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Abstract: The dopamine (DA] neuron system most relevant for schizophrenia is the meso-
limbic-cortical DA system inter alia densely innervating subcortical limbic regions. The field of
dopamine D2 receptors and schizophrenia changed markedly with the discovery of many types
of D2 heteroreceptor complexes in subcortical limbic areas as well as the dorsal striatum. The
results indicate that the D2 is a hub receptor which interacts not only with many other G protein-
coupled receptors (GPCRs) including DA isoreceptors but also with ion-channel receptors,
receptor tyrosine kinases, scaffolding proteins and DA transporters. Disturbances in several

of these D2 heteroreceptor complexes may contribute to the development of schizophrenia
through changes in the balance of diverse D2 homo- and heteroreceptor complexes mediating
the DA signal, especially to the ventral striato-pallidal y-aminobutyric acid (GABA) pathway. This
will have consequences for the control of this pathway of the glutamate drive to the prefrontal
cortex via the mediodorsal thalamic nucleus which can contribute to psychotic processes.
Agonist activation of the A2A protomer in the A2A-D2 heteroreceptor complex inhibits D2 Gi/o
mediated signaling but increases the D2 B-arrestin2 mediated signaling. Through this allosteric
receptor-receptor interaction, the A2A agonist becomes a biased inhibitory modulator of the Gi/o
mediated D2 signaling, which may the main mechanism for its atypical antipsychotic properties
especially linked to the limbic A2A-D2 heterocomplexes. The DA and glutamate hypotheses of
schizophrenia come together in the signal integration in D2-N-methyl-d-aspartate (NMDA) and
A2A-D2-metabotropic glutamate receptor 5 (mGlub) heteroreceptor complexes, especially in the
ventral striatum. 5-Hydroxytryptamine 2A (5-HT2A)-D2 heteroreceptor complexes are special
targets for atypical antipsychotics with high potency to block their 5-HT2A protomer signaling in
view of the potential development of pathological allosteric facilitatory 5-HT2A-D2 interaction
increasing D2 protomer signaling. Neurotensin (NTS1)-D2 heterocomplexes also exist in the
ventral and dorsal striatum, and likely also in midbrain DA nerve cells as NTS1-D2 autoreceptor
complexes where neurotensin produces antipsychotic and propsychotic actions, respectively.

Keywords: allosteric receptor-receptor interactions, dopamine receptors, G protein-
coupled receptors, heteroreceptor complexes, neurotensin receptors, psychotic disorders,
schizophrenia, serotonin receptors.

Introduction

The discovery of the central dopamine (DA),
noradrenaline (NA) and serotonin [5-hydroxy-
tryptamine (5-HT)] neurons was mainly based on
Fuxe’s thesis work in 1964 and 1965 using the
Falck—Hillarp technique for the cellular localization
of catecholamines and 5-HT [Dahlstrom and Fuxe,
1964; Fuxe, 1965; Fuxe and Anden, 1965; Fuxe
et al. 2007; Fuxe and Dahlstrom, 2009]. They were
inter alia characterized by long monosynaptic

pathways to the tel- and diencephalon from DA,
NA and 5-HT nerve cell groups in the lower brain
stem with a distinct and phylogentically conserved
parcellation. The NA and 5-HT neurons formed
global varicose terminal networks in the brain via
massive formation of collaterals.

The DA neurons had a somewhat more restricted
innervation pattern including a dense innervation
of the dorsal and ventral striatum as well as of
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several other limbic regions [Dahlstrom and
Fuxe, 1964; Fuxe, 1965; Fuxe and Anden, 1965,
Fuxe er al. 2007; Anden ez al. 1966]. The DA sys-
tem most relevant for schizophrenia is the mes-
olimbic DA system inter alia densely innervating
the nucleus accumbens and olfactory tubercle
which has its origin from five different DA cell
groups of the ventral tegmental area [Dahlstrom
and Fuxe, 1964; Fuxe and Anden, 1965; Fuxe
et al. 1970; Anden er al. 1966]. The cortical com-
ponent of this DA system was discovered by
Glowinski and his group preferentially innervating
the limbic cortical areas including the prefrontal
cortex [Thierry et al. 1973; Berger et al. 1974].

The antipsychotic DA receptor was identified as
the DA D2 receptor [Seeman, 2010], which is the
major target for typical and atypical antipsychotic
drugs [Ginovart and Kapur, 2012]. The D2 recep-
tor operates both as a postjunctional, mainly extra-
synaptic DA receptor involved in mediating DA
transmission, and as extrasynaptic autoreceptor
complexes at the soma-dendritic and nerve terminal
level. The D2 receptors are linked to the mesolim-
bic DA neurons by being autoreceptors in the DA
nerve cells of the ventral tegmental area and by par-
ticipating in mediating extrasynaptic DA volume
transmission in the mesolimbic terminal fields inzer
alia in the nucleus accumbens [Fuxe ez al. 2010a].

The field of D2 receptors and schizophrenia has
changed markedly with the discovery of many
types of D2 heteroreceptor complexes in subcor-
tical limbic areas like the nucleus accumbens
(Figure 1). They offer novel targets for antipsy-
chotic drugs [Fuxe et al. 2010, 2014a,b] and are
discussed in this article in terms of mediating the
therapeutic effects versus the side effects of antip-
sychotic drugs. The molecular mechanisms
involved in the allosteric receptor-receptor inter-
actions in these D2 containing heteroreceptor
complexes that produce their dynamic signaling
panorama are also covered.

G protein-coupled receptor, especially D2,
heteroreceptor complexes

The accepted biological principle appears to be
that G protein-coupled receptor (GPCR) can
form homo and heteroreceptor complexes with
allosteric receptor-receptor interactions [Fuxe
et al. 1983, 2010, 2014a; Portoghese, 2001; Agnati
etal. 2009; Borroto-Escuela ez al. 2014a; Perreault
et al. 2014]. This takes place through direct phys-
ical interactions between co-expressed GPCRs

either by physical association between the same
receptor (homo-oligomer) or different GPCR
types (hetero-oligomer). It can take place with or
without the participation of adapter proteins.
There are several examples demonstrating that,
for instance, D1 and D2 heteromerization takes
place, which through allosteric receptor—receptor
interactions, alters their G protein activation,
receptor signaling, receptor trafficking and recep-
tor recognition leading inter alia to changes in DA
receptor pharmacology and function.

One emerging new concept in neuropsychop-
harmacology is that a dysfunction of allosteric
receptor-receptor interactions contributes to
disease progression, for instance, in schizophre-
nia. We aim to improve our understanding of
receptor-receptor interactions in D2 heterore-
ceptor complexes in the brain and their func-
tional relevance in schizophrenia. So far their
stoichiometry and topology is unknown within
the heteromer formed as well as the number
of adapter proteins participating, including
their architecture. They should therefore be
described as heteroreceptor complexes [Fuxe
and Borroto-Escuela, 2016]. The overall archi-
tecture of the global GPCR heterodimer network
shows that D2R are hub components forming
more than 10 heterodimer pairs [Borroto-
Escuela ez al. 2014a].

It should be underlined that D2 receptors can
also form complexes with ion channel receptors
like striatal D2—N-methyl-d-aspartate (NMDA)
heteroreceptor complexes in which allosteric
inhibitory D2-NMDA receptor subtype 2B
(NR2B) interactions exist [Liu ez al. 2006]. They
are located to glutamate synapses. Putative D2
receptor tyrosine kinase heteroreceptor com-
plexes may also exist in which D2 induced activa-
tion of mitogen-activated protein kinases (MAPK)
takes place via transactivation of receptor tyrosine
kinase (RTK) [Wang et al. 2005]. D2—epidermal
growth factor receptor (EGFR) heterocomplexes
may be formed. Fibroblast growth factor receptor
(FGFR)-A2A-D2 complexes were postulated to
exist [Flajolet et al. 2008; Borroto-Escuela ez al.
2013a,c; Fuxe er al. 2014a]. Thus, D2 receptors
may increase trophism and structural plasticity
via allosteric transactivation of RTK in D2-RTK
complexes. In addition, the DA D2 receptor
can also establish direct interactions with the
DA transporter, which facilitates the cell surface
expression of the DA transporter and leads to
increased DA uptake [Lee ez al. 2007].
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Figure 1. Schematic representation of different types of dopamine D2 heteroreceptor complexes

in subcortical limbic areas like the nucleus accumbens and their potential role as a drug target for
schizophrenia treatment. Top and bottom left panel. In the dorsal and ventral striatum (here indicated in
the rat brain as bregma level 1.0 mm), dopamine D2R homo and heteroreceptor complexes allow direct
physical interactions between the receptors, making possible the allosteric receptor-receptor interactions
between them. The stoichiometry balance between these homo/heteromers determines the final
functional output of dopamine D2R signalling and thus the cellular response. Top right panel. Illustration
of treatment of schizophrenia based on the A2AR-D2R heteroreceptor complexes. In (A, the A2A receptor
agonist is illustrated to activate both the A2A protomer in the A2A-D2R heteroreceptor complexes and the
A2A protomer of the A2AR homoreceptor complexes. A2A receptor agonists may be used as antipsychotic
drugs through their allosteric antagonism of Gi/o mediated D2R signalling in the A2A-D2R heteroreceptor
complex in the soma-dendritic terminal regions of the ventral-striato-pallidal GABA pathway. The
activation of the A2A homoreceptor complexes may also contribute to the antipsychotic actions of A2A
agonists through their Golf-AC-PKA pathways increasing the excitability of the ventral-pallidal GABA
pathway. In (B), the use of a heterobivalent compound is illustrated built up of a D2R antagonist and an
A2A agonist. This compound should specifically target the A2A-D,R heteroreceptor complexes and exert
antipsychotic actions. In (C], the use of a small inhibitory interface peptide which specifically targets the
A2A-D2R receptor interface is illustrated. This action is postulated to increase development of positive
schizophrenic symptoms by setting free the D2R protomer from the brake exerted by the A2A protomer on

the limbic A2A-D2R heteroreceptor complexes.
5-HT, 5-hydroxytryptamine; AC, adenylyl cyclase; GABA, y-aminobutyric acid; mGlub, metabotropic glutamate receptor 5;
NTS1, neurotensin 1; PKA, protein kinase A.

These results indicate that the D2 is a hub recep- Early on it was also postulated that GPCR can
tor which interacts not only with a large number interact with nonreceptor proteins to enhance the
of other GPCRs including DA isoreceptors integrative process at the molecular level in the
[Borroto-Escuela ez al. 2014a], but also with ion plasma membrane [Fuxe and Agnati, 1987]. Of
channel receptors, RTKs and DA transporters. particular interest is the recently discovered
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D2R-Discl protein complex by Fang Liu and
colleagues which contributes to antipsychotic-like
effects [Su ez al. 2014].

It was also proposed that scaffolding proteins and
neuronal adhesion molecules encoded by suscep-
tibility genes for schizophrenia [Bradshaw and
Porteous, 2012; De Bartolomeis et al. 2013,
2014; Bourgeron, 2015] importantly participate
in the modulation of integration of signals in D2
heteroreceptor complexes [Fuxe er al. 2014b].
Disturbances in the scaffolding protein structure
can lead to changes in the balance of protein com-
plexes in which they participate. This process in
turn may contribute to the development of
schizophrenia through changes in the balance of
different D2 heteroreceptor complexes mediat-
ing the DA signal in the ventral striato-pallidal
y-aminobutyric acid (GABA) pathway. This will
have consequences for the control of this pathway
of the glutamate drive to the prefrontal cortex via
the mediodorsal thalamic nucleus [Fuxe er al.
2008].

Role of A2A-D2 heteroreceptor complexes

in modulating D2 recognition and signaling

It was found early on that A2A agonists can
reduce the affinity of the D2 receptor agonist
binding sites and counteract the D2 Gi/o medi-
ated signaling over the adenylyl cyclase (AC)—
protein kinase A (PKA) pathways [Yang et al.
1995; Fuxe et al. 1998; Hillion er al. 2002;
Borroto-Escuela ez al. 2010a, 2010b]. D2 activa-
tion is also known to inhibit the calcium influx via
the L-type voltage dependent calcium channels
(Cav 3.1) through the phospholipase C (PLC)
and protein phosphatase 2 (PP2) B pathway,
which leads to dephosphorylation and closure of
the Cav3.1 channels [Hernandez-Lopez et al.
2000]. In addition, this action is counteracted by
A2A agonists through an allosteric antagonistic
receptor—receptor interaction which inhibits the
Gi/o activation with failure to release Gfy), which
therefore no longer can activate the above intra-
cellular pathway [Azdad et al. 2009]. The D2
receptor mediated suppression of NMDA-
induced depolarized plateau potential is mediated
by inhibition of the Cav3.1 channels, an action
which is reversed by A2A receptor activation. As
a consequence, an upstate is obtained in the stri-
ato-pallidal GABA neurons [Surmeier er al
2007], the ventral component representing an
antireward system [Fuxe ez al. 2014a]. Early work
also showed that activation of A2A receptors also

inhibits the D2 receptor induced increases in
intracellular calcium levels [Yang er al. 1995;
Salim ez al. 2000]. In addition, A2A antagonists
enhanced and A2A agonists diminished the D2
agonist induced decrease in firing rates in nerve
cells of the striatum from hemiparkinson rats
[Stromberg er al. 2000].

It is less clear how the allosteric A2A-D?2 interac-
tion modulates the D2 signaling over B-arrestin
2-AKT-protein  phosphatase 2A  pathway
[Beaulieu ez al. 2015]. It was proposed that the
A2A protomer activation can favor a conforma-
tional change in the D2 protomer that favors the
binding of B-arrestin 2 to the D2 protomer, while
its Gi/o binding is reduced [Borroto-Escuela ez al.
2011; Fuxe ez al. 2014a] which is in line with the
discussion above. Such a change towards G pro-
tein independent D2 signaling with B-arrestin 2
can help explain the demonstration of co-aggre-
gation, co-internalization and co-desensitization
of the A2A-D2 heteroreceptor complexes upon
agonist co-activation of the two protomers
[Hillion ez al. 2002].

D2 agonists induce a negative modulation of
AKT wvia the B-arrestin 2 signaling pathway
through reduction of its phosphorylation which
results in an increased activation of GSK3.
Instead, D2 antagonists enhance phosphorylation
of AKT and this brings down glycogen synthase
kinase 3 (GSK3) activity [Beaulieu ez al. 2004].
GSK3 phosphorylates a number of protein tar-
gets involved in glutamate transmission and gene
expression and translation.

Taken together, the findings indicate that agonist
activation of the A2A protomer in the A2A-D2
heteroreceptor complex inhibits D2 Gi/o medi-
ated signaling but increases the D2 B-arrestin 2
mediated signaling. This is in contrast to D2
receptor antagonists which block all the D2 sign-
aling pathways. Thus, through the allosteric
receptor-receptor interaction, the A2A agonist
becomes a biased inhibitory modulator of the
Gi/o mediated D2 signaling.

A2A-D2 heteroreceptor complexes and

their relevance for schizophrenia and its
treatment

DA receptor antagonists are well known to be
the major antipsychotic drugs [Seeman, 2010;
Ginovart and Kapur, 2012]. The A2A agonist is
known to be an atypical antipsychotic-like drug
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based on work in rat models of schizophrenia
[Rimondini ez al. 1997; Andersen ez al. 2002;
Fuxe er al. 2008]. In view of the above discussion,
the antipsychotic-like effects of A2A agonists are
mainly due to their ability to counteract Gi/o
mediated D2 signaling over the Gai-AC-PKA
and the Gpy-PLC pathways. The potential
enhancement of D2 signaling over the B-arrestin
2 mediated pathway probably has no major role
in the antipsychotic-like effects of A2A agonists as
lithium, which interferes with the formation/
maintenance of the B-arrestin 2-Akt—PP2A path-
way, is mainly effective in treatment of bipolar
disorders [Beaulieu ez al. 2004, 2008, 2015].
Based on these results it also becomes unclear if
the common feature of antipsychotic drugs of the
D2 antagonist type to counteract AKT-GSK3
signaling [Masri er al. 2008] has therapeutic rele-
vance. The failure of A2A agonists to counteract
this pathway may instead lead to reduced side
effects.

The A2AR agonists may be used as antipsychotic
drugs through their allosteric antagonism of Gi/o
mediated D2 signaling in the A2AR-D2R hetero-
receptor complex in the soma-dendritic-terminal
regions of the ventral striato-pallidal GABA path-
way. This can help restore the glutamate drive
from the mediodorsal thalamic nucleus to the
prefrontal cortex [Fuxe et al. 2008]. A2AR ago-
nists robustly lower the D2R agonist binding
affinity in the nucleus accumbens shell and core
[Diaz-Cabiale er al. 2001], and bring down D2
Gi/o protein coupling.

The A2AR-D2R heteroreceptor complex is also
present on the glutamate terminals of the local
circuits in the striato-pallidal GABA neurons
and reduces the D2R-induced inhibition of glu-
tamate release upon agonist induced activation
of the A2A receptors. This increase in glutamate
release may also contribute to enhancement of
the excitability of the ventral striato-pallidal
GABA (antireward) pathway which also con-
tributes to the antipsychotic activity of A2AR
agonists.

According to the DA hypothesis of schizophre-
nia, an overactivity of the mesolimbic DA neu-
rons exists which leads to an enhanced D2
mediated inhibition of the ventral striato-pallidal
GABA neurons, which represents an antireward
system. Therefore, in schizophrenia, salience
develops also to irrelevant stimuli which may

result in dysfunctional inner speech and to delu-
sions in order to make sense out of the pathologi-
cal salience given to stimuli of no relevance
[Kapur, 2003; Ginovart and Kapur, 2012]. The
major target for the current antipsychotic drugs
is therefore the D2 receptor located on and inhib-
iting the activity in the ventral striato-pallidal
antireward neurons. Through its blockade by the
D2 receptor blocking activity of typical and atyp-
ical antipsychotic drugs, activity will be restored
in this antireward system and, via the mediodor-
sal thalamic nucleus, the glutamate drive to the
prefrontal cortex will be restored. This event will
transfer the antireward information to the pre-
frontal cortex and the malfunction of salience
will diminish as will the psychotic symptoms.
The drawback of D2 receptor antagonists is that
they can also reduce incentive salience below
normal levels leading to depressive symptoms
[Ginovart and Kapur, 2012]. A2A agonists may
have an advantage versus D2 receptor antagonists
by being a negative allosteric modulator of D2
recognition and Gi/o mediated D2 signaling.
Thus, the inhibitory allosteric mechanism acti-
vated by A2A agonists allows the development of
reduced D2 signaling over Gi/o, but a potentially
normal baseline level of D2 signaling may be
maintained in the therapeutic dose range. This
may be more difficult to obtain with D2 receptor
antagonists acting at the orthosteric DA binding
site, unless they have a rapid dissociation rate
from the postjunctional DA receptors However,
reversibility of D2R antagonism does not differ
between atypical and typical antipsychotics
[Sahlholm ez al. 2014].

When discussing the atypical antipsychotic
properties of A2A agonists, it should also be con-
sidered that they target A2A homoreceptor com-
plexes and other A2A heteroreceptor complexes
like the A2A isoreceptor complexes which may
exist in the same nerve cells in balance with the
A2A-D2 heteroreceptor complexes and D2
homoreceptor complexes (Figure 2) [Fuxe et al.
2010b, 2014a, 2014b, 2016; Borroto-Escuela
et al. 2015a)]. Thus, the activation of the A2A
homoreceptor complexes may also contribute to
the antipsychotic-like actions of A2A agonists
through their Golf~AC-PKA pathways increas-
ing the excitability of the striato-pallidal GABA
pathway via the phosphorylation of a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic  acid
(AMPA) (GluAl) and NMDA (GIluNB) recep-
tors [Filip er al. 2012].
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Figure 2. Illustration of the complexity of the balance between A2A-D2R heteroreceptor and homoreceptor
complexes in key brain regions for schizophrenia such as the nucleus accumbens. In the lower left panel, several
possible receptor stoichiometries from heterodimers to higher order heteromers of various types are shown. In
the co-activated state, the antipsychotic-like effects of A2A agonists are mainly due to their ability to counteract
Gi/o mediated D2 signalling over the Ga-AC-PKA and the GBy-PLC pathways. Also, A2A activation blocks the
formation of By dimer from Gi/o and thus counteracts the D2 mediated inhibition of the Cav3.1 channels over the
PLC and PP2B pathway. It is less clear how the allosteric A2A-D2 interactions modulate the D2 Akt signalling.
D2 agonist induces a negative modulation of Akt via the B-arrestin 2 signalling pathway but induces positive
modulations of Akt via receptor tyrosine kinase (RTK)-phosphoinositide 3 kinase (PI3k] pathways. Furthermore,
agonist activation of the A2A protomer in the A2A-D2 heteroreceptor complexes enhanced D2 B-arrestin 2
mediated signalling. The adapter proteins (sigma-1 receptor) also participate in modulating the organization and
function of the A2A and D2 homoreceptors and their higher order heteroreceptor complexes.

AC, adenylyl cyclase; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; PLC, phospholipase C; PP2, protein

phosphatase 2.

Understanding the balance of AZA and D2
homo-and heteroreceptor complexes

There is a need to understand the complexity of
the balance between A2AR-D2R and its homom-
ers, iso A2AR- and iso D2R-heteromers and
other A2A- and D2 heteromers in key brain
regions for schizophrenia like the nucleus accum-
bens ( Figure 2). Which complexes are in the ven-
tral striato-pallidal GABA pathway modulating
the glutamate drive to the prefrontal cortex? If so,
which receptor complexes are in the same striato-
pallidal GABA neuron of this pathway? If so,
which receptor complexes are located in the same
synapses formed on this neuron?

Altered plasticity of AZA-D2 receptor-receptor
interactions after amphetamine challenge,

and in the amphetamine sensitized state, a rat
model of schizophrenia

An increase in D2 receptor dimerization was
observed after acute amphetamine exposure and
in the amphetamine-induced sensitized state as
also found in schizophrenia [Wang er al. 2010].
Changes in the A2A-D2 receptor—receptor inter-
actions were therefore postulated in the ventral

and dorsal striatum and recently demonstrated
[Pintsuk et al. 2016]. A major finding was the
development of a facilitatory A2A-D2 receptor—
receptor interaction in the dorsal striatum in the
amphetamine sensitized state versus the saline
sensitized state as demonstrated by an A2A ago-
nist induced increase in affinity in the high affinity
D2 receptors ex vivo. This is in contrast to the
usual antagonistic interactions found in untreated
rats. Such a change in the A2A-D2 interaction
towards a pathological enhancement of inhibitory
D2 signaling in the dorsal striato-pallidal GABA
neurons reducing motor inhibition mediated via
this pathway. It can contribute to the develop-
ment of the sensitized state (increased locomotion)
produced by long-term amphetamine treatment
[Seeman er al. 2002]. It may involve habit forma-
tion and compulsive behaviors. Changes in the
stoichiometry of the A2A-D2 heteroreceptor
complexes in the dorsal striatum nter alia due to
the increased D2 homodimerization together
with the subchronic amphetamine induced DA
release may be part of the mechanisms involved
in this change in the allosteric receptor-receptor
interactions [Pintsuk ez al. 2016]. Such a change
may also exist in schizophrenia.
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In the ventral striatum, the receptor plasticity in
the A2A-D2 receptor—receptor interactions was
altered in an opposite way compared with the
dorsal striatum in the amphetamine sensitized
rats versus the saline sensitized rats. Thus, in the
amphetamine sensitized rats, the antagonistic
A2A-D2 receptor interactions were significantly
restored wversus the saline sensitized rats after an
acute amphetamine challenge [Pintsuk er al
2016]. These differential changes observed can
be explained by postulating that the A2A-D2 het-
eroreceptor complexes are different in terms of
stoichiometry and geometry in these two areas,
leading to differential changes to amphetamine
treatment in the allosteric receptor—receptor
interactions. It may also involve an increased for-
mation of A2A receptors in the ventral but not the
dorsal striatum through the subchronic ampheta-
mine treatment. This can result in an increased
formation of A2A homoreceptor complexes and
A2A-D2 heteroreceptor complexes in the ventral
striatum and thus in the return of the antagonistic
A2A-D2 receptor-receptor interactions in this
region [Pintsuk ez al. 2016].

These results strongly support the view that the
atypical antipsychotic-like actions of A2A ago-
nists are related at least in part to the activation of
antagonistic A2A-D2 receptor-receptor interac-
tions in the ventral striatum, including the nucleus
accumbens. The extrapyramidal side effects such
as parkinsonian-like effects should be reduced
since the antagonistic A2A-D?2 receptor—receptor
interactions in the dorsal striatum is replaced by
facilitatory A2A-D2 interactions in this model of
schizophrenia, contributing to the increased loco-
motion observed.

Are the A2A-D2 heteroreceptor complexes

altered in schizophrenia and how should they

be targeted?

The increased activity in the mesolimbic DA neu-
rons [Dahlstrom and Fuxe, 1964; Fuxe, 1965;
Anden er al. 1966; Fuxe et al. 1970] is a major
component of the DA hypothesis of schizophre-
nia [Seeman, 2010]. It should be noted that the
A2A receptors are not located in the ascending
midbrain DA neurons, including the mesolimbic
DA neurons. Therefore, any change in the A2A
receptors and in the A2A-D2 heteroreceptor
complexes in schizophrenia is likely located
postjunctionally in the limbic regions innervated
by the mesolimbic DA neurons and their cortical
component.

A deficit in the formation of A2A-D2 heterorecep-
tor complexes or in their antagonistic receptor—
receptor interactions may contribute to the
development of positive schizophrenic symptoms in
view of the reduced brake on limbic D2 signaling,
which is already enhanced by the increased DA
release from the activated mesolimbic DA neurons.

In the amphetamine model of schizophrenia dis-
cussed above, however, even stronger antagonistic
A2A-D2 interactions developed upon A2A agonist
treatment ex vivo. This does not support any deficit
of this interaction in the brains of schizophrenic
patients. Instead it emphasizes that A2A agonist
treatment in schizophrenia can produce significant
therapeutic effects by targeting especially the A2A—
D2 heteroreceptor complexes but also A2A homo-
receptor complexes and potentially other A2A
heteroreceptor complexes. Thus, A2A agonists
may target many A2A heteroreceptor complexes.

Pharmacological approaches to target ventral stria-
tal AZA-D2 heteroreceptor complexes for functional
studies and treatment development for schizophre-
nia. Current A2A agonists target both A2A homo-
receptor complexes and A2A protomers of
A2A-D2 heteroreceptor complexes. Preferential
A2A agonists for A2A protomers in heteromers
versus A2A protomers in homomers have not yet
been developed. Combined treatment with A2A
agonists and low doses of D2 receptor antagonists
would also be a promising approach. Heterobiva-
lent drugs with an A2A agonist pharmacophor
linked to a D2 antagonist pharmacophor are pres-
ently being developed. They may preferentially tar-
get A2A-D2 like heteroreceptor complexes and
are of high interest in view of their potential high
specificity in targeting the A2A-D2 heteroreceptor
complexes with high specificity and affinity. Their
penetration into the brain can be an initial problem
but their actions on the central nervous system
(CNS) can be determined through intracerebro-
ventricular (i.c.v.) microinjections or local infu-
sions into a brain region via reverse microdialysis.
Small inhibitory interface peptides targeting the
A2A-D2 interface are given i.c.v. or locally to dis-
rupt the A2A-D2 heteroreceptor complexes and
determine their role wversus A2A homomers in
models of schizophrenia.

In summary, increasing the A2A protomer medi-
ated allosteric brake on the D2 protomer signal-
ing in the A2A-D2 heteroreceptor complex of the
dorsal, and especially the ventral striato-pallidal
GABA pathway, represents a highly promising
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novel strategy for treatment of schizophrenia.
The dopaminergic basis of salience dysregulation
in schizophrenia appear to be mainly linked to the
mesolimbic DA neurons with relevance for both
negative and positive symptoms of schizophrenia
[Juckel et al. 2006; Schlagenhauf ez al. 2009;
Nielsen ez al. 2012; Winton-Brown ez al. 2014].

On the potential existence of higher order
A2A-D2 heteroreceptor complexes

Putative A2A-D2-sigma-1 heteroreceptor
complexes

The sigma-1 receptor (c1R) is known as a trans-
membrane chaperone protein at the endoplasmic
reticulum and the plasma membrane that partici-
pates in a number of protein complexes. It modu-
lates calcium signaling, a number of voltage-gated
channels, and GPCRs as well as NMDA receptors
[Hayashi and Su, 2007; Maurice and Su, 2009].

Sigmal-D2 heteromers exist and form higher order
oligomers in the mouse striatum and are specific for
D2 versus D3 and D4 receptors using proximity
ligation assay (PLLA) and co-immunoprecipitation
[Navarro et al. 2013]. Sigmal-D1 heteroreceptor
complexes also exist [Navarro ez al. 2010]. Recently
it was shown with bioluminescence resonance
energy transfer (BRET) analysis in cellular models
that 61R can form heteroreceptor complexes to the
same degree with D2 short and D2 long [Pinton
et al. 2015a, 2015b]. It was also found that c1R
competes to a very low degree with the formation of
the sigmal-D2 heterocomplex unlike the D2 short
and D2 long receptors. The explanation can be a
higher plasticity in the interface for the c1R. It may
bind to many regions of the D2R and form higher
order sigmal-D2 heteroreceptor complexes as
indicated also in previous work.

A detailed in situ PLA analysis revealed that high
densities of sigmal-D2 heteroreceptor complexes
are present in the nucleus accumbens core and
shell of the rat brain [Pinton ez al. 2015a,b]. The
rat dorsal striatum instead showed only moderate
densities of these complexes. With CRE lucif-
erase reporter gene assays, allosteric receptor—
receptor interactions were indicated between
A2A-D2-c1Rs in the plasma membrane in cel-
lular models [Pinton et al. 2015a, 2015b].
Therefore, it is likely that A2A-D2-sigma-1 het-
eroreceptor complexes exist in the CNS, espe-
cially in the nucleus accumbens where high
densities of the three receptors exist.

Thus, these observations indicate that these
higher order A2A-D2-sigma-1 complexes may
exist in substantially higher densities in the
nucleus accumbens versus the dorsal striatum.
This can help explain the differential modulation
of D2 receptor recognition by the A2A receptor
agonist in the nucleus accumbens versus the dor-
sal striatum in the amphetamine model of schizo-
phrenia [Pintsuk ez al. 2016].

Putative A2ZA-D2-mGlub heteroreceptor
complexes

The existence of antagonistic glutamate receptor—
D2 receptor interactions were first observed in
1984 through the ability of glutamate to reduce the
affinity of the high affinity D2 agonist binding sites
in striatal membrane preparations [Fuxe et al
1984]. Subsequently it was observed that com-
bined incubation with an A2A agonist and a
mGIuR5 agonist may synergistically reduce the
affinity of the striatal D2 agonist binding sites
potentially linked to a reduction of D2 agonist
induced turning behavior [Popoli ez al. 2001].
These results indicated the possibility that A2A—
D2-mGluR5 heteroreceptor complexes may exist
in the D2 positive striato-pallidal GABA neurons,
which was supported by co-immunoprecipitation
of the three receptors in striatal preparations [Ferre
et al. 2002]. Synergistic A2A-mGluR5 interactions
were also observed on GABA release using micro-
dialysis [Diaz-Cabiale er al. 2002] and on c-fos
expression and extracellular-signal-regulated kinase
(ERK) and DARPP-32 phosphorylation [Ferre
et al. 2002; Fuxe et al. 2003; Nishi ez al. 2003].

In 2008 it was proposed that combined treatment
with A2A and mGIluR5 agonists targeting A2A—
D2-mGluR5 heterocomplex in the ventral stri-
ato-pallidal GABA pathway can represent a new
strategy for treatment of schizophrenia [Fuxe
et al. 2008]. The mechanism involves a strong
reduction of D2 protomer recognition and signal-
ing markedly increasing activity in this antireward
pathway and the treatment can be combined with
low doses of D2 receptor antagonist antipsychot-
ics [Fuxe ez al. 2008].

In 2009 evidence for the existence of the A2A—
D2-mGluR5 heteroreceptor complex could for
the first time be obtained by using living cells in
combination with bimolecular fluorescence com-
plementation [Cabello ez al. 2009]. It is of sub-
stantial interest that these three receptors were
found to be collocated in the extrasynaptic plasma
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membrane of spines receiving putative glutamate
synapses [Ciruela ez al. 2012]. Thus, all the three
receptor protomers of this heteroreceptor com-
plex are reached by extrasynaptic volume trans-
mission signals, namely DA, glutamate and
adenosine. Very recently Borroto-Escuela and
colleagues have demonstrated with the PLA tech-
nique the codistribution of high densities of A2A—
D2 and A2A-mGlu5 PLA positive complexes in
nucleus accumbens core and shell, some of which
may represent the A2A-D2-mGIuR5 heterotrim-
eric complexes [Borroto-Escuela er al. 2015].
These novel findings give further strong indica-
tions for the existence of A2A-D2-mGluR5 het-
eroreceptor complexes in these regions of the
nucleus accumbens. The dysregulation of the
mesolimbic DA neurons and their postjunctional
heteroreceptor targets may be involved in pro-
ducing the symptoms of schizophrenia [Fuxe,
1970; Meltzer and Stahl, 1976; Deutch et al.
1992; Grace er al. 1997] through development of
dysfunction in the ventral striatal-mediodorsal
thalamic-prefrontal cortical circuit they regulate
[Fuxe ez al. 2008].

However, a recent highly interesting study [Kegeles
et al. 2010] demonstrated an increased DA func-
tion in associative striatum in schizophrenia using
positron emission tomography (PET) before and
during DA depletion with a-methyl-p-tyrosine, a
tyrosine hydroxylase inhibitor. The percentage
increase in D2 receptor availability was particularly
high in the precommisural dorsal caudate richly
connected to the dorsolateral prefrontal cortex. It
becomes important to validate these findings.
Enhanced D2 mediated DA transmission appears
to mainly mediate positive symptoms of schizo-
phrenia [Davis ez al. 1991].

The coming together at the molecular level

of the DA and glutamate hypothesis of
schizophrenia: integration in D2-NMDA and
AZA-D2-mGlub heteroreceptor complexes in

the striatum

The glutamate hypothesis states that a reduction
of NMDA receptor function leads to the develop-
ment of schizophrenia [Alagarsamy ez al. 1999;
Wieronska et al. 2015]. There is general agree-
ment that mGlu5 interacts directly with NMDA
receptors leading to allosteric facilitatory recipro-
cal interactions between them. One target for
antipsychotic actions of mGIuR5 agonist and
positive allosteric modulators can therefore also
be mGIu5-NMDA heterocomplexes mainly

located in synapses. Instead mGlu5 antagonists
and negative allosteric regulators like NMDA
receptor antagonists produce propsychotic
actions [Wieronska ez al. 2015].

It is of great interest that Fang Liu and her col-
leagues have demonstrated D2-NMDA heterore-
ceptor complexes, mainly located in synapses,
which involves the NR2B subunit [Liu ez al. 2006].
The result of this interaction is a reduced ability of
Ca?+/calmodulin dependent protein kinase II to
bind to NR2B. Therefore, a reduced phosphoryla-
tion of the NR2B subunit is obtained with a reduc-
tion of NMDA receptor signaling, which can
contribute to symptoms of schizophrenia.

It is proposed that a dynamic balance can exist in
the glutamate synapses between mGlu5-NMDA
and D2-NMDA heterocomplexes in which
mGIlu5-NMDA-D2 heterocomplexes may exist
as an intermediate molecular complex. A domi-
nance of the D2-NMDA complex can lead to
propsychotic activity due to the development of
an hypofunction of the NMDA receptor signaling
in the glutamate synapses on the ventral striato-
pallidal GABA neurons, reducing the activity in
the glutamate projections from the mediodorsal
thalamic nucleus to the prefrontal cortex. This
glutamate projection may preferentially innervate
the cortical GABA interneurons and thus main-
tain a necessary balanced inhibition of the gluta-
mate neuronal networks in the prefrontal cortex.
When this inhibition is reduced, an exaggerated
and dysfunctional activity can develop in many
cortical glutamate systems leading to psychosis
development.

Another major site of integration of glutamate
and DA signals at the molecular level is in the
A2A-D2-mGIluR5  heteroreceptor  complex
located extrasynaptically of the glutamate syn-
apses on the ventral and dorsal striato-pallidal
GABA neurons. As discussed, the A2A and
mGIuR5 protomers synergize to put a brake on
D2 protomer recognition and signaling in this tri-
meric heteroreceptor complex. It may be that, in
schizophrenia, the brake on D2 signaling in these
neurons is reduced and overactive mesolimbic
DA neurons in this disease can therefore induce
excessive inhibition of the ventral striato-pallidal
GABA antireward neurons. This may contribute
to development of schizophrenic symptoms due
to generalized salience which disturbs the interac-
tions with the environment and may contribute to
psychotic symptoms.
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Therefore, combined treatment with A2A ago-
nists and mGlu5 positive allosteric regulators is
proposed to be a novel interesting strategy for
treatment of schizophrenia by targeting this het-
erotrimeric receptor complex. It may be more
effective than treatment with A2A agonists alone.
This hypothesis also postulates that very low
doses of D2 receptor antagonists can be added to
enhance the brake on D2 signaling if necessary
[Fuxe et al. 2008]. It should be noted that these
A2A-D2-mGluR5 heterotrimeric complexes also
exist in the dorsal striato-pallidal GABA neurons.
Thus, this target is of relevance also for the dorsal
striatum including its associative regions dis-
cussed above.

Putative FGFR1-AZ2A-D2 heteroreceptor
complexes

The FGFR1-A2A heteromer was demonstrated
with the yeast two-hybrid method [Flajolet ez al.
2008] and by bioluminescent resonance energy
transfer analysis [Borroto-Escuela ez al. 2013a].
In neuronal cell lines and primary cultures, evi-
dence was presented that co-activation of this
heteromer with fibroblast growth factor (FGF)
and A2A agonist produced marked increases in
structural plasticity associated with the activa-
tion of the MAPK/ERK pathway. These results
indicated the existence of FGFR1-A2A hetero-
receptor complexes in the D2 positive dorsal
striato-pallidal GABA neurons which also
contain A2A-D2 heteroreceptor complexes
[Trifilieff er al. 2011; Borroto-Escuela ez al
2013c]. It was therefore earlier suggested that
FGFR1-A2A-D2 heterocomplexes exist in the
striatum [Fuxe ez al. 2014a]. The receptor inter-
faces involved may, for instance, be different
from each other and therefore FGFR1 and D2
receptors may not compete for binding to the
A2A receptor.

The potential existence of such a trimeric com-
plex is of substantial interest. Adenosine is a
volume transmission (VT) signal that acts as a
feedback detector of neuronal activation [Ferre
and Fuxe, 2000]. It produces motor depression
and sleep under physiological conditions in part
mediated via A2A receptors. Under pathological
conditions, extracellular levels of adenosine levels
increase leading to reduction of glutamate release
and free radicals. In the FGFR1-A2A-D2 het-
erocomplex, adenosine-induced activation of
A2A may then enhance signaling over FGFR1 via
the allosteric receptor—receptor interaction,

increasing structural plasticity and repair. At the
same time the adenosine activation of A2A
through its antagonistic A2A-D?2 interaction can
also bring about a reduction of Gi/o mediated
inhibitory D2 signaling in these neurons of the
indirect pathway which mediates motor inhibi-
tion. This is also physiologically relevant, since a
reduction of behavioral arousal will develop so
the animal can move into a state of rest with res-
toration of energy stores. It may illustrate the
potential benefits of having higher order hetero-
complexes formed containing both RTK and
GPCR receptors [Fuxe ez al. 2007; Flajolet ez al.
2008; Borroto-Escuela ez al. 2012].

5-HT2A-D2 heteroreceptor complexes and
their relevance for schizophrenia and its
treatment

5-HT2A-D2 heteroreceptor complexes were
demonstrated in cellular models using the BRET?2
method [Borroto-Escuela ez al. 2010c]. The recep-
tor interface appeared to involve four sets of tri-
plet amino acid homologies that may be part of
the receptor interface based on the triplet puzzle
theory [Tarakanov and Fuxe, 2010; Fuxe ez al
2014a,b]. They give a kind of code that guides the
receptors towards each other. In a subsequent
paper using the PLA technique, 5-HT2A-D2 het-
eroreceptor complexes were found also in discrete
regions of the dorsal and ventral striatum, espe-
cially in the dorsolateral part and fundus of the
dorsal striatum and in the nucleus accumbens
core and shell [Borroto-Escuela et al. 2014a,
2015b]. Thus, they are likely located in the D2
positive dorsal and ventral striato-pallidal GABA
neurons and their distribution overlaps at least in
part with that of the A2A-D2 heteroreceptor
complexes. However, it is not known if they are
present in the same neuron and in the same syn-
apses present on these neurons.

It is of particular interest that only the 5-HT2A
hallucinogens lysergic acid diethylamide (LSD)
and 2,5-dimethoxy-4-iodoamphetamine (DOI),
but not a standard 5-HT2A agonist, enhance the
D2 protomer signaling in this heteroreceptor
complex via the allosteric receptor-receptor inter-
action (Figure 3) [Borroto-Escuela er al. 2014a,
2015b]. This action by the hallucinogens is
blocked by the 5-HT2A receptor antagonist ket-
anserin and is not found in cells expressing D2
receptor alone. D2 protomer signaling was moni-
tored using the CREB-Luc induction assay. The
hallucinogenic drugs DOI and LSD increase the
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5-HT,A
homoreceptor heteroreceptor homoreceptor

5-HT,A-D,R D,R

__schizophrenic

Altered allosteric
AC receptor-receptor
interactions

Altered balance between the homo and
heteroreceptor complexes and their stoichiometry

Figure 3. 5-HT2AR-D2R heteroreceptor complexes and their relevance for schizophrenia and its treatment.
Left panel. Schematic representation of the agonist action of the endogenous ligand 5-HT and hallucinogenic
5-HT2AR agonists LSD and DOl at the 5-HT2AR protomer of the 5-HT2AR-D2R heteroreceptor complexes.
Experimental evidence demonstrated that, in the nanomolar range, the hallucinogenic 5-HT2AR agonists
LSD and DOl lead to enhanced Gi/o signaling over the D2R protomer producing an enhanced inhibition of the
AC-PKA-CREB pathway in this heteroreceptor complexes. In contrast, the endogenous ligand 5-HT exerted
an allosteric antagonistic action on D2R signaling in 5-HT2A-D2R heteroreceptor complexes. Right panel. In
schizophrenia, alterations in the allosteric receptor-receptor interactions or a balance between 5-HT2A-D2
heteroreceptor complexes and their homoreceptor complexes may develop. This may make it possible for the
endogenous 5-HT to change its action and also enhance D2 protomer signalling in this complex as observed for
the hallucinogenic 5-HT2AR agonists LSD and DOl in the left panel.

5-HT, 5-hydroxytryptamine; AC, adenylyl cyclase; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate;
DOI, 2,5-dimethoxy-4-iodoamphetamine; LSD, lysergic acid diethylamide; PKA, protein kinase A; PLC, phospholipase C.

density and affinity of the D2-like receptors using
the D2-like antagonist radioligand 3H-raclopride
in cellular models and the ventral striatum,
actions blocked by ketanserin. Thus, cryptic D2
receptors in the plasma membrane appear to
become functional and bind the radioligand.

The psychotic like actions of the 5-HT2AR hal-
lucinogens can therefore involve enhancement of
D2R protomer signaling in the D2-5-HT2A het-
eroreceptor complex in the ventral striatum. It
may be that, in schizophrenia, alterations in the
allosteric receptor-receptor interaction may
develop in this heteroreceptor complex which will
make it possible for 5-HT to change its action
and also enhance D2 protomer signaling in this
complex. Such a pathological event can then
increase the inhibition of the ventral striato-palli-
dal GABA neurons and contribute to psychotic
symptoms as discussed above. Such pathological
facilitatory receptor-receptor interactions in the
D2-5-HT2A heteroreceptor complex leading to
increased D2R signaling may at least develop in
certain schizophrenic patients.

Such a pathological allosteric enhancement of D2
protomer signaling in this heterocomplex in
schizophrenia through 5-HT2A protomer activa-
tion gives a novel understanding of the molecular
mechanisms involved for the antipsychotic actions
of atypical antipsychotic drugs. Thus, for exam-
ple, risperidone, olanzapine and clozapine can
block the 5-HT2A receptor with a high potency
due to a high affinity for the 5-HT2A receptors
[Meltzer er al. 1989, 2003; Ebdrup er al. 2011;
Meltzer, 2012], but a 5-HT1A agonism also
appears to play a role besides their D2 antagonist
and 5-HT2A blocking activities [Oyamada ez al.
2015].

One advantage of several atypical antipsychotics
with high affinity for 5-HT2A receptors may
therefore be that they can reduce an exaggerated
enhancement of D2 protomer signaling at low
doses. This action adds to their ability to reduce
D2 protomer signaling which also takes place
direct blockade of the D2 orthosteric binding site
in the D2-5-HT2A heteroreceptor complex.
This may help reduce the dose of many atypical
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antipsychotic drugs leading to diminished extrap-
yramidal and cognitive side effects.

It is of substantial interest that a serotonin recep-
tor inverse agonist pimavanserin appears to have
an antipsychotic potential in Parkinson’s disease
psychosis [Meltzer ez al. 2010]. A reversal of psy-
chosis like behaviors was also observed in a rat
model of Parkinson’s disease [McFarland ez al.
2011]. According to our hypothesis, this action
can at least in part take place in the ventral striatal
5-HT2A-D2 heteroreceptor complexes blocking
the pathological transfer of facilitatory allosteric
communication to the D2 protomer from the
5-HT2A protomer. However, 5-HT2A immuno-
reactive neuronal processes were observed in
many parts in the forebrain, especially in the api-
cal dendrites of pyramidal nerve cells [Jansson
et al. 2001] and may also mediate the antipsy-
chotic action of pimavanserin. It may involve a
pimavanserin induced blockade of a 5-HT2A
mediated activation of a cortical-ventral midbrain
pathway increasing firing in the ventral tegmental
DA neurons [Pehek ez al. 2001]. It may be that
Parkinson’s disease psychosis has a particularly
high sensitivity to 5-HT2A inverse agonism, since
levodopa and DA receptor agonist treatment to
reduce the motor symptoms have produced
marked changes in the composition and density
of the 5-HT2A-D2 heteroreceptor complexes
and their allosteric receptor—receptor interac-
tions. It appears possible that a marked shift
towards a facilitatory allosteric communication
from the 5-HT2A protomer to the D2 protomer
has developed which can be blocked by the
inverse agonism of pimavanserin. This hypothesis
will be tested in cellular models and in models of
Parkinson’s disease.

NTS1-D2 heteroreceptor complexes and

their relevance for schizophrenia and its
treatment

Nemeroff introduced the hypothesis in 1980 that
NT was an endogenous neuroleptic [Nemeroff,
1980]. We therefore studied the potential mecha-
nism and found that NT reduced the affinity of
the D2 agonist binding sites in the dorsal striatum
and nucleus accumbens [Agnati et al. 1983; von
Euler and Fuxe, 1987]. The D1 receptors were
not affected by NT. In 1992 it was proposed that
antagonistic pre and post synaptic NT-D2 recep-
tor—receptor interactions produced a plasticity
change in DA transmission with a switching

towards a D1 mediated transmission [Fuxe ez al.
1992a, 1992b]. This plasticity change was
enhanced by the NTS1 mediated inhibition of the
nerve terminal D2 autoreceptor signaling increas-
ing DA release [Tanganelli ez al. 1989].

In 2013 it was demonstrated that a NTS1-D2
heteroreceptor complex exists in cellular models
using BRET [Borroto-Escuela ez al. 2013b]. It
was found using the CRE luciferase gene assay
that a marked inhibition is induced by the NTS1
agonist of the D2 inhibition of the AC-PKA-
CREB pathway. A marked shift to the right was
observed with N'T of the D2 agonist induced con-
centration-response curve mediated by an allos-
teric receptor-receptor interaction. Instead the
PLC signaling pathway was strongly enhanced by
the N'TS1 agonist likely through a synergistic
PKC activation. The N'TS1 antagonist blocked
these actions of the NTS1 agonist.

Finally, with the PLA, the existence of the
NTS1-D2 heteroreceptor complexes was dem-
onstrated in the accumbens core and shell and
especially in the dorsal striatum (Schéfer, Borroto-
Escuela er al. unpublished data).

NTS1-D2 heteroreceptor complexes in local
circuits of the nucleus accumbens

The major location of these heteroreceptor com-
plexes is on the cortico-accumbens glutamate ter-
minals. They are also found at the soma-dendritic
level of the ventral striato-pallidal GABA neurons
(the antireward system). No NTS1-D2 heterore-
ceptor complexes exist on the accumbens DA
nerve terminals.

Thus, NTS1 agonists in the accumbens, through
inhibitory allosteric receptor-receptor interac-
tions, mainly reduce D2 receptor signaling of
inhibitory D2 receptors on the cortico-accumbens
glutamate terminals. In this way glutamate release
is increased to activate the ventral striato-pallidal
GABA neurons, which via the mediodorsal tha-
lamic nucleus, restores the glutamate drive to the
prefrontal cortex. The increased activity in the
striato-pallidal GABA neurons also leads to
enhancement of local GABA VT from soma and
dendrites to produce reduced DA release via
GABA receptors located on the DA terminals. In
view of the previous discussion, such events may
mediate the antipsychotic actions of NT peptides
mediated via NTS1.
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NTS1-D2 heteroreceptor complexes in local
circuits of the ventral midbrain

NT mechanisms also exist in the ventral tegmen-
tal area and the substantia nigra where they
appear to enhance DA neuron firing [Ferraro
et al. 2014]. NT release from ventral midbrain
NT terminals leads to activation of inhibitory
NTS1-D2 autoreceptor interactions, increasing
the firing of the ventral tegmental area (VTA) and
substantia nigra DA nerve cells. Furthermore,
facilitatory NTS1-NMDA (receptor—receptor
and/or cytoplasmic) interactions exist in putative
NTS1-NMDA heteroreceptor complexes on glu-
tamate terminals and/or on nigral and VTA DA
cells. Therefore, in contrast to the case in nucleus
accumbens, at the midbrain level, NTS1 receptor
agonists exert propsychotic actions and NTSI1
antagonists should exert antipsychotic actions. It
is not known which NT mechanism dominates in
schizophrenia. It has therefore been difficult to
develop antipsychotic drugs based on targeting
the NTS1-D2 heteroreceptor complexes .It is not
clear if NTS1 agonists or antagonists should be
developed. Therefore, more work is highly war-
ranted to determine the major NT mechanism
disturbed in schizophrenia.

Future directions

e Understanding how typical and atypical
antipsychotics act on the different D2 het-
eroreceptor complexes. Which D2 protom-
ers are the major targets for the therapeutic
effects of antipsychotics and which mediate
side effects.

e Understanding the potential behavioral
role of receptor-receptor interactions in
distinct D2 heteroreceptor complexes and
other monoamine receptor heteroreceptor
complexes in key brain circuits like the
ventral striatal-ventral pallidal-mediodor-
sal thalamic-prefrontal cortical circuit.

e Understanding the location of the differ-
ent D2 heteroreceptor complexes. Are
they located in the same or different
pathways? In the same or different neu-
rons? In the same neuron but in different
or the same synapses? Do they have a dif-
ferential location with regard to prejunc-
tional, postjunctional and soma-dendritic
location?

e Understanding the dynamic allosteric
receptor—receptor interactions of the indi-
vidual D2 heteroreceptor complexes.
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