Characterization of an mGluR2/3 negative allosteric modulator in rodent
models of depression. Journal of Neurogenetics 25, 152–166.

Carlsson, A., & Lindqvist, M. (1963). Effect of chlorpromazine or haloperidol on formation
of 3-methoxytyramine and normetanephrine in mouse brain. Acta Pharmacologica et
Toxicologica 20, 140–145.

Cartmell, J., Monn, J.A., & Schoepp, D.D. (2000). ThemGlu(2/3) receptor agonist LY379268
selectively blocks amphetamine ambulations and rearing. European Journal of Phar-
macology 400, 221–224.

Chaki, S. (2017). mGlu2/3 Receptor Antagonists as Novel Antidepressants. Trends in
Pharmacological Sciences 38, 569–580.

Chaki, S., Yoshikawa, R., Hirota, S., Shimazaki, T., Maeda, M., Kawashima, N., et al. (2004).
MGS0039: a potent and selective group II metabotropic glutamate receptor antago-
nist with antidepressant-like activity. Neuropharmacology 46, 457–467.

Chebib, M., & Johnston, G.A. (1999). The ‘ABC’ of GABA receptors: a brief review. Clinical
and Experimental Pharmacology & Physiology 26, 937–940.

Conn, P.J., & Pin, J.P. (1997). Pharmacology and functions of metabotropic glutamate re-
ceptors. Annual Review of Pharmacology and Toxicology 37, 205–237.

Craddock, N., & Owen, M.J. (2010). The Kraepelinian dichotomy - going, going … but still
not gone. British Journal of Psychiatry 196, 92–95.

Dalezios, Y., Lujan, R., Shigemoto, R., Roberts, J.D., & Somogyi, P. (2002). Enrichment of
mGluR7a in the presynaptic active zones of GABAergic and non-GABAergic terminals
on interneurons in the rat somatosensory cortex. Cerebral Cortex 12, 961–974.
van der Zeyden, M., Denziel, W.H., Rea, K., Cremers, T.I., & Westerink, B.H. (2008). Micro-
dialysis of GABA and glutamate: Analysis, interpretation and comparison with
microsensors. Pharmacology Biochemistry and Behavior 90, 135–147.

Domino, E.F., & Luby, E.D. (2012). Phencyclidine/schizophrenia: one view toward the
past, the other to the future. Schizophrenia Bulletin 38, 914–919.

Emmitte, K.A. (2017). mGlu5 negative allosteric modulators: a patent review
(2013–2016). Expert Opinion on Therapeutic Patents 27, 691–706.

Fell, M.J., Witkin, J.M., Falcone, J.F., Katner, J.S., Perry, K.W., Hart, J., et al. (2011). N-(4-((2-
(trifluoromethyl)-3-hydroxy-4-(isobutyryl)phenoxy)methyl)benzyl)- 1-methyl-1H-
imidazole-4-carboxamide (THIIC), a novel metabotropic glutamate 2 potentiator
with potential anxiolytic/antidepressant properties: in vivo profiling suggests a link
between behavioral and central nervous system neurochemical changes. The
Journal of Pharmacology and Experimental Therapeutics 336, 165–177.

Frankowska, M., Filip, M., & Przegaliński, E. (2007). Effects of GABAB receptor ligands in
animal tests of depression and anxiety. Pharmacological Reports 59, 645–655.

Frau, R., Bini, V., Pillolla, G., Malherbe, P., Pardu, A., Thomas, A.W., et al. (2014). Positive
allosteric modulation of GABA(B) receptors ameliorates sensorimotor gating in ro-
dent models. CNS Neuroscience & Therapeutics 20, 679–684.

Frederiksen, P., & Badr, G. (1978). Baclofen treatment in schizophrenia: A clinical evalua-
tion. Nordic Journal of Psychiatry 32, 410–411.

Froestl, W., Gallagher, M., Jenkins, H., Madrid, A., Melcher, T., Teichman, S., ... Pearlman, R.
(2004). SGS742: the first GABA(B) receptor antagonist in clinical trials. Biochemical
Pharmacology 68, 1479–1487.

Galici, R., Jones, C.K., Hemstapat, K., Nong, Y., Echemendia, N.G., Williams, L.C., et al.
(2006). Biphenyl-indanone A, a positive allostericmodulator of themetabotropic glu-
tamate receptor subtype 2, has antipsychotic- and anxiolytic-like effects in mice. The
Journal of Pharmacology and Experimental Therapeutics 318, 173–185.

Gao, Z.G., & Jacobson, K.A. (2013). Allosteric modulation and functional selectivity of G
protein-coupled receptors. Drug Discovery Today: Technologies 10, e237–e243.

Garbutt, J.C., & van Kammen, D.P. (1983). The Interaction Between GABA and Dopamine:
Implications for Schizophrenia. Schizophrenia Bulletin 9, 336–353.

Ghose, S., Winter, M.K., McCarson, K.E., Tamminga, C.A., & Enna, S.J. (2011). The GABAB re-
ceptor as a target for antidepressant drug action. British Journal of Pharmacology 162,
1–17.

Gonzalez-Maeso, J., Ang, R.L., Yuen, T., Chan, P., Weisstaub, N.V., Lopez-Gimenez, J.F., et al.
(2008). Identification of a serotonin/glutamate receptor complex implicated in psy-
chosis. Nature 452, 93–99.

Hashimoto, K., Malchow, B., Falkai, P., & Schmitt, A. (2013). Glutamate modulators as po-
tential therapeutic drugs in schizophrenia and affective disorders. European Archives
of Psychiatry and Clinical Neuroscience 263, 367–377.

Hikichi, H., Hiyoshi, T., Marumo, T., Tomishima, Y., Kaku, A., Iida, I., et al. (2015). Antipsy-
chotic profiles of TASP0443294, a novel and orally active positive allostericmodulator
of metabotropic glutamate 2 receptor. Journal of Pharmacological Sciences 127,
352–361.

Horn, A.S., & Snyder, S.H. (1971). Chlorpromazie and dopamine: conformational similar-
ities that correlate with the antischizophrenic activity of phenothiazine drugs.
Proceedings of the National Academy of Sciences 68, 2325–2328.

Hughes, Z.A., Neal, S.J., Smith, D.L., Sukoff Rizzo, S.J., Pulicicchio, C.M., Lotarski, S., et al.
(2013). Negative allosteric modulation of metabolic glutamate receptor 5 results in
broad spectrum activity relevant to treatment resistant depression.
Neuropharmacology 66, 202–214.

Kalinichev, M., Le Poul, E., Bolea, C., Girard, F., Campo, B., Fonsi, M., et al. (2014). Charac-
terization of the novel positive allosteric modulator of the metabotropic glutamate
receptor 4 ADX88178 in rodent models of neuropsychiatric disorders. Journal of
Pharmacology and Experimental Therapeutics 350, 495–505.

Kalinichev, M., Rouillier, M., Girard, F., Royer-Urios, I., Bournique, B., Finn, T., et al. (2013).
ADX71743, a potent and Selective negative allosteric modulator of metabotropic glu-
tamate receptor 7: in vitro and in vivo characterization. Journal of Pharmacology and
Experimental Therapeutics 344, 624–636.

Kantrowitz, J., Citrome, L., & Javitt, D. (2009). GABA(B) receptors, schizophrenia and sleep
dysfunction a review of the relationship and its potential clinical and therapeutic im-
plications. CNS Drugs 23, 681–691.

Kanuma, K., Aoki, T.F., & Shimazaki, Y. (2010). Recent patents on positive allosteric mod-
ulators of the metabotropic glutamate 5 receptor as a potential treatment for schizo-
phrenia. Recent Patents on CNS Drug Discovery 5, 23.

Kew, J.N.C., & Kemp, J.A. (2005). Ionotropic and metabotropic glutamate receptor struc-
ture and pharmacology. Psychopharmacology 179, 4–29.

Kinon, B.J., Millen, B.A., Zhang, L., & McKinzie, D.L. (2015). Exploratory analysis for a
targeted patient population responsive to the metabotropic glutamate 2/3 receptor
agonist pomaglumetad methionil in schizophrenia. Biological Psychiatry 78, 754–762.

Kinon, B.J., Zhang, L., Millen, B.A., Osuntokun, O.O., Williams, J.E., Kollack-Walker, S., et al.
(2011). A multicenter, inpatient, phase 2, double-blind, placebo-controlled dose-
ranging study of LY2140023 monohydrate in patients with DSM-IV schizophrenia.
Journal of Clinical Psychopharmacology 31, 349–355.

Klodzinska, A., Tokarski, K., Bijak, M., & Pilc, A. (2002). Group II mGlu receptor agonists in-
hibit behavioural and electrophysiological effects of DOI in mice. Pharmacology,
Biochemistry, and Behavior 73, 327–332.

Kuhn, R. (1958). The treatment of depressive states with G-22355 (imipramine hydro-
chloride). American Journal of Psychiatry 115, 459–464.

Kurita, M., Holloway, T., Garcia-Bea, A., Kozlenkov, A., Friedman, A.K., Moreno, J.L., et al.
(2012). HDAC2 regulates atypical antipsychotic responses through the modulation
of mGlu2 promoter activity. Nature Neuroscience 15, 1245–1254.

Laborit, H., Huguenard, P., & Alluaume, R. (1952). A new vegetative stabilizer; 4560 R.P.
Presse Médicale 60, 206–208.

Lapin, T.P., & Oxenkrug, K.F. (1969). Intensification of the central serotonergic processes
as a possible determinant of the thymoleptic effect. Lancet 1, 132–136.

http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0005
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0005
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0005
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0010
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0010
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0015
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0015
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0020
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0020
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0020
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0020
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0025
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0025
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0025
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0030
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0030
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0030
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0030
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0035
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0035
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0035
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0035
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0040
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0040
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0040
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0045
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0045
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0050
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0050
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0055
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0055
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0055
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0060
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0060
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0065
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0065
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0070
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0070
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0070
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0075
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0075
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0075
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0080
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0080
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0085
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0085
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0090
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0090
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0095
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0095
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0100
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0100
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0105
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0105
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0105
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0110
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0110
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0110
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0115
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0115
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0120
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0120
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0125
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0125
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0125
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0125
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0125
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0125
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0130
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0130
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0135
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0135
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0135
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0140
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0140
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0145
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0145
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0150
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0150
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0150
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0155
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0155
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0160
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0160
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0165
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0165
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0165
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0165
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0170
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0170
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0175
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0175
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0175
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0180
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0180
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0180
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0180
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0185
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0185
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0185
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0190
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0190
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0190
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0195
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0195
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0195
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0195
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0200
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0200
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0200
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0205
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0205
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0205
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0210
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0210
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0210
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0215
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0215
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0220
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0220
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0220
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0225
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0225
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0225
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0230
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0230
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0230
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0235
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0235
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0240
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0240
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0245
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0245
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0250
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0250


81J.M. Wierońska, A. Pilc / Pharmacology & Therapeutics 193 (2019) 75–82
Lau, C.G., & Zukin, R.S. (2007). NMDA receptor trafficking in synaptic plasticity and neu-
ropsychiatric disorders. Nature Reviews Neuroscience 8, 413–426.

Leucht, S., Wahlbeck, K., Hamann, J., & Kissling, W. (2003). New generation antipsychotics
versus low-potency conventional antipsychotics: a systematic review andmeta-anal-
ysis. Lancet 361, 1581–1589.

Lewis, D.A., Cho, R.Y., Carter, C.S., Eklund, K., Forster, S., Kelly, M.A., & Montrose, D. (2008).
Subunit-selective modulation of GABA type A receptor neurotransmission and cogni-
tion in schizophrenia. The American Journal of Psychiatry 165, 1585–1593.

Lindemann, L., Porter, R.H., Scharf, S.H., Kuennecke, B., Bruns, A., von Kienlin, M., et al.
(2015). Pharmacology of basimglurant (RO4917523, RG7090), a unique metabotro-
pic glutamate receptor 5 negative allostericmodulator in clinical development for de-
pression. Journal of Pharmacology and Experimental Therapeutics 353, 213–233.

Liu, R.J., Duman, C., Kato, T., Hare, B., Lopresto, D., Bang, E., et al. (2017). GLYX-13 produces
rapid antidepressant responses with key synaptic and behavioral effects distinct from
ketamine. Neuropsychopharmacology 42, 1231–1242.

Lladó-Pelfort, L., Troyano-Rodriguez, E., van den Munkhof, H.E., Cervera-Ferri, A., Jurado,
N., Núñez-Calvet, M., et al. (2016). Phencyclidine-induced disruption of oscillatory ac-
tivity in prefrontal cortex: Effects of antipsychotic drugs and receptor ligands.
European Neuropsychopharmacology 26, 614–625.

Luby, E.D., Cohen, B.D., Rosenbaum, G., Gottlieb, J.S., & Kelley, R. (1959). Study of A new
schizophrenomimetic drug - Sernyl. Archives of Neurology and Psychiatry 81, 363–369.

Lundberg, J.M. (1996). Pharmacology of cotransmission in the autonomic nervous sys-
tem: integrative aspects on amines, neuropeptides, adenosine triphosphate, amino
acids and nitric oxide. Pharmacological Reviews 48, 113–178.

Machado-Vieira, R., Henter, I.D., & Zarate, C.A. (2016). New targets for rapid antidepres-
sant action. Progress in Neurobiology 152, 21–37.

Maeng, S., Zarate, C.A., Jr., Du, J., Schloesser, R.J., McCammon, J., Chen, G., & Manji, H.K.
(2008). Cellular mechanisms underlying the antidepressant effects of ketamine:
role of alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors.
Biological Psychiatry 63, 349–352.

Maksymetz, J., Moran, S.P., & Conn, P.J. (2017). Targeting metabotropic glutamate recep-
tors for novel treatments of schizophrenia. Molecular Brain 10, 15.

Mathe, J.M., Nomikos, G.G., Schilstrom, B., & Svensson, T.H. (1998). Non-NMDA excitatory
amino acid receptors in the ventral tegmental area mediate systemic dizocilpine
(MK-801) induced hyperlocomotion and dopamine release in the nucleus accum-
bens. Journal of Neuroscience Research 51, 583–592.

Misgeld, U., Bijak, M., & Jarolimek, W. (1995). A physiological role for GABAB receptors
and the effects of baclofen in the mammalian central nervous system. Progress in
Neurobiology 46, 423–462.

Mizoguchi, H., & Yamada, K. (2011). Pharmacologic treatment with GABA(B) receptor ag-
onist of methamphetamine-induced cognitive impairment in mice. Current
Neuropharmacology 9, 109–112.

Moghaddam, B., Adams, B., Verma, A., & Daly, D. (1997). Activation of glutamatergic neu-
rotransmission by ketamine: a novel step in the pathway fromNMDA receptor block-
ade to dopaminergic and cognitive disruptions associated with the prefrontal cortex.
The Journal of Neuroscience 17, 2921–2927.

Moghaddam, B., & Adams, B.W. (1998). Reversal of phencyclidine effects by a group II
metabotropic glutamate receptor agonist in rats. Science 281, 1349–1352.

Moller, H.J. (2008). Systematic of psychiatric disorders between categorical and dimen-
sional approaches. European Archives of Psychiatry and Clinical Neuroscience 258,
48–73.

Muguruza, C., Meana, J.J., & Callado, L.F. (2016). Group II Metabotropic Glutamate
Receptors as Targets for Novel Antipsychotic Drugs. Frontiers in Pharmacology
7, 130.

Nakagawa, Y., Sasaki, A., & Takashima, T. (1999). The GABA(B) receptor antagonist
CGP36742 improves learned helplessness in rats. European Journal of Pharmacology
381, 1–7.

Nicoletti, E., Bockaert, J., Collingridge, G.L., Conn, P.J., Ferraguti, F., Schoepp, D.D., et al.
(2011). Metabotropic glutamate receptors: from the workbench to the bedside.
Neuropharmacology 60, 1017–1041.

Nowak, G., Partyka, A., Palucha, A., Szewczyk, B., Wieronska, J.M., Dybala, M., et al. (2006).
Antidepressant-like activity of CGP 36742 and CGP 51176, selective GABA(B) recep-
tor antagonists, in rodents. British Journal of Pharmacology 149, 581–590.

Olsen, R.W., & Sieghart, W. (2009). GABA(A) receptors: subtypes provide diversity of
function and pharmacology. Neuropharmacology 56, 141–148.

Ormel, J., Petukhova, M., Chatterji, S., Aguilar-Gaxiola, S., Alonso, J., Angermeyer, M.C.,
et al. (2008). Disability and treatment of specific mental and physical disorders across
the world. British Journal of Psychiatry 192, 368–375.

Palucha, A., Klak, K., Branski, P., Putten, H., Flor, P., & Pilc, A. (2007). Activation of the
mGlu7 receptor elicits antidepressant-like effects in mice. Psychopharmacology 194,
555–562.

Palucha-Poniewiera, A., Branski, P., Lenda, T., & Pilc, A. (2010). The antidepressant-like ac-
tion of metabotropic glutamate 7 receptor agonist N,N′-bis(diphenylmethyl)-1,2-
ethanediamine (AMN082) is serotonin-dependent. The Journal of Pharmacology and
Experimental Therapeutics 334, 1066–1074.

Palucha-Poniewiera, A., & Pilc, A. (2016). Glutamate-based drug discovery for novel anti-
depressants. Expert Opinion on Drug Discovery 11, 873–883.

Palucha-Poniewiera, A., Wieronska, J.M., Branski, P., Stachowicz, K., Chaki, S., & Pilc, A.
(2010). On the mechanism of the antidepressant-like action of group II mGlu recep-
tor antagonist, MGS0039. Psychopharmacology 212, 523–535.

Parmentier-Batteur, S., Hutson, P. H., Menzel, K., Uslaner, J. M., Mattson, B. A., O'Brien, J. A.,
et al., (2014). Mechanism based neurotoxicity of mGlu5 positive allosteric modula-
tors - Development challenges for a promising novel antipsychotic target. Neuro-
pharmacology, 82, 161–173.

Parsons, C.G., Danysz, W., & Quack, G. (1998). Glutamate in CNS disorders as a target for
drug development: an update. Drug News & Perspectives 11, 523–569.
Patil, S.T., Zhang, L., Martenyi, F., Lowe, S.L., Jackson, K.A., Andreev, B.V., et al. (2007). Ac-
tivation of mGlu2/3 receptors as a new approach to treat schizophrenia: a random-
ized Phase 2 clinical trial. Nature Medicine 13, 1102–1107.

Pilc, A., & Lloyd, K.G. (1984). Chronic antidepressants and GABA “B” receptors: a GABA hy-
pothesis of antidepressant drug action. Life Sciences 35, 2149–2154.

Pilc, A., Wieronska, J.M., & Skolnick, P. (2013). Glutamate-based antidepressants: preclin-
ical psychopharmacology. Biological Psychiatry 73, 1125–1132.

Pisani, A., Calabresi, P., Centonze, D., & Bernardi, G. (1997). Enhancement of NMDA re-
sponses by group I metabotropic glutamate receptor activation in striatal neurones.
British Journal of Pharmacology 120, 1007–1014.

Podkowa, K., Rzezniczek, S., Marciniak, M., Acher, F., Pilc, A., & Palucha-Poniewiera, A.
(2015). A novel mGlu4 selective agonist LSP4-2022 increases behavioral despair in
mouse models of antidepressant action. Neuropharmacology 97, 338–345.

Post, R.M., Ketter, T.A., Joffe, R.T., & Kramlinger, K.L. (1991). Lack of beneficial effects
of L-baclofen in affective disorder. International Clinical Psychopharmacology 6,
197–208.

Rook, J.M., Noetzel, M.J., Pouliot, W.A., Bridges, T.M., Vinson, P.N., Cho, H.P., et al. (2013).
Unique signaling profiles of positive allosteric modulators of metabotropic glutamate
receptor subtype 5 determine differences in in vivo activity. Biological Psychiatry 73,
501–509.

Rook, J.M., Xiang, Z., Lv, X., Ghoshal, A., Dickerson, J.W., Bridges, T.M., et al. (2015). Biased
mGlu5-positive allosteric modulators provide in vivo efficacy without potentiating
mGlu5 modulation of NMDAR currents. Neuron 86, 1029–1040.

Rosenzweig-Lipson, S., Beyer, C.E., Hughes, Z.A., Khawaja, X., Rajarao, S.J., Malberg, J.E.,
et al. (2007). Differentiating antidepressants of the future: Efficacy and safety.
Pharmacology & Therapeutics 113, 134–153.

Rossler, W., Salize, H.J., van Os, J., & Riecher-Rossler, A. (2005). Size of burden of schizo-
phrenia and psychotic disorders. European Neuropsychopharmacology 15, 399–409.

Satake, S.I., Saitow, F., Rusakov, D., & Konishi, S. (2004). AMPA receptor-mediated presyn-
aptic inhibition at cerebellar GABAergic synapses: a characterization of molecular
mechanisms. European Journal of Neuroscience 19, 2464–2474.

Schildkraut, J.J. (1965). The catecholamine hypothesis of affective disorder: a review of
supporting evidence. The American Journal of Psychiatry 122, 1032–1039.

Schoepp, D.D. (2001). Unveiling the functions of presynaptic metabotropic glutamate re-
ceptors in the central nervous system. The Journal of Pharmacology and Experimental
Therapeutics 299, 12–20.

Schoepp, D.D., Jane, D.E., & Monn, J.A. (1999). Pharmacological agents acting at subtypes
of metabotropic glutamate receptors. Neuropharmacology 38, 1431–1476.

Schüle, C., Nothdurfter, C., & Rupprecht, R. (2014). The role of allopregnanolone in depres-
sion and anxiety. Progress in Neurobiology 113, 79–87.

Slattery, D.A., Desrayaud, S., & Cryan, J.F. (2005). GABAB receptor antagonist-mediated an-
tidepressant-like behavior is serotonin-dependent. The Journal of Pharmacology and
Experimental Therapeutics 312, 290–296.

Sławińska, A., Wierońska, J.M., Stachowicz, K., Marciniak, M., Łasoń-Tyburkiewicz, M.,
Gruca, et al. (2013). The antipsychotic-like effects of positive allosteric modulators
of metabotropic glutamate mGlu4 receptors in rodents. British Journal of
Pharmacology 169, 1824–1839.

Slawinska, A., Wieronska, J.M., Stachowicz, K., Palucha-Poniewiera, A., Uberti, M.A.,
Bacolod, M.A., et al. (2013). Anxiolytic- but not antidepressant-like activity of Lu
AF21934, a novel, selective positive allosteric modulator of the mGlu4 receptor.
Neuropharmacology 66, 225–235.

Somogyi, P., Dalezios, Y., Lujan, R., Roberts, J.D.B., Watanabe, M., & Shigemoto, R. (2003).
High level of mGluR7 in the presynaptic active zones of select populations of
GABAergic terminals innervating interneurons in the rat hippocampus. European
Journal of Neuroscience 17, 2503–2520.

Sukoff Rizzo, S.J., Leonard, S.K., Gilbert, A., Dollings, P., Smith, D.L., Zhang, M. -Y., et al.
(2011). The Metabotropic Glutamate Receptor 7 Allosteric Modulator AMN082: A
Monoaminergic Agent in Disguise? The Journal of Pharmacology and Experimental
Therapeutics 338, 345–352.

Summa, M., Di Prisco, S., Grilli, M., Usai, C., Marchi, M., & Pittaluga, A. (2013). Presynaptic
mGlu7 receptors control GABA release in mouse hippocampus. Neuropharmacology
66, 215–224.

Takamori, K., Hirota, S., Chaki, S., & Tanaka, M. (2003). Antipsychotic action of selective
group II metabotropic glutamate receptor agonist MGS0008 and MGS0028 on condi-
tioned avoidance responses in the rat. Life Sciences 73, 1721–1728.

Tatarczynska, E., Klodzinska, A., Chojnacka-Wojcik, E., Palucha, A., Gasparini, F., Kuhn, R., &
Pilc, A. (2001). Potential anxiolytic- and antidepressant-like effects of MPEP, a potent,
selective and systemically active mGlu5 receptor antagonist. British Journal of
Pharmacology 132, 1423–1430.

Trullas, R., & Skolnick, P. (1990). Functional antagonists at the NMDA receptor complex
exhibit antidepressant actions. European Journal of Pharmacology 185, 1–10.

Tsai, G.E., & Lin, P.Y. (2010). Strategies to enhance N-Methyl-D-aspartate receptor-medi-
ated neurotransmission in schizophrenia, a critical review and meta-analysis.
Current Pharmaceutical Design 16, 522–537.

Tse, M.T., Piantadosi, P.T., & Floresco, S.B. (2015). Prefrontal cortical gamma-aminobutyric
acid transmission and cognitive function: drawing links to schizophrenia from pre-
clinical research. Biological Psychiatry 77, 929–939.

Tu, J.C., Xiao, B., Naisbitt, S., Yuan, J.P., Petralia, R.S., Brakeman, P., et al. (1999). Coupling of
mGluR/Homer and PSD-95 complexes by the shank family of postsynaptic density
proteins. Neuron 23, 583–592.

Umino, M., Umino, A., & Nishikawa, T. (2018). Effects of selective calcium-permeable
AMPA receptor blockade by IEM 1460 on psychotomimetic-induced hyperactivity
in the mouse. Journal of Neural Transmission 125, 705–711.

Vizi, E.S., Fekete, A., Karoly, R., & Mike, A. (2010). Non-synaptic receptors and transporters
involved in brain functions and targets of drug treatment. British Journal of
Pharmacology 160, 785–809.

http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0255
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0255
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0260
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0260
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0260
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0265
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0265
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0270
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0270
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0270
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0275
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0275
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0275
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0280
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0280
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0280
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0285
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0285
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0290
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0290
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0290
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0295
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0295
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0300
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0300
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0300
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0305
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0305
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0310
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0310
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0310
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0310
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0315
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0315
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0315
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0320
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0320
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0320
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0325
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0325
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0325
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0325
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0330
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0330
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0335
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0335
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0335
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0340
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0340
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0340
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0345
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0345
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0345
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0350
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0350
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0355
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0355
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0360
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0360
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0365
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0365
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0370
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0370
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0370
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0375
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0375
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0375
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0375
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0380
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0380
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0385
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0385
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0390
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0390
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0395
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0395
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0395
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0400
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0400
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0405
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0405
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0410
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0410
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0410
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0415
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0415
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0420
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0420
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0420
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0425
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0425
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0425
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0430
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0430
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0430
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0435
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0435
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0440
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0440
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0445
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0445
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0445
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0450
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0450
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0455
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0455
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0455
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0460
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0460
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0465
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0465
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0470
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0470
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0470
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0475
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0475
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0475
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0480
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0480
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0480
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0485
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0485
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0485
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0490
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0490
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0490
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0495
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0495
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0495
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0500
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0500
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0500
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0505
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0505
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0505
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0510
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0510
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0515
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0515
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0515
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0515
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0515
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0520
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0520
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0520
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0525
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0525
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0525
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0530
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0530
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0530
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0535
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0535
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0535


82 J.M. Wierońska, A. Pilc / Pharmacology & Therapeutics 193 (2019) 75–82
Wieronska, J., Kleczek, N., Wozniak, M., Gruca, P., Lason-Tyburkiewicz, M., Papp, M., et al.
(2015). mGlu5-GABAB interplay in animal models of positive, negative and cognitive
symptoms of schizophrenia. Neurochemistry International 88(10), 97–109.

Wieronska, J.M., Kusek, M., Tokarski, K., Wabno, J., Froestl, W., & Pilc, A. (2011). The
GABAB receptor agonist CGP44532 and the positive modulator GS39783 reverse
some behavioural changes related to positive syndromes of psychosis in mice.
British Journal of Pharmacology 163, 1034–1047.

Wierońska, J.M., Stachowicz, K., Acher, F., Lech, T., & Pilc, A. (2012). Opposing efficacy of
group III mGlu receptor activators, LSP1-2111 and AMN082, in animal models of pos-
itive symptoms of schizophrenia. Psychopharmacology 220, 481–494.

Wierońska, J.M., Zorn, S.H., Doller, D., & Pilc, A. (2016). Metabotropic glutamate receptors
as targets for new antipsychotic drugs: historical perspective and critical comparative
assessment. Pharmacology & Therapeutics 157, 10–27.

Wittchen, H.U., Jacobi, F., Rehm, J., Gustavsson, A., Svensson, M., Jonsson, B., et al. (2011).
The size and burden of mental disorders and other disorders of the brain in Europe
2010. European Neuropsychopharmacology 21, 655–679.
Wozniak, M., Acher, F., Marciniak, M., Lason-Tyburkiewicz, M., Gruca, P., et al. (2016). In-
volvement of GABAB Receptor signaling in antipsychotic-like action of the novel
orthosteric agonist of the mGlu4 Receptor, LSP4-2022. Current Neuropharmacology
14, 413–426.

Zanos, P., Nelson, M.E., Highland, J.N., Krimmel, S.R., Georgiou, P., Gould, T.D., & Thompson,
S.M. (2017). A negative allosteric modulator for α5 subunit-containing GABA recep-
tors exerts a rapid and persistent antidepressant-like action without the side effects
of the nmda receptor antagonist ketamine in mice. eNeuro 4, 1–11.

Zarate, C.A., Singh, J.B., Carlson, P.J., Brutsche, N.E., Ameli, R., Luckenbaugh, D.A., et al.
(2006). A randomized trial of an N-methyl-D-aspartate antagonist in treatment-resis-
tant major depression. Archives of General Psychiatry 63, 856–864.

http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0540
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0540
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0540
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0540
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0545
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0545
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0545
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0545
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0545
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0550
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0550
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0550
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0555
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0555
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0555
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0560
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0560
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0565
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0565
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0565
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0565
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0570
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0570
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0570
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0575
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0575
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0575
http://refhub.elsevier.com/S0163-7258(18)30148-7/rf0575

	Depression and schizophrenia viewed from the perspective of amino acidergic neurotransmission: Antipodes of psychiatric dis...
	1. Introduction
	2. Glutamate and GABA as promising targets for new psychotropic drugs
	3. Ionotropic glutamate receptors
	3.1. NMDA receptors – the first examples of dichotomy
	3.2. AMPA/kainate receptors

	4. Metabotropic glutamatergic receptors
	4.1. The group I metabotropic glutamate receptors
	4.2. Group II mGlu receptors: further examples of the opposite action of agonists and antagonists
	4.3. Group III mGlu receptors
	4.3.1. The mGlu4 receptors
	4.3.2. The mGlu7 receptors
	4.3.3. The mGlu6/8 receptors


	5. GABA receptors: more examples of dichotomy
	5.1. GABAA receptors: question marks
	5.2. GABAB receptors: clear examples of the dichotomy

	6. Conclusions
	Conflict of interest statements
	Acknowledgments
	References


