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Abstract: Alcohol abuse is a leading risk factor for the public health burden worldwide. Approved
pharmacotherapies have demonstrated limited effectiveness over the last few decades in treating
alcohol use disorders (AUD). New therapeutic approaches are therefore urgently needed. Histor-
ical and recent clinical trials using psychedelics in conjunction with psychotherapy demonstrated
encouraging results in reducing heavy drinking in AUD patients, with psilocybin being the most
promising candidate. While psychedelics are known to induce changes in gene expression and
neuroplasticity, we still lack crucial information about how this specifically counteracts the alterations
that occur in neuronal circuits throughout the course of addiction. This review synthesizes well-
established knowledge from addiction research about pathophysiological mechanisms related to the
metabotropic glutamate receptor 2 (mGlu2), with findings and theories on how mGlu2 connects to
the major signaling pathways induced by psychedelics via serotonin 2A receptors (2AR). We provide
literature evidence that mGlu2 and 2AR are able to regulate each other’s downstream signaling
pathways, either through monovalent crosstalk or through the formation of a 2AR-mGlu2 heteromer,
and highlight epigenetic mechanisms by which 2ARs can modulate mGlu2 expression. Lastly, we
discuss how these pathways might be targeted therapeutically to restore mGlu2 function in AUD
patients, thereby reducing the propensity to relapse.

Keywords: alcohol addiction; metabotropic glutamate receptors; serotonin 2a receptors; psychedelics;
psilocybin; functional selectivity; epigenetics

1. The Use of Serotonergic Psychedelics in the Treatment of Alcoholism

Alcohol is widely regarded as the most detrimental substance when considering both
the harm to users and the harm to others [1]. Its abuse is responsible for 3 million deaths
per year, accounts for 5% of all disability-adjusted life years and has an economic harm
equivalent to 2.6% of the global GDP [2,3]. Alcohol is the leading cause for a broad range of
disease- and injury-specific health burdens, including cancer, liver cirrhosis, tuberculosis,
road injuries and self-harm [3]. The predominant diagnostic classifications used in the
context of alcohol misuse are alcohol use disorders (AUD) and alcohol dependence, defined
by DSM-5 and ICD-11, respectively, and is also simply termed alcoholism. It is estimated
that 107 million people worldwide are diagnosed with AUD, with both the prevalence
and treatment seeking rates showing significant country variations [4,5]. In Europe, ap-
proximately 1 in 12 people are estimated to be classified with AUD, with an expected
treatment rate of 22% [5]. Many people with AUD engage in very heavy drinking (>100 or
60 g/day for males or females, respectively), which for Europe comprises around 1% of the
population aged 15–65 years [6]. These people account for about half of all liver cirrhosis
cases and have dramatically shortened life expectancy (>25 years) [6]. Thus, bringing down
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excessive consumption for harm reduction is an important public health goal. Treatment op-
tions for AUD include mutual-aid groups such as Alcoholics Anonymous, evidence-based
behavioral treatments such as cognitive behavior therapy and motivational interviewing,
as well as pharmacological treatments such as disulfiram, acamprosate, naltrexone and
nalmefene [7]. Unfortunately, the approved pharmacological treatments for alcoholism
are limited in their effectiveness, with only a minority of patients experiencing significant
benefits [8–10]. Small effect sizes have also been observed for psychotherapy, raising the
need for novel treatment approaches with robust effect sizes [10].

Recent findings suggest that the use of serotonergic psychedelics in combination with
psychotherapy may be a promising treatment approach for a variety of psychiatric disorders,
including major depression and substance use disorders such as AUD [11,12]. Serotonergic
psychedelics are psychoactive drugs, including psilocybin, lysergic acid diethylamide
(LSD), N,N-dimethyltryptamine (DMT) and 2,5-Dimethoxy-4-iodoamphetamine (DOI),
that can elicit altered states of perception, cognition and emotion. A meta-analysis from
six randomized clinical trials conducted in the 1960s and 1970s demonstrated that AUD
participants treated with LSD are significantly improved at short-term (2–3 months) and
medium-term (6 months) follow-up [13]. Moreover, a proof-of-concept study followed by a
recent randomized controlled trial (RCT) demonstrated the effective usage of psilocybin for
the treatment of AUD [14,15]. Two single doses of psilocybin in addition to the standard
cognitive behavioral-based psychotherapy demonstrated a significant decrease in the
percentage of heavy drinking days during a 32-week period [15]. These promising data,
demonstrating a reduction in heavy drinking, encourage continued clinical research as well
as a better understanding of the underlying molecular mechanism.

The pharmacological, neural and psychological mechanisms by which psychedelics
mediate their therapeutic effect remain largely speculative. A comprehensive review,
recently published, summarizes and critically evaluates the current knowledge at these
three different levels and outlines several potential directions to identify more specific
mechanisms, and thus to allow a better targeted treatment [16]. To date, it has been
discovered that psychedelics are partial agonists of brain serotonin receptors, inducing
their behavioral responses mostly through the 5-hydroxytryptamine (serotonin) 2A receptor
(2AR) [17–19]. Although crucial for their effect, substantial evidence over the last decade
indicates that the 2AR alone might not fully explain the psychedelic-specific behavioral
response and thus further physiological interactions must be considered [20–22]. One
of the most promising targets is the metabotropic glutamate receptor 2 (mGlu2) that has
been demonstrated to be necessary to induce the pharmacological and behavioral effects
of psychedelics [23]. Interestingly, the 2AR can interact through specific transmembrane
domains with the mGlu2 to form a functional complex that triggers unique intracellular
responses in the presence of psychedelics [24]. mGlu2 has been extensively implicated in
the pathology of AUD, and preclinical evidence demonstrated the potential of the mGlu2
modulation to treat alcohol relapse [25,26]. In this review, we use data from animal and
human studies to assess the role of mGlu2 for behavioral and therapeutic responses elicited
by psychedelics and consider these findings in the light of treating AUD. Specifically, we
first introduce the role of mGlu2 in alcoholism before we then specify the mode of action of
psychedelics, followed by a section that describes the interaction between 2AR and mGlu2
signaling. A special focus is then set on the cross-signaling of 2AR and mGlu2 through the
formation of a receptor–receptor heteromer. We close this review with future directions
and therapeutic implications of serotonergic psychedelics for the treatment of AUD.

2. The Role of the Metabotropic Glutamate Receptor 2 in the Pathology of AUD

AUD, or substance use disorder (SUD) in general (DSM-5), is considered a brain
disease defined by the repeated and continuous use of legal or illegal substances that cause
clinically significant impairment [27]. For AUD, this means a systematically biased choice
preference for alcohol at the expense of healthy rewards and continued use despite ad-
verse consequences [28]. Neuropathologically, a model of altered neuroplasticity has been
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proposed as an underlying pathological mechanism [29]. Since glutamate is an important
mediator of synaptic plasticity, it is no surprise that glutamate receptors are highly involved
in the development and progression of substance dependence and alcoholism in particular
(see Box 1 for details of the glutamatergic system in the brain) [30–32].

Specifically, mGlu2 is highly abundant in the mesocorticolimbic and associated cir-
cuitries related to reward and drug seeking [33]. The prolonged exposure to drugs such as
ethanol is believed to reduce mGlu2′s regulatory function in these systems, most notably
in the medial prefrontal cortex (mPFC) and the nucleus accumbens (nAC), and by that
contribute to the development of addiction-related behaviors [33]. For alcohol dependence
in particular, a reduction of the GRM2 expression (the gene coding for mGlu2) was found in
the anterior cingulate cortex (ACC) in patients with AUD as well as in the infralimbic cortex
of rats with a history of alcohol dependence [34]. The role of mGlu2 in alcoholism was
further strengthened by two studies in Grm2 mutant rats. First, it was demonstrated that
the loss of functional mGlu2 in alcohol-preferring P rats due to the Grm2 cys407* mutation
resulted in elevated alcohol consumption [35]. The second study discovered that the Grm2
cys407* mutation is also linked to excessive alcohol consumption in Hannover-derived Wis-
tar rats [36]. Of note, one study did not find an association of prelimbic mGlu2 expression
and high alcohol drinking [37]. Recently, we demonstrated a causal link between mGlu2
and AUD. Impaired mGlu2 function in the mPFC of rats resulted in excessive alcohol seek-
ing and cognitive inflexibility, and these deficits were restored in postdependent rats—a
well-established model of AUD [38]—by regional re-expression of the receptor [39].

Box 1. The glutamatergic system in the brain.

Glutamate is considered the primary excitatory neurotransmitter of the central nervous system
and has an important role in all aspects of brain function including the modulation of synaptic
plasticity [40,41]. The release and concentration of glutamate are tightly regulated to ensure proper
function at its targets, the glutamate receptors. These are divided into ionotropic glutamate receptors
(iGlu) and metabotropic glutamate receptors (mGlu). While iGlu such as N-methyl-D-aspartate
receptor (NMDAR), kainate and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid receptors
(AMPAR) are ligand-gated ion channels that generate excitatory currents, mGlu are G-protein-
coupled receptors (GPCRs) that activate second messenger signaling pathways and modulate
synaptic transmission and plasticity on a longer scale [42]. The coordinated functions of iGlu and
mGlu regulate the neural glutamate signaling, and dysfunctions or imbalances of these receptors,
especially mGlu, have been implicated in various neuropsychiatric diseases [43,44].

mGlu exist as constitutive dimers and can be further subdivided into class I, II and III [45]. Class
II consists of mGlu2 and mGlu3, which are distributed in various areas of the brain and are mostly
detected at the synapse of neurons [43]. There, they are primarily localized in presynaptic locations
(excluding the active zone [46]), where they inhibit the release of the neurotransmitter glutamate and
gamma-aminobutyric acid (GABA) in excitatory glutamatergic neurons and inhibitory GABAergic
interneurons, respectively [45]. Apart from its presynaptic localization, mGlu2/3 is also found
throughout the axon, at the postsynaptic membrane and on glia cells [46–50]. The precise localization
of mGlu at the synapse determines its synaptic functioning and is dependent on differential
mechanisms of trafficking and positioning [51]. Furthermore, species differences have been observed
for the localization of mGlu2 and mGlu3: in the primate PFC, mGlu2 is the predominant presynaptic
receptor and mGlu3 the predominant postsynaptic receptor, while in the rat PFC both receptors are
predominantly found on presynaptic terminals [50,52].

GPCRs mediate signaling through one of the four subfamilies of heteromeric G proteins (Gs,
Gi/o, Gq/11 and G12/13), which consist of an α, β and γ subunit. mGlu2/3 canonically binds to Gi/o
and activates related signaling pathways, depending on the molecular localization.

The activation of presynaptic and postsynaptic mGlu2/3 generally results in opposite effects
(Figure 1). Downstream signaling pathways of presynaptic mGlu2/3 include the inhibition of adeny-
lyl cyclase and the protein kinase A via Gi/o α subunit, as well as the inhibition of voltage-gated
calcium channels (VGCCs) and the activation of G protein-coupled inward rectifying Potassium
channels (GIRKs) via Gi/o βγ subunits [53–55]. Together, these signaling pathways inhibit the
glutamate release in presynaptic glutamatergic neurons and thus provide a feedback mechanism to
prevent excessive excitation and induce long-term depression (LTD). Activation of postsynaptic mGlu2/3
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Box 1. Cont.

on the other site results in Gi/o-mediated NMDAR activation through various protein kinases
including PKA, PKB, PKC and glycogen synthase kinase-3 beta (GSK-3B), as well as NMDAR
trafficking by Snare proteins [56–60]. The activation of postsynaptic mGlu2/3 can further result
in the increased surface expression of AMPAR via GSK-3B and extracellular signal-regulated
kinases (ERKs) [61]. Taken together, postsynaptic mGlu2/3s potentiate the NMDAR current and
regulate the NMDA/AMPA receptor trafficking, and thus cooperatively induce and maintain long-
term potentiation (LTP). These findings demonstrate the sophisticated and opposing molecular
mechanism of mGlu2/3 at presynaptic (LTD) and postsynaptic (LTP) locations required to ensure
the correct and sustainable glutamatergic neurotransmission in the brain.
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Figure 1. Molecular mechanisms of presynaptic and postsynaptic mGlu2/3 activation. Presynaptic
(left) and postsynaptic (right) mGlu2 activation induces long-term depression and long-term poten-
tiation, respectively. The relevant signaling cascades are displayed. Red indicates direct G-protein
signaling consequences; red inhibitory arrow indicates second inhibition in the respective path.
AC: Adenylyl cyclase, AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor,
ERK: Extracellular signal-regulated kinases, GIRK: G protein-coupled inward rectifying potassium
channels, GSK-3B: Glycogen synthase kinase-3 beta, NMDAR: N-methyl-D-aspartate Receptor, PKA:
Protein kinase A, PKB: Protein kinase B, PKC: Protein kinase C, Rab4: Ras-related protein Rab-4, Src:
Proto-oncogene tyrosine–protein kinase Src and VGCC: Voltage-gated calcium channels.

The virus-mediated rescue of mGlu2 in post-dependent rats was able to attenu-
ate excessive alcohol seeking, suggesting the normalization of mGlu2 as a therapeutic
opportunity [34]. AZD8529, a highly selective positive allosteric modulator (PAM) of
mGlu2, was demonstrated to suppress cue-induced alcohol seeking responses in rats [62].
This effect was completely eliminated in rats lacking functional mGlu2, suggesting that the
therapeutic effect is mediated by the activation of mGlu2 [62]. Furthermore, the administra-
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tion of either the mGlu2 PAM LY487379 or one of the two mGlu2/3 agonists LY379268 and
LY354740 to a well-established rat model of relapse demonstrated a significant decrease
in relapse-like alcohol consumption [26]. This is in accordance with a prior study demon-
strating reduced alcohol seeking and relapse behavior in alcohol-preferring rats after the
administration of mGlu2 agonist LY404039 [63]. In our recent study, we demonstrated that
craving and cognitive impairment can be rescued by restoring prefrontal mGlu2 levels [39].
In the same study, the administration of the psychedelic psilocybin was capable of restor-
ing mGlu2 levels in alcohol-dependent rats. Given that psilocybin also reduced relapse
behavior (REF), we hypothesize that the effect of the psychedelic on alcohol craving and
drinking is, at least in part, mediated via mGlu2.

In sum, these studies demonstrate the pathological downregulation of mGlu2′s regula-
tory function in brain circuitries related to addictive behaviors and further pinpoint mGlu2
as a strong candidate for the treatment of AUD and preclinical trials targeting mGlu2 with
agonists, and PAMs demonstrate promising results. Especially interesting in the light
of the current clinical trials with psychedelics is the usage of psilocybin to target mGlu2
dysfunctions in alcohol-dependent rats. This molecular link between psilocybin and mGlu2
might at least partly explain the positive results observed in preclinical animal models and
clinical studies for patients with AUD. The molecular mechanisms by which psilocybin
and other psychedelics interact with or affect mGlu2 is only sparsely characterized, and
further research is urgently needed for treatment development. In the next chapters, we
summarize our current knowledge about the molecular pharmacology of psychedelics and
describe their known interactions with mGlu2.

3. Molecular Pharmacology of Serotonergic Psychedelics

For a long time, psychedelics have rather been defined by their behavioral effect, more
precisely by their ability to trigger altered states of consciousness, than by their mechanism
of action. On a molecular level, most psychedelics are not very selective in their binding to
receptors and demonstrate a strong variety in their potency and efficacy profiles among
one another [64]. Nevertheless, overwhelming evidence in the last two decades pinpointed
the 2AR as the central receptor for the action of psychedelics in humans, strengthening
the pharmacological definition for serotonergic psychedelics as 2AR agonists [65–67]. It is
widely believed that postsynaptic 2ARs located on dendrites of layer V pyramidal neurons
are primarily responsible for the behavioral and therapeutic effect of psychedelics [66].
Interestingly, while some 2AR agonists induce the unique behavioral effects, others, though
structurally similar, lack comparable psychoactive properties. Current research suggests
that this phenomenon might be either explained by the concept of biased agonism or
as recently shown, by the idea of location bias [68,69]. Box 2 summarizes 2AR-specific
signaling cascades in the brain, that are important to understand the role of 2AR in the
CNS, where it primarily increases the neuronal excitability and firing rate of glutamatergic
and GABAergic neurons [70].

Besides differences in signaling pathways between psychedelic and non-psychedelic
2AR agonists, the activation of 2AR also shows distinct transcriptome responses depen-
dent on the agonist [68]. In general, psychedelics rapidly induce the transcription of
neuroplasticity-related genes [71]. One gene that shows a 2AR-dependent transcriptional
change upon psychedelic stimulation is the brain-derived neurotrophic factor (BDNF), a
growth factor that is well known to induce neural plasticity. The activation of 2AR via DOI
and psilocybin results in increased BDNF expression [72], and the chronic BDNF exposure
results in decreased 2AR protein levels [72,73].

Interestingly, the 2AR-mediated BDNF expression can be regulated by mGlu2 ac-
tivity. The administration of the mGlu2/3 agonist LY354740 and mGlu2/3 antagonist
LY341495 can dose-dependently repress and enhance the DOI-induced BDNF expression,
respectively [74]. If targeted by psychedelics, including LSD, DOI and psilocybin, another
unique cellular response is triggered: the induction of the early growth response 1 (Egr-1)
and Egr-2 via Gi/o signaling and Src [24,34,68]. The inhibition of the tyrosine kinase Src
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completely abolished 2AR-mediated gene responses [68]. Egr genes encode transcription
factors belonging to the class of immediate early genes that are also known to induce
neural plasticity and by that contribute to the pathology of several addictions [75,76]. The
regional-specific downregulation of Egr-1 and Egr-2, for instance, has been found in animal
models of alcohol dependence [34]. Interestingly, the DOI-induced expression of Egr-2 was
abolished in Grm2 knockout mice [23]. Furthermore, the Egr-1 was demonstrated to posi-
tively regulate Grm2 promoter activity [77]. The same authors additionally demonstrated
that the binding of Egr-1 to the Grm2 promoter is decreased in 2AR knockout mice and
that these animals display repressive epigenetic changes affecting histone H3 and H4 at the
Grm2 promoter [77].

Box 2. 2AR-mediated signaling cascades in the CNS.

2ARs belong to the family of GPCRs and primarily bind to the Gq/11 protein subfamily. Here, it
is important to note that 2ARs are distributed throughout the body and their activation produces a
variety of physiological responses. In this summary, we focus on 2AR-mediated signaling cascades
in the central nervous system (CNS), particularly in cortical neurons.

The biased agonism, refers to the phenomenon that a ligand can selectively activate some, but
not all downstream signaling pathways of a receptor [78]. This has been described for 2ARs [68]
and may explain differences in behavioral responses, which can be elicited upon the administration
of psychedelic and non-psychedelic 2AR agonists.

Non-psychedelic 2AR agonists, such as serotonin (5-HT) or tryptamine, preferentially acti-
vate canonical Gq/11 signaling and its downstream effector phospholipase C (PLC) and mitogen-
activated protein kinase kinase (MEK), resulting in calcium mobilization and the subsequent
glutamate release, as well as the activation of various kinases, including ERK [79]. Intriguingly,
the lack of the α subunit of Gq/11 results only in a partial attenuation of a DOI-induced head-
twitch response (HTR), a behavioral proxy in rodents for the psychedelic response induced by 2AR
activity [80,81].

Psychedelic 2AR agonists are able to activate additional signaling pathways apart from Gq/11
signaling. A chimeric G protein-based assay recently proved that many GPCRs, including 2AR,
interact with a much larger diversity of G protein subfamilies [82], The most significant coupling
for 2AR, apart from canonical Gq/11 proteins, was the interaction with Gi/o proteins. A previous
study demonstrated the activation of Gi/o and its downstream effector Src in cortical cultures
upon LSD [68]. However, the coupling of Gi/o α subunits to the 2AR remains questionable due
to structural features that are expected to prevent their receptor binding, as discussed in [83].
Canonical Gq/11 signaling, although neither unique nor specific, was, however, still required for the
full behavioral response in mice induced by LSD or DOI [68]. Interestingly, Gq/11 signaling shows
an augmented response for DOI compared to the non-psychedelic 2AR agonist lisuride that differs
in the phosphorylation magnitude of Gq/11-cascade signaling proteins [84].

Accessory C terminus-dependent signaling proteins are induced by GPCRs. In particular, the
stimulation of 2AR by psychedelics results in the activation of G protein-independent mechanisms.
Among these, is the postsynaptic density protein of 95 kDa (PSD-95) that can bind to the C-
terminus of 2AR and by that seems to be involved in the in vivo expression of psychedelic drug
actions. The absence of PSD-95 nearly completely abolished the DOI-induced HTR and strongly
reduced the phosphorylation of ERK and glycogen synthase kinase-3 beta (GSK-3B) [85]. The
unphosphorylated (active) form of GSK-3B is able to phosphorylate PSD-95 to subsequently induce
AMPAR mobilization and LTD [86]. Interestingly, 2AR antagonists can inactivate GSK-3B, while DOI
demonstrated either no change in GSK-3B phosphorylation or surprisingly, like 2AR antagonists,
an increase in phosphorylation [85,87]. The administration of DOI demonstrated a specifically
strong increase in GSK-3B phosphorylation in mice with a β-arrestin2-knockout, suggesting that
GSK-3B is further regulated through β-arrestin-2-mediated signaling [88]. β-arrestin-2 is another
key regulator involved in G protein-independent 2AR signaling that acts as a scaffolding protein
and is known for its capacity to desensitize GPCRs. The release of endogenous serotonin activates
β-arrestin-2-dependent signaling, while the psychoactive N-methyltryptamines as well as DOI
activate the signaling independent of β-arrestin [89,90]. Additionally, the β-arrestin-2 knockout mice
demonstrated no change in DOI-induced HTR and HTR tolerance, suggesting that the behavioral
effects of psychedelics are β-arrestin-2-independent [91]. In another study, however, LSD displayed
β-arrestin-biased signaling at 2AR, and β-arrestin-2 was required for LSD-induced behaviors in
mice [83,92], complicating the role of β-arrestin-2 signaling for serotonergic psychedelics.
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Box 2. Cont.

The biased phosphorylation of 2AR at Ser280 was demonstrated for psychedelic agonists
that displayed reduced receptor desensitization and internalization compared to non-psychedelic
agonists [93]. This phosphorylation is Gi/o-independent and protein kinase C (PKC)-dependent,
which is a downstream activator of Gq/11-signaling [93]. Thus, psychedelics may specifically
stabilize a 2AR conformation that allows Ser280 phosphorylation, which in turn could affect the
β-arrestin-2-mediated receptor internalization. Recently, cryogenic electron microscopy images
demonstrated that LSD stabilizes the inactive-state structure of 2AR [83]. The authors further
demonstrate that this inactive state 2AR is β-arrestin-dependent. Taken together, these studies
suggest that the activation of alternative 2AR signaling pathways in addition to the canonical 2AR
(Gq/11-mediated) signaling mediate the psychedelic response (Figure 2).

The location bias describes another mechanism of functional selectivity, whereas the location of
GPCR activation affects the signaling. Recently, the location bias has been connected to the effects
of psychedelics by demonstrating that psychedelics can activate intracellular 2ARs, which then
mediate therapeutically relevant signaling [69]. DMT and psilocybin, unlike 5-HT, can easily pass
through the cell membrane due to their lipophilicity and activate the 2ARs localized at endosomes
and the Golgi apparatus. By enabling the 5-HT access to intracellular 2AR, they were able to mimic
the neuroplasticity-enhancing effects of psychedelics and induce an HTR in mice. These findings
provide a new perspective to some of the aforementioned studies related to the concept of the
biased agonism, and open further questions related to the role of 2AR localization and trafficking.
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Figure 2. Canonical and psychedelic-related 2AR signaling pathways in neurons. Stimulation of 2AR
by 5-HT (canonical agonist) results in the activation of Gq/11 protein and the consequent activation of
the PLC and MEK pathway (left). Together, these signaling pathways result in increased neuronal
excitability and spinogenesis at the postsynaptic membrane. Stimulation of 2AR by serotonergic
psychedelics regulate additional signaling pathways, including Gi/o-mediated Src activation as well
as G protein-independent pathways mediated by proteins such as PSD-95, GSK-3B and βarr2 (right).
These signaling pathways, in addition to a biased phosphorylation of 2AR at Ser280, were demon-
strated to be involved in mediating the behavioral response to psychedelics and are likely attributed
to intracellular 2AR activation. Psychedelic-specific signaling is indicated in pink, while non-specific
signaling is indicated in beige. AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor, βarr2: β-arrestin-2, ER: Endoplasmic Reticulum, ERK: Extracellular signal-regulated kinases,
GSK-3B: Glycogen synthase kinase-3 beta, IκBα: Nuclear Factor of Kappa Light Polypeptide Gene
Enhancer in B-cells Inhibitor, Alpha, IP3: Inositol Trisphosphate, NMDAR: N-methyl-D-aspartate
receptor, PKB: Protein kinase B, PKC: Protein kinase C, PSD-95: Postsynaptic density protein 95, 5-HT:
Serotonin and Src: Proto-oncogene tyrosine–protein Kinase Src.
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4. Physiological Interaction between 2AR and mGlu2 Signaling and Its Implication
for Psychedelics

Physiological interactions between 2AR and mGlu2 were demonstrated by a plethora
of studies using electrophysiological, biochemical and behavioral evidence [65,94]. Early
studies from Marek et al. demonstrated the overlap of the laminar distribution of 2AR and
mGlu2/3 in the mPFC of rats using autoradiography [95]. Furthermore, they demonstrated
that the stimulation of the 2AR increases the frequency and amplitude of spontaneous,
glutamatergic excitatory postsynaptic potentials/currents (EPSPs/EPSCs) in L5p neurons
of the mPFC, and that this becomes suppressed by the activation of mGlu2/3 [95,96]. This
suppressant effect was in turn blocked by the mGlu2/3 antagonist, LY341495. Competition
binding studies demonstrated increased 2AR and decreased mGlu2 agonist binding after
the administration of mGlu2/3 agonists LY379268 and 2AR agonist DOI, respectively [24].
The binding of the mGlu2/3 agonist LY354740 was, however, not altered in the presence of
DOI [97].

The psychedelic-increased L5p neuron activity has been further suggested to be linked
to the head-twitch response (HTR) in rodents, a behavioral proxy for the hallucinogenic
response, which non-psychedelic 2AR agonists such as lisuride fail to induce [81,98].
To investigate the interaction of mGlu2/3 with the 2AR on a behavioral level, Gerwitz
and Marek measured the HTR in presence of a mGlu2/3 agonist and antagonist. In
rats, the HTR induced by DOI was enhanced in the presence of the mGlu2/3 antagonist
LY341495, while the mGlu2/3 agonist LY354740 suppressed the DOI-induced HTR [99].
The latter was further confirmed in mice and is in line with the electrophysiological 2AR-
mGlu2 interaction in the PFC [100]. Furthermore, a mGlu2-selective positive allosteric
modulator (PAM) was also capable of reducing the hallucinogenic-induced HTR [101].
Recently, a presynaptic crosstalk between 2AR and mGlu2/3 has been identified in the
PFC of rats [102]. In an antagonist-like way, the two receptors were demonstrated to
physiologically interact to ensure the correct glutamate exocytosis, with 2AR antagonists
acting as indirect PAMs for the mGlu2/3. Similar results were demonstrated in the rat spinal
cord glutamatergic terminals, where 2AR and mGlu2 were demonstrated to functionally
interact in an antagonist-like fashion [103]. The necessity of mGlu2 in evoking the HTR was
demonstrated in Grm2 knockout mice in two independent studies [23,104]. The number
of head twitches in Grm2 knockout mice was strongly reduced compared to the wildtype:
25% and 37.5% of mice displayed the HTR after administration of 10 and 30 mg/kg DOI,
respectively. Further behavioral evidence demonstrated that mGlu2 is also necessary for
DOI to induce changes in the locomotor behavior [105]. These findings are intriguing and
raise the question of how the presence of mGlu2 can be simultaneously necessary for the
behavioral effects of psychedelics, while the antagonists of mGlu2 can enhance them.

Taken together, these studies suggest a predominantly antagonist-like interaction
between the 2AR and the mGlu2 on a physiological level. They further indicate that
mGlu2 is necessary to observe a full behavioral response to psychedelics and that mGlu2
agonists and antagonists can counteract and enhance the behavioral effects of psychedelics,
respectively (Figure 3A). Here, it is important to mention that the increased EPSCs in L5p
neurons and the observed HTR upon 2AR stimulation is not only attenuated by mGlu2
stimulation, but additionally by AMPAR blockage and the stimulation of other receptors
such as NMDAR, 5-HT1A or 5-HT2C [65,106]. This indicates that the HTR, and perhaps
the human behavioral and pharmacological response to psychedelics, is a 2AR-stimulated
response that becomes modulated by a variety of signaling pathways, including but not
limited to the physiological interaction of 2AR and mGlu2.
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Figure 3. Cross-signaling of 2AR and mGlu2 through (A) physiological interaction and (B) the
formation of a 2AR-mGlu2 heteromer. Activation of 2AR by serotonergic psychedelics induces
EPSPs/EPSCs as well as psychedelic-related behaviors such as the HTR in rodents through the
activation of Gq/11 and additional signaling pathways (as described in Box 2). Stimulation of
mGlu2 (by agonists or PAMs) or the presence of an mGlu2 antagonist was demonstrated to regulate
these outcomes either (A) indirectly through its canonical Gi/o signaling or (B) directly through the
formation of a heteromer with 2AR. The heteromer is assumed to integrate both serotonergic and
glutamatergic input (such as serotonergic psychedelics and mGlu2 agonists, and PAMs or antagonists)
and shift the balance of Gq/11 + (and additional signaling pathways) to Gi/o signaling, accordingly.
EPSC: Excitatory postsynaptic current, EPSP: Excitatory postsynaptic potential and PAM: Positive
Allosteric Modulator.

5. Cross-Signaling of 2AR and mGlu2 through the Formation of a GPCR Heteromer

On a molecular level, as discussed above, alternative 2AR signaling pathways seem to
decide whether a substance can or cannot induce the behavioral response to psychedelics,
with some studies suggesting the Gi/o-related signaling as the most likely pathway. Inter-
estingly, González-Maeso et al. attributed this Gi/o signaling to the mGlu2 receptor and
its ability to form a heteromer with 2AR, and further demonstrated that the psychedelic-
induced Gi/o activation, in particular, was significantly decreased in the presence of the
mGlu2/3 agonist LY379268 [24]. Later, it was proposed that this 2AR-mGlu2 receptor–
receptor complex can integrate the serotonergic and glutamatergic input, which then
balances a Gi/o- and Gq/11-dependent signaling output [107] (Figure 3B). The authors
further developed a metric, termed the balance index (BI), which is based on the change
in Gi/o and Gq/11 activity. Without the stimulation of either receptor, the 2AR-mGlu2
complex has a BI of 1.45 (reference BI). Depending on the input (agonist or antagonist),
the output is shifted towards one of the two signaling pathways, thereby affecting the BI.
mGlu2 antagonists as well as 2AR agonists such as serotonergic psychedelics promote
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high Gq/11 to Gi/o activity, resulting in a BI smaller than the reference BI, while mGlu2
agonists and PAMs promote a high Gi/o to Gq/11 activity, resulting in a higher BI than the
reference BI [107]. The authors conclude that the balance between Gi/o and Gq/11 signaling
is crucial for understanding psychotic disorders and predicting the psychoactive behavior
of pharmacological drugs.

Not only is it widely accepted nowadays that GPCRs act through a wide range of
oligomeric states, it was demonstrated that the oligomerization can affect the pharma-
cology and function of its protomers [108,109]. Due to the often unique biochemical and
functional signature of these complexes, disbalances in the heteromerization of GPCRs
are suspected to play a role in several neurological disorders [110]. For instance, cocaine
reward has been linked to the actions of the Adenosine 2A receptor–dopamine D2 receptor
heteroreceptor [111]. Investigating the prevalence and function of GPCR heterodimers or
higher-order structures in the native environment remains tricky to this day. Although nu-
merous techniques have been developed, including biochemical, biophysical, physiological
and computational methods, there is no definitive method available and every method
has its own advantages and disadvantages [112,113]. In the next paragraphs, we will thus
state and discuss the data regarding the existence and in vivo relevance of the heteromer
proposed to mediate the behavioral and therapeutic response of serotonergic psychedelics
and the 2AR-mGlu2 heteromer.

In 2008, it was demonstrated by co-immunoprecipitation that mGlu2 (but not mGlu3)
forms a complex with the 2AR via its transmembrane domains 4/5 cortical pyramidal
neurons by the use of mGlu2/3 chimeras with exchanged TM4 domains [24]. The het-
eromer formation of 2AR and mGlu2 was further confirmed using immunogold labeling,
direct and sequential Förster resonance energy transfer (FRET) and SNAP/Clip-tag based
homogenous time-resolved FRET methods, as well as the bioluminescence resonance en-
ergy transfer (BRET) [49,97,114,115]. It is important to note that some of these methods,
such as FRET and BRET, were performed in heterologous systems that do not mirror the
complexity of neurons in the brain (e.g., synaptic localization). Co-immunoprecipitation ex-
periments performed from human, rat and mouse frontal cortices add further evidence for
the constitutive physical association in native tissue [24,114,116]. Furthermore, the electron
microscopy of the synaptic junction in the mouse frontal cortex displayed a close proximity
between the two receptors, and the physical association between 2AR and mGlu2/3 has
been demonstrated in the rat spinal cord [103,114].

Newer studies demonstrated that through the formation of the 2AR-mGlu2 heteromer,
the stimulation of mGlu2 by LY379268 increased the Gq/11-mediated Ca2+ release [49]. For
this to happen, the coupling of Gi/o to the distal mGlu2 protomer (of the heteromer)
is necessary [49]. The authors validated the biological relevance of this 2AR-mGlu2
heteromer-mediated signaling in the mouse frontal cortex and demonstrated that the
mGlu2-dependent activation of Gq/11 is altered in the frontal cortex from patients with
schizophrenia [49]. The same group further identified three residues at the TM4 of the
mGlu2 that are necessary for the heteromer formation [114]. Interestingly, it was demon-
strated that the substitution of these residues prevented the heteromer formation and
abolished psychedelic-like behavior induced by the psychedelic DOI [117]. Furthermore,
they demonstrated that the 2AR is capable of affecting the localization and trafficking
of mGlu2 through the formation of the heteromer [118]. The administration of DOI also
increased the colocalization of the two receptors in Rab-5 positive endocytic vesicles, while
the mGlu2 agonist LY379268 demonstrated the opposite effect [118]. Interestingly, high
levels of intracellular 2AR (which are responsible for mediating the neuroplastic effects
of psychedelics) colocalized with Rab5 in neurons [69]. These findings raise the question
whether intracellular mGlu2 might be able to regulate psychedelic-induced signaling in
Rab5-positive vesicles.

Experiments including the newly developed AlphaScreen assay and some of the
techniques listed by Gomes et al. (e.g., affinity changes after ligand binding or bivalent
ligands to demonstrate distinct heteromer-specific properties) are needed to further validate
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the 2AR-mGlu2 heteromer [112,117]. The same authors developed three criteria necessary
to assess heteromerization in native tissue and concluded that the 2AR-mGlu2 heteromer
only fulfills two out of three, which is still missing evidence that the heteromer can exhibit
properties that are distinct from those of the protomers (criterion 2). They conclude
that enough evidence is gathered to demonstrate the colocalization and interaction of
the complex (criterion 1) as well as the loss of heteromer-specific signaling because of
heteromer disruption (criterion 3). Another important question yet to be answered is
whether the G proteins can simultaneously bind to the heteromer or whether they do it in a
subsequential way.

Assuming that the complex exists and is necessary for the behavioral response of
psychedelics, the question regarding the site of action remains. As mentioned before,
mGlu2 is primarily found at presynaptic locations, but is also located postsynaptically and
throughout the axon. 2ARs, on the other hand, are primarily recognized as postsynaptic
receptors, although recent research suggests that they can be found at heterogenous synap-
tic locations including axon terminals of thalamocortical projections and hippocampal
CA1 pyramidal neurons [119]. Studies from the mouse frontal cortex by Moreno et al.
demonstrated that mGlu2 and 2AR were both found in the purified fractions of postsy-
naptic density (PSD) proteins and not in its presynaptic counterpart (PAZ), suggesting a
postsynaptic localization of the complex [49]. The postsynaptic localization of the 2AR-
mGlu2 heteromer would be in alignment with the observed activation of PSD-95 signaling
after the administration of DOI [85]. Alternatively, other studies demonstrate that 2AR
is also located presynaptically and that in rat spinal cords the 2AR-mGlu2 heteromer is
located at the presynaptic sites [103,120]. The colocalization of 2AR and mGlu2 and their
crosstalk was also confirmed in glutamatergic nerve endings from the prefrontal cortex of
rats; however, no heteromeric complex was observed [102]. Taking into consideration that
psychedelics are able to pass through the cell membrane and activate intracellular 2ARs,
which are mostly located at the Golgi apparatus and in Rab5- and Rab7-positive endosomes,
it is also plausible that the 2AR-mGlu2 heteromer can be found intracellularly [79].

Here, we reviewed data that indicate the existence of a heteromer that can integrate
both the glutamatergic and serotonergic input and alter its downstream signaling accord-
ingly. The 2AR-mGlu2 heteromer can shift the ratio of Gi/o and Gq/11 signaling depending
on the allosteric modulators bound to mGlu2 and 2AR, such as glutamate and serotonin,
respectively. Patients with AUD often present changes in their glutamatergic and seroton-
ergic systems, including the aforementioned alterations in the mGlu2 function [121,122].
These changes might result in suboptimal ratios of Gq/11 to Gi/o signaling that can lead to
pathological conditions such as those observed for patients with schizophrenia [24]. The
administration of a 2AR inverse agonist (clozapine) in combination with a mGlu2 agonist
(LY379268) was able to normalize Gq/11 to Gi/o signaling in patients with schizophrenia
and consequently reduce the antipsychotic-like behavior [107]. Thus, we propose that
balancing Gi/o and Gq/11 signaling (by targeting the 2AR-mGlu2 heteromer) might also
be beneficial for a proportion of patients with AUD, and, more specifically, for those with
alterations in mGlu2 activity.

6. The Role of Epigenetic Mechanisms in the Crosstalk between 2AR and mGlu2

AUD is a complex disorder with considerable influences from both genetics and the
environment. Over the last decade, it has become clear that the environment can even affect
the regulation of genes via an enduring mechanism, termed epigenetics. An epigenetic
mechanism such as DNA methylation, histone modification and non-coding RNAs can
regulate gene expression and thus also result in profound pathological effects. Several
epigenetic modifications have already been linked to AUD and its associated behaviors,
and many studies demonstrate promising results for the use of an epigenetic modifier as a
therapeutic modality [123].

2AR and mGlu2 have been connected through an epigenetic mechanism in the mouse
and human frontal cortex. Kurita et al. demonstrated that 2AR stimulation inhibits the ex-
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pression of histone deacetylase 2 (HDAC2), which in turn results in an open/active mGlu2
promoter [124]. They additionally demonstrated that the treatment with the 2AR inverse ag-
onists clozapine and risperidone reverses the effect and causes a high expression of HDAC2,
which consequently results in a closed/inactive mGlu2 promoter [124]. The same group
later discovered that the chronic treatment of clozapine decreases LY379268′s (mGlu2/3
agonist) ability to stimulate G-protein coupling and blunts LY379268′s anti-psychotic effects
through the same HDAC2-dependent mechanism [125]. Co-administration of the HDAC
inhibitor SAHA was able to conserve LY379268′s therapeutic abilities [125]. In cortical pyra-
midal neurons, specifically, it was demonstrated that the chronic treatment with clozapine
and other atypical antipsychotics results in upregulated HDAC2 via the 2AR-dependent
activation of NF-κB [126]. As shown in Figure 2, the ERK pathway downstream of the
2AR-mediated Gq/11 signaling can activate IκBα, which is part of the IκB kinase (IKK)
complex, a master regulator of NF-κB [127]. These studies demonstrate that treatment
with 2AR inverse agonists affects mGlu2 expression through epigenetic mechanisms, more
precisely through Gq/11-mediated and HDAC2-dependent repressive histone modifica-
tions. Additional studies further attributed the antipsychotic effects of clozapine to the
mGlu2 [105]. Future preclinical and clinical trials working with mGlu2/3 agonists or PAMs
might thus consider the co-administration of HDAC2 inhibitors. In case future studies
will demonstrate histone modifications at the mGlu2 in peripheral blood cells, another
consideration might be to stratify patients based on their histone modifications at the
mGlu2 promoter.

Ultimately, these findings also suggest that psychedelics as 2AR agonists might inhibit
the expression of HDAC2 through 2AR-mediated signaling and by that upregulate the
mGlu2 promoter activity. The activation of mGlu2 might then result in therapeutic effects,
as described above. If experiments can proof this hypothesis, it might be worthwhile to
use HDAC2 inhibitors in conjunction with psychedelics to enhance a possible therapeutic
effect. Of note, the conditional knockout of HDAC2 pyramidal neurons in mice displayed a
reduced HTR, suggesting the partial contribution for the behavioral effects of psychedelics,
which leads to further questions [128].

Recently, it has become clear that psychedelics can cause chromatin remodeling: A
single administration of the DOI induced persistent epigenetic changes in the neuronal
nuclei of the frontal cortex of mice [129]. These changes in chromatin were especially
significant in enhancer regions of genes involved in plasticity (e.g., enrichment of Egr1 and
Egr2 motifs) and demonstrated a significant overlap with the genetic loci associated for
psychiatric disorders [129]. The treatment with LSD was also demonstrated to upregulate
genes involved in the epigenetic machinery such as Tet1, an enzyme involved in DNA
demethylation [130]. Although lots of research is still needed to better understand the
epigenetic landscape in regards to the treatment of alcoholism with psychedelics, we
outlined some promising starting points, implicating mGlu2, which might result in relevant
treatment strategies.

7. Future Directions and Therapeutic Implications

The dysregulation of glutamate signaling in the brain has been linked to several
profound pathological conditions, including AUD. Due to mGlu2′s ability to regulate
glutamate signaling through the modulation of presynaptic glutamate release and a variety
of postsynaptic signaling pathways, mGlu2 has been considered a strong candidate for ther-
apeutic interventions. Specific information about the role of mGlu2 and related treatment
strategies for a wide range of neurodegenerative and neuropsychiatric diseases, including
Alzheimer’s disease, schizophrenia and depression, can be found in a comprehensive
review published by Li et al. [43].

Drug craving and relapse has been extensively linked to neurocircuitries associated
with the nucleus accumbens, the medial prefrontal cortex and the anterior cingulate cortex,
brain regions that show a high abundance of mGlu2 [131]. Together with the promising
results of the aforementioned preclinical trials targeting mGlu2, it is thus no surprise that
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a continuous effort has been undertaken to use mGlu2 as a therapeutic target to treat
alcoholism. The evidence so far suggests that prolonged alcohol intake reduces mGlu2′s
regulatory function in these circuitries and that the targeting of mGlu2, either directly
through mGlu2 agonists and PAMs, or indirectly through the psychedelic psilocybin, can
restore the normal mGlu2 function and consequently rescue the pathological behaviors,
most notably heavy drinking.

Preclinical and clinical trials for mGlu2 agonists and PAMs have now been performed
for more than a decade; however, challenges in translating the promising results from
animals to humans lead to not even one single FDA-approved treatment with mGlu2
modulators [43,132]. Apart from the large discrepancy between preclinical and clinical effi-
cacy results, mGlu2 agonists have also demonstrated poor CNS penetration, excitotoxicity,
receptor desensitization and tolerance after chronic administration, which questions their
therapeutic validity [132–134]. However, newer studies using lower doses of mGlu2 ago-
nists in a rat model of relapse demonstrated an effective reduction in alcohol consumption
while displaying no signs of tolerance development [26]. The authors also demonstrate
that mGlu2 PAMs are even more effective than agonists to restore control over relapse-like
alcohol drinking [26]. mGlu2 PAMs generally show good safety and tolerability profiles,
and although the first clinical studies failed to demonstrate a proof-of-concept, the interest
in mGlu2 PAMs remains high [132]. Taken together, the direct activation of mGlu2 by
agonists and PAMs might help to normalize mGlu2 function in patients with AUD, with
mGlu2 PAMs being the more likely candidate to modulate mGlu2 directly and effectively in
order to reduce alcohol seeking behaviors. However, proof-of-concept studies are urgently
needed to advance the research of mGlu2 PAMs. Little is known so far about the effects of
selective mGlu2 negative allosteric modulators (NAMs) in the context of addiction. Since
several mGlu2 NAMs have been discovered in recent years, future studies will hopefully
soon reveal whether they might be promising candidates alongside PAMs.

Apart from directly targeting mGlu2s with agonists or PAMs, our recent study demon-
strated psilocybin’s ability to restore the mGlu2 expression and reduce the relapse behavior
indirectly via 2AR signaling [39]. The single administration of either 1 or 2.5 mg/kg
psilocybin was able to significantly reduce the relapse to alcohol compared to the vehicle
(0 mg/kg), with no observed difference between the two doses [39]. Due to the heterogene-
ity of patients with AUD, we further proposed an FDG-PET biomarker approach to stratify
the mGlu2 treatment-responsive individuals and pave the way towards personalized treat-
ment. An experimental medicinal trial in patients with AUD as well as a cue-induced
craving study are the logical next steps to demonstrate that a single administration of
psilocybin can improve the cognitive flexibility and normalize functional brain connectivity,
respectively. Other stratification biomarkers should also be considered, and ongoing trials
should implement strategies such as the collection of biological samples for Omics-analysis
as well as consider MRI and PET scanning.

Serotonergic psychedelics, in general, have been demonstrated to be potential candi-
dates for the treatment of alcohol dependence. A systematic review including 20 human
studies and 7 preclinical studies demonstrates overall promising data for psychedelics to
effectively treat the symptoms of AUD, and the psilocybin was specifically demonstrated
to be the most consistent compound [135]. The double-blind clinical trial for the treat-
ment of AUD with psilocybin conducted by Bogenschutz et al. (NCT identifier number:
NCT02061293) demonstrated the most convincing results so far, helping to consider pro-
ceeding with a phase 3 clinical trial. Further clinical trials using psilocybin (NCT05646303,
NCT04718792, NCT05416229, NCT04141501, NCT04620759, NCT04410913, NCT01534494
and NCT05421065) are still to be completed and will give additional insights into its safety
and efficacy. Apart from psilocybin, other psychedelics lack preclinical and especially
clinical data to make any judgement about their effectiveness. Currently only one clinical
trial for the treatment of AUD with psychedelics has been registered which does not use
psilocybin, but in this case, uses LSD (NCT05474989). Taking into consideration that drugs
of abuse share certain common effects, such as altering the brain’s reward pathways, it is
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reasonable to suggest that the use of psychedelics might yield beneficial effects for other
SUDs as well. However, it is important to note that different drugs of abuse elicit distinct
mechanisms in the brain that causes unique behavioral and physiological effects. Thus,
only future double-blind, placebo-controlled RCTs will be able to answer whether this
approach is useful for other SUDs. At the moment, clinical evidence suggests that the
therapeutic use of psychedelics in the treatment of addiction is the most beneficial for AUD
and tobacco-use disorder [136,137].

Most psychedelics, including psilocybin, are currently listed as Schedule I drugs
under the United Nations 1971 Convention on Psychotropic Substances [138]. They are
described as having a high potential of abuse, a lack of accepted safety and no accepted
medical use. Preliminary data from clinical trials and additional research, however, demon-
strate that psilocybin indicates low abuse and no physical dependence potential as well
as a well-established physiological safety with rare psychological and psychiatric side
effects [139–141]. If further trials with more rigorous methodologies can confirm these
findings and clinical phase 3 studies can demonstrate efficacy, it seems likely that psilocybin
and other psychedelics could be used for therapeutic purposes, including the treatment of
patients with AUD. Compared to most other psychedelics, psilocybin has a pharmacoki-
netic profile that is more attractive for pharmacological treatment due to its shorter duration
of action and faster elimination [139]. Recent pharmacokinetics and pharmacodynamics
studies further strengthen the potential therapeutic use of psilocybin [142].

From a mechanistic perspective, it is important to understand how exactly psilocybin
(or psychedelics generally) exerts its potentially therapeutic properties for alcohol depen-
dence. Here, we outline data that points towards the metabotropic glutamate receptor 2,
more precisely the normalization of mGlu2′s regulatory function through the stimulation
of the serotonin 2A receptor. We demonstrate that psychedelics can induce additional
2AR signaling cascades apart from canonical signaling and result in distinct transcriptome
responses. Furthermore, we demonstrate that mGlu2 and 2AR can regulate each other’s
downstream signaling pathways and that this might be achieved through the formation of
a 2AR-mGlu2 heteromer. We also highlight an epigenetic mechanism that links the 2AR
to the mGlu2. Lastly, we demonstrate that psilocybin can restore cognitive flexibility in
patients with AUD by upregulating the mGlu2 expression through 2AR. Several questions
remain: Which of the 2AR signaling cascades induced by psychedelics are necessary for
therapeutic effects and how exactly are they connected to mGlu2? Which of the 2AR-
mediated transcriptional changes observed after the administration of psychedelics are
affecting the mGlu2 function and are crucial for the therapeutic effect? Is the interaction
between 2AR and mGlu2 only physiological or do they physically interact as a heteromer
that displays heteromer-specific signaling in vivo, which is relevant for the pathology and
treatment of AUD? Lastly, can psychedelics inhibit the expression of HDAC2 and by that
modulate the mGlu2 function?

8. Conclusions

In summary, the current state of knowledge, despite the existing gaps, implies that
psychedelics induce profound molecular changes via mGlu2, which are accompanied by
circuit modifications that foster the improvement of AUD and challenge the efficacy of
the currently available addiction pharmacotherapy. However, more work is needed to
fully understand the exact molecular mechanism of psychedelics in AUD. Specifically, the
application of state-of-the-art methods to tackle the above-mentioned open questions will
provide useful insights for successful translational studies and treatment development.

Author Contributions: Writing—original draft preparation, K.D. and M.W.M.; writing—review and
editing, K.D. and M.W.M.; visualization, K.D.; supervision, W.H.S. and M.W.M.; funding acquisition,
W.H.S. and M.W.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Bundesministerium für Bildung und Forschung (BMBF)
funded ERA-NET program: Psi-Alc (FKZ: 01EW1908), the BMBF-funded SysMedSUDs consortium



Cells 2023, 12, 963 15 of 20

(FKZ: 01ZX1909A), Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)—Project-
ID: ME 5279/3-1 and Project-ID 402170461–RR 265 and European Union’s Horizon 2020 program
(668863-SyBil-AA).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nutt, D.J.; King, L.A.; Phillips, L.D. Drug Harms in the UK: A Multicriteria Decision Analysis. Lancet 2010, 376, 1558–1565.

[CrossRef] [PubMed]
2. Manthey, J.; Hassan, S.A.; Carr, S.; Kilian, C.; Kuitunen-Paul, S.; Rehm, J. What Are the Economic Costs to Society Attributable to

Alcohol Use? A Systematic Review and Modelling Study. Pharmacoeconomics 2021, 39, 809–822. [CrossRef] [PubMed]
3. World Health Organization. Global Status Report on Alcohol and Health 2018; WHO: Geneva, Switzerland, 2018; p. 478,

ISBN 978-92-4-156563-9. Available online: https://www.who.int/publications/i/item/9789241565639.
4. Ritchie, H.; Roser, M. Alcohol Consumption. In Our World Data; 2018. Available online: https://ourworldindata.org/alcohol-

consumption (accessed on 21 March 2023).
5. Rehm, J.; Allamani, A.; Elekes, Z.; Jakubczyk, A.; Manthey, J.; Probst, C.; Struzzo, P.; della Vedova, R.; Gual, A.; Wojnar, M.

Alcohol Dependence and Treatment Utilization in Europe—A Representative Cross-Sectional Study in Primary Care. BMC Fam.
Pract 2015, 16, 90. [CrossRef]

6. Rehm, J.; Guiraud, J.; Poulnais, R.; Shield, K.D. Alcohol Dependence and Very High Risk Level of Alcohol Consumption: A
Life-Threatening and Debilitating Disease. Addict. Biol. 2018, 23, 961–968. [CrossRef]

7. Witkiewitz, K.; Litten, R.Z.; Leggio, L. Advances in the Science and Treatment of Alcohol Use Disorder. Sci. Adv. 2019, 5, eaax4043.
[CrossRef] [PubMed]

8. Van Amsterdam, J.; Van Den Brink, W. Reduced-Risk Drinking as a Viable Treatment Goal in Problematic Alcohol Use and
Alcohol Dependence. J. Psychopharmacol. 2013, 27, 987–997. [CrossRef]

9. Litten, R.Z.; Falk, D.E.; Ryan, M.L.; Fertig, J.; Leggio, L. Advances in Pharmacotherapy Development: Human Clinical Studies.
Handb. Exp. Pharmacol. 2018, 248, 579–613. [CrossRef]

10. Heilig, M.; Augier, E.; Pfarr, S.; Sommer, W.H. Developing Neuroscience-Based Treatments for Alcohol Addiction: A Matter of
Choice? Transl. Psychiatry 2019, 9, 255. [CrossRef]

11. Mendes, F.R.; Costa, C.D.S.; Wiltenburg, V.D.; Morales-Lima, G.; Fernandes, J.A.B.; Filev, R. Classic and Non-classic Psychedelics
for Substance Use Disorder: A Review of Their Historic, Past and Current Research. Addict. Neurosci. 2022, 3, 100025. [CrossRef]

12. Reiff, C.M.; Richman, E.E.; Nemeroff, C.B.; Carpenter, L.L.; Widge, A.S.; Rodriguez, C.I.; Kalin, N.H.; McDonald, W.M.
Psychedelics and Psychedelic-Assisted Psychotherapy. Am. J. Psychiatry 2020, 177, 391–410. [CrossRef]

13. Krebs, T.S.; Johansen, P. Lysergic Acid Diethylamide (LSD) for Alcoholism: Meta-Analysis of Randomized Controlled Trials. J.
Psychopharmacol. 2012, 26, 994–1002. [CrossRef]

14. Bogenschutz, M.P.; Forcehimes, A.A.; Pommy, J.A.; Wilcox, C.E.; Barbosa, P.; Strassman, R.J. Psilocybin-Assisted Treatment for
Alcohol Dependence: A Proof-of-Concept Study. J. Psychopharmacol. 2015, 29, 289–299. [CrossRef] [PubMed]

15. Bogenschutz, M.P.; Ross, S.; Bhatt, S.; Baron, T.; Forcehimes, A.A.; Laska, E.; Mennenga, S.E.; O’Donnell, K.; Owens, L.T.;
Podrebarac, S.; et al. Percentage of Heavy Drinking Days Following Psilocybin-Assisted Psychotherapy vs Placebo in the
Treatment of Adult Patients with Alcohol Use Disorder: A Randomized Clinical Trial. JAMA Psychiatry 2022, 79, 953–962.
[CrossRef] [PubMed]

16. van Elk, M.; Yaden, D.B. Pharmacological, Neural, and Psychological Mechanisms Underlying Psychedelics: A Critical Review.
Neurosci. Biobehav. Rev. 2022, 140, 104793. [CrossRef] [PubMed]

17. Vollenweider, F.X.; Vollenweider-Scherpenhuyzen, M.F.I.; Bäbler, A.; Vogel, H.; Hell, D. Psilocybin Induces Schizophrenia-like
Psychosis in Humans via a Serotonin-2 Agonist Action. Neuroreport 1998, 9, 3897–3902. [CrossRef]

18. Aghajanian, G.K.; Marek, G.J. Serotonin and Hallucinogens. Neuropsychopharmacology 1999, 21, 16S–23S. [CrossRef]
19. Madsen, M.K.; Fisher, P.M.; Burmester, D.; Dyssegaard, A.; Stenbæk, D.S.; Kristiansen, S.; Johansen, S.S.; Lehel, S.; Linnet, K.;

Svarer, C.; et al. Psychedelic Effects of Psilocybin Correlate with Serotonin 2A Receptor Occupancy and Plasma Psilocin Levels.
Neuropsychopharmacology 2019, 44, 1328–1334. [CrossRef]

20. Halberstadt, A.L.; Geyer, M.A. Multiple Receptors Contribute to the Behavioral Effects of Indoleamine Hallucinogens. Neurophar-
macology 2011, 61, 364–381. [CrossRef]

21. Pokorny, T.; Preller, K.H.; Kraehenmann, R.; Vollenweider, F.X. Modulatory Effect of the 5-HT1A Agonist Buspirone and the Mixed
Non-Hallucinogenic 5-HT1A/2A Agonist Ergotamine on Psilocybin-Induced Psychedelic Experience. Eur. Neuropsychopharmacol.
2016, 26, 756–766. [CrossRef]

22. Meinhardt, M.W.; Sommer, W.H. Schrooms against Booze: Potential of Mycotherapy for the Treatment of AUD. Neuropsychophar-
macology 2023, 48, 211–212. [CrossRef]

http://doi.org/10.1016/S0140-6736(10)61462-6
http://www.ncbi.nlm.nih.gov/pubmed/21036393
http://doi.org/10.1007/s40273-021-01031-8
http://www.ncbi.nlm.nih.gov/pubmed/33970445
https://www.who.int/publications/i/item/9789241565639
https://ourworldindata.org/alcohol-consumption
https://ourworldindata.org/alcohol-consumption
http://doi.org/10.1186/s12875-015-0308-8
http://doi.org/10.1111/adb.12646
http://doi.org/10.1126/sciadv.aax4043
http://www.ncbi.nlm.nih.gov/pubmed/31579824
http://doi.org/10.1177/0269881113495320
http://doi.org/10.1007/164_2017_79
http://doi.org/10.1038/s41398-019-0591-6
http://doi.org/10.1016/j.addicn.2022.100025
http://doi.org/10.1176/appi.ajp.2019.19010035
http://doi.org/10.1177/0269881112439253
http://doi.org/10.1177/0269881114565144
http://www.ncbi.nlm.nih.gov/pubmed/25586396
http://doi.org/10.1001/jamapsychiatry.2022.2096
http://www.ncbi.nlm.nih.gov/pubmed/36001306
http://doi.org/10.1016/j.neubiorev.2022.104793
http://www.ncbi.nlm.nih.gov/pubmed/35878791
http://doi.org/10.1097/00001756-199812010-00024
http://doi.org/10.1016/S0893-133X(98)00135-3
http://doi.org/10.1038/s41386-019-0324-9
http://doi.org/10.1016/j.neuropharm.2011.01.017
http://doi.org/10.1016/j.euroneuro.2016.01.005
http://doi.org/10.1038/s41386-022-01446-7


Cells 2023, 12, 963 16 of 20

23. Moreno, J.L.; Holloway, T.; Albizu, L.; Sealfon, S.C.; González-Maeso, J. Metabotropic Glutamate MGlu2 Receptor Is Necessary
for the Pharmacological and Behavioral Effects Induced by Hallucinogenic 5-HT2A Receptor Agonists. Neurosci. Lett. 2011, 493,
76–79. [CrossRef]

24. González-Maeso, J.; Ang, R.L.; Yuen, T.; Chan, P.; Weisstaub, N.V.; López-Giménez, J.F.; Zhou, M.; Okawa, Y.; Callado, L.F.;
Milligan, G.; et al. Identification of a Serotonin/Glutamate Receptor Complex Implicated in Psychosis. Nature 2008, 452, 93–97.
[CrossRef] [PubMed]

25. Goodwani, S.; Saternos, H.; Alasmari, F.; Sari, Y. Metabotropic and Ionotropic Glutamate Receptors as Potential Targets for the
Treatment of Alcohol Use Disorder. Neurosci. Biobehav. Rev. 2017, 77, 14–31. [CrossRef] [PubMed]

26. Vengeliene, V.; Spanagel, R. MGlu2 Mechanism-Based Interventions to Treat Alcohol Relapse. Front. Pharmacol. 2022, 13, 3776.
[CrossRef] [PubMed]

27. Heilig, M.; MacKillop, J.; Martinez, D.; Rehm, J.; Leggio, L.; Vanderschuren, L.J.M.J. Addiction as a Brain Disease Revised: Why It
Still Matters, and the Need for Consilience. Neuropsychopharmacology 2021, 46, 1715–1723. [CrossRef]

28. Carvalho, A.F.; Heilig, M.; Perez, A.; Probst, C.; Rehm, J. Alcohol Use Disorders. Lancet 2019, 394, 781–792. [CrossRef] [PubMed]
29. Kalivas, P.W.; O’Brien, C. Drug Addiction as a Pathology of Staged Neuroplasticity. Neuropsychopharmacology 2007, 33, 166–180.

[CrossRef]
30. Gass, J.T.; Olive, M.F. Glutamatergic Substrates of Drug Addiction and Alcoholism. Biochem. Pharmacol. 2008, 75, 218–265.

[CrossRef]
31. Chiamulera, C.; Piva, A.; Abraham, W.C. Glutamate Receptors and Metaplasticity in Addiction. Curr. Opin. Pharmacol. 2021, 56,

39–45. [CrossRef]
32. Holmes, A.; Spanagel, R.; Krystal, J.H.; Holmes, A.; Spanagel, R.; Krystal, J.H. Glutamatergic Targets for New Alcohol Medications.

Psychopharmacology 2013, 229, 539–554. [CrossRef]
33. Moussawi, K.; Kalivas, P.W. Group II Metabotropic Glutamate Receptors (MGlu2/3) in Drug Addiction. Eur. J. Pharmacol. 2010,

639, 115–122. [CrossRef] [PubMed]
34. Meinhardt, M.W.; Hansson, A.C.; Perreau-Lenz, S.; Bauder-Wenz, C.; Stählin, O.; Heilig, M.; Harper, C.; Drescher, K.U.; Spanagel,

R.; Sommer, W.H. Rescue of Infralimbic MGluR2 Deficit Restores Control Over Drug-Seeking Behavior in Alcohol Dependence. J.
Neurosci. 2013, 33, 2794–2806. [CrossRef] [PubMed]

35. Zhou, Z.; Karlsson, C.; Liang, T.; Xiong, W.; Kimura, M.; Tapocik, J.D.; Yuan, Q.; Barbier, E.; Feng, A.; Flanigan, M.; et al. Loss
of Metabotropic Glutamate Receptor 2 Escalates Alcohol Consumption. Proc. Natl. Acad. Sci. USA 2013, 110, 16963–16968.
[CrossRef]

36. Wood, C.M.; Nicolas, C.S.; Choi, S.L.; Roman, E.; Nylander, I.; Fernandez-Teruel, A.; Kiianmaa, K.; Bienkowski, P.; de Jong, T.R.;
Colombo, G.; et al. Prevalence and Influence of Cys407* Grm2 Mutation in Hannover-Derived Wistar Rats: MGlu2 Receptor Loss
Links to Alcohol Intake, Risk Taking and Emotional Behaviour. Neuropharmacology 2017, 115, 128–138. [CrossRef] [PubMed]

37. Ding, Z.M.; Ingraham, C.M.; Hauser, S.R.; Lasek, A.W.; Bell, R.L.; McBride, W.J. Reduced Levels of MGlu2 Receptors within the
Prelimbic Cortex Are Not Associated with Elevated Glutamate Transmission or High Alcohol Drinking. Alcohol. Clin. Exp. Res.
2017, 41, 1896–1906. [CrossRef]

38. Meinhardt, M.W.; Sommer, W.H. Postdependent State in Rats as a Model for Medication Development in Alcoholism. Addict. Biol.
2015, 20, 1–21. [CrossRef]

39. Meinhardt, M.W.; Pfarr, S.; Fouquet, G.; Rohleder, C.; Meinhardt, M.L.; Barroso-Flores, J.; Hoffmann, R.; Jeanblanc, J.; Paul, E.;
Wagner, K.; et al. Psilocybin Targets a Common Molecular Mechanism for Cognitive Impairment and Increased Craving in
Alcoholism. Sci. Adv. 2021, 7, 2399. [CrossRef]

40. Zhou, Y.; Danbolt, N.C. Glutamate as a Neurotransmitter in the Healthy Brain. J. Neural Transm. 2014, 121, 799. [CrossRef]
41. Abraham, W.C. Metaplasticity: Tuning Synapses and Networks for Plasticity. Nat. Rev. Neurosci. 2008, 9, 387. [CrossRef]
42. Reiner, A.; Levitz, J. Glutamatergic Signaling in the Central Nervous System: Ionotropic and Metabotropic Receptors in Concert.

Neuron 2018, 98, 1080–1098. [CrossRef]
43. Li, S.H.; Abd-Elrahman, K.S.; Ferguson, S.S.G. Targeting MGluR2/3 for Treatment of Neurodegenerative and Neuropsychiatric

Diseases. Pharmacol. Ther. 2022, 239, 108275. [CrossRef] [PubMed]
44. Bowie, D. Ionotropic Glutamate Receptors & CNS Disorders. CNS Neurol. Disord. Drug Targets 2008, 7, 129. [CrossRef]
45. Niswender, C.M.; Conn, P.J. Metabotropic Glutamate Receptors: Physiology, Pharmacology, and Disease. Annu. Rev. Pharmacol.

Toxicol. 2010, 50, 295–322. [CrossRef]
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51. Bodzęta, A.; Scheefhals, N.; MacGillavry, H.D. Membrane Trafficking and Positioning of MGluRs at Presynaptic and Postsynaptic
Sites of Excitatory Synapses. Neuropharmacology 2021, 200, 108799. [CrossRef]

52. Woo, E.; Datta, D.; Arnsten, A.F.T. Glutamate Metabotropic Receptor Type 3 (MGlu3) Localization in the Rat Prelimbic Medial
Prefrontal Cortex. Front. Neuroanat. 2022, 16, 23. [CrossRef]

53. Tanabe, Y.; Masu, M.; Ishii, T.; Shigemoto, R.; Nakanishi, S. A Family of Metabotropic Glutamate Receptors. Neuron 1992, 8,
169–179. [CrossRef] [PubMed]

54. Sharon, D.; Vorobiov, D.; Dascal, N. Positive and Negative Coupling of the Metabotropic Glutamate Receptors to a G Protein–
Activated K+ Channel, GIRK, in Xenopus Oocytes. J. Gen. Physiol. 1997, 109, 477–490. [CrossRef]

55. Chavis, P.; Shinozaki, H.; Bockaert, J.; Fagni, L. The Metabotropic Glutamate Receptor Types 2/3 Inhibit L-Type Calcium Channels
via a Pertussis Toxin-Sensitive G-Protein in Cultured Cerebellar Granule Cells. J. Neurosci. 1994, 14, 7067–7076. [CrossRef]

56. Tyszkiewicz, J.P.; Gu, Z.; Wang, X.; Cai, X.; Yan, Z. Group II Metabotropic Glutamate Receptors Enhance NMDA Receptor
Currents via a Protein Kinase C-Dependent Mechanism in Pyramidal Neurones of Rat Prefrontal Cortex. J. Physiol. 2004, 554,
765–777. [CrossRef] [PubMed]

57. Trepanier, C.; Lei, G.; Xie, Y.F.; MacDonald, J.F. Group II Metabotropic Glutamate Receptors Modify N-Methyl-D-Aspartate
Receptors via Src Kinase. Sci. Rep. 2013, 3, srep00926. [CrossRef] [PubMed]

58. Xi, D.; Li, Y.C.; Snyder, M.A.; Gao, R.Y.; Adelman, A.E.; Zhang, W.; Shumsky, J.S.; Gao, W.J. Group II Metabotropic Glutamate
Receptor Agonist Ameliorates MK801-Induced Dysfunction of NMDA Receptors via the Akt/GSK-3β Pathway in Adult Rat
Prefrontal Cortex. Neuropsychopharmacology 2011, 36, 1260–1274. [CrossRef]

59. Rosenberg, N.; Gerber, U.; Ster, J. Activation of Group II Metabotropic Glutamate Receptors Promotes LTP Induction at Schaffer
Collateral-CA1 Pyramidal Cell Synapses by Priming NMDA Receptors. J. Neurosci. 2016, 36, 11521–11531. [CrossRef]

60. Cheng, J.; Liu, W.; Duffney, L.J.; Yan, Z. SNARE Proteins Are Essential in the Potentiation of NMDA Receptors by Group II
Metabotropic Glutamate Receptors. J. Physiol. 2013, 591, 3935–3947. [CrossRef]

61. Wang, M.J.; Li, Y.C.; Snyder, M.A.; Wang, H.; Li, F.; Gao, W.J. Group II Metabotropic Glutamate Receptor Agonist LY379268
Regulates AMPA Receptor Trafficking in Prefrontal Cortical Neurons. PLoS ONE 2013, 8, e61787. [CrossRef]

62. Augier, E.; Dulman, R.S.; Rauffenbart, C.; Augier, G.; Cross, A.J.; Heilig, M. The MGluR2 Positive Allosteric Modulator, AZD8529,
and Cue-Induced Relapse to Alcohol Seeking in Rats. Neuropsychopharmacology 2016, 41, 2932–2940. [CrossRef]

63. Rodd, Z.A.; McKinzie, D.L.; Bell, R.L.; McQueen, V.K.; Murphy, J.M.; Schoepp, D.D.; McBride, W.J. The Metabotropic Glutamate
2/3 Receptor Agonist LY404039 Reduces Alcohol-Seeking but Not Alcohol Self-Administration in Alcohol-Preferring (P) Rats.
Behav. Brain Res. 2006, 171, 207–215. [CrossRef] [PubMed]

64. Ray, T.S. Psychedelics and the Human Receptorome. PLoS ONE 2010, 5, e9019. [CrossRef]
65. Nichols, D.E. Psychedelics. Pharmacol. Rev. 2016, 68, 264–355. [CrossRef]
66. Vollenweider, F.X.; Preller, K.H. Psychedelic Drugs: Neurobiology and Potential for Treatment of Psychiatric Disorders. Nat. Rev.

Neurosci. 2020, 21, 611–624. [CrossRef] [PubMed]
67. Carhart-Harris, R.L. How Do Psychedelics Work? Curr. Opin. Psychiatry 2019, 32, 16–21. [CrossRef]
68. González-Maeso, J.; Weisstaub, N.V.; Zhou, M.; Chan, P.; Ivic, L.; Ang, R.; Lira, A.; Bradley-Moore, M.; Ge, Y.; Zhou, Q.; et al.

Hallucinogens Recruit Specific Cortical 5-HT2A Receptor-Mediated Signaling Pathways to Affect Behavior. Neuron 2007, 53,
439–452. [CrossRef]

69. Vargas, M.V.; Dunlap, L.E.; Dong, C.; Carter, S.J.; Tombari, R.J.; Jami, S.A.; Cameron, L.P.; Patel, S.D.; Hennessey, J.J.; Saeger, H.N.;
et al. Psychedelics Promote Neuroplasticity through the Activation of Intracellular 5-HT2A Receptors. Science 2023, 379, 700–706.
[CrossRef]

70. Barnes, N.M.; Ahern, G.P.; Becamel, C.; Bockaert, J.; Camilleri, M.; Chaumont-Dubel, S.; Claeysen, S.; Cunningham, K.A.;
Fone, K.C.; Gershon, M.; et al. International Union of Basic and Clinical Pharmacology. CX. Classification of Receptors for
5-Hydroxytryptamine; Pharmacology and Function. Pharmacol. Rev. 2021, 73, 310–520. [CrossRef] [PubMed]

71. Jefsen, O.H.; Elfving, B.; Wegener, G.; Müller, H.K. Transcriptional Regulation in the Rat Prefrontal Cortex and Hippocampus
after a Single Administration of Psilocybin. J. Psychopharmacol. 2020, 35, 483–493. [CrossRef]

72. Vaidya, V.A.; Marek, G.J.; Aghajanian, G.K.; Duman, R.S. 5-HT(2A) Receptor-Mediated Regulation of Brain-Derived Neurotrophic
Factor MRNA in the Hippocampus and the Neocortex. J. Neurosci. 1997, 17, 2785–2795. [CrossRef]

73. Trajkovska, V.; Santini, M.A.; Marcussen, A.B.; Thomsen, M.S.; Hansen, H.H.; Mikkelsen, J.D.; Arneberg, L.; Kokaia, M.; Knudsen,
G.M.; Aznar, S. BDNF Downregulates 5-HT2A Receptor Protein Levels in Hippocampal Cultures. Neurochem. Int. 2009, 55,
697–702. [CrossRef] [PubMed]

74. Gewirtz, J.C.; Chen, A.C.; Terwilliger, R.; Duman, R.C.; Marek, G.J. Modulation of DOI-Induced Increases in Cortical BDNF
Expression by Group II MGlu Receptors. Pharmacol. Biochem. Behav. 2002, 73, 317–326. [CrossRef] [PubMed]

75. Duclot, F.; Kabbaj, M. The Role of Early Growth Response 1 (EGR1) in Brain Plasticity and Neuropsychiatric Disorders. Front.
Behav. Neurosci. 2017, 11, 35. [CrossRef] [PubMed]

76. Mukherjee, D.; Gonzales, B.J.; Ashwal-Fluss, R.; Turm, H.; Groysman, M.; Citri, A. Egr2 Induction in Spiny Projection Neurons of
the Ventrolateral Striatum Contributes to Cocaine Place Preference in Mice. eLife 2021, 10, e65228. [CrossRef] [PubMed]

http://doi.org/10.1093/cercor/bhx005
http://doi.org/10.1016/j.neuropharm.2021.108799
http://doi.org/10.3389/fnana.2022.849937
http://doi.org/10.1016/0896-6273(92)90118-W
http://www.ncbi.nlm.nih.gov/pubmed/1309649
http://doi.org/10.1085/jgp.109.4.477
http://doi.org/10.1523/JNEUROSCI.14-11-07067.1994
http://doi.org/10.1113/jphysiol.2003.056812
http://www.ncbi.nlm.nih.gov/pubmed/14645456
http://doi.org/10.1038/srep00926
http://www.ncbi.nlm.nih.gov/pubmed/23378895
http://doi.org/10.1038/npp.2011.12
http://doi.org/10.1523/JNEUROSCI.1519-16.2016
http://doi.org/10.1113/jphysiol.2013.255075
http://doi.org/10.1371/journal.pone.0061787
http://doi.org/10.1038/npp.2016.107
http://doi.org/10.1016/j.bbr.2006.03.032
http://www.ncbi.nlm.nih.gov/pubmed/16678921
http://doi.org/10.1371/annotation/e580a864-cf13-40c2-9bd9-b9687a6f0fe4
http://doi.org/10.1124/pr.115.011478
http://doi.org/10.1038/s41583-020-0367-2
http://www.ncbi.nlm.nih.gov/pubmed/32929261
http://doi.org/10.1097/YCO.0000000000000467
http://doi.org/10.1016/j.neuron.2007.01.008
http://doi.org/10.1126/science.adf0435
http://doi.org/10.1124/pr.118.015552
http://www.ncbi.nlm.nih.gov/pubmed/33370241
http://doi.org/10.1177/0269881120959614
http://doi.org/10.1523/JNEUROSCI.17-08-02785.1997
http://doi.org/10.1016/j.neuint.2009.06.013
http://www.ncbi.nlm.nih.gov/pubmed/19563850
http://doi.org/10.1016/S0091-3057(02)00844-4
http://www.ncbi.nlm.nih.gov/pubmed/12117585
http://doi.org/10.3389/fnbeh.2017.00035
http://www.ncbi.nlm.nih.gov/pubmed/28321184
http://doi.org/10.7554/eLife.65228
http://www.ncbi.nlm.nih.gov/pubmed/33724178


Cells 2023, 12, 963 18 of 20

77. Kurita, M.; Moreno, J.L.; Holloway, T.; Kozlenkov, A.; Mocci, G.; García-Bea, A.; Hanks, J.B.; Neve, R.; Nestler, E.J.; Russo, S.J.;
et al. Repressive Epigenetic Changes at the MGlu2 Promoter in Frontal Cortex of 5-HT2A Knockout Mice. Mol. Pharmacol. 2013,
83, 1166–1175. [CrossRef] [PubMed]

78. Urban, J.D.; Clarke, W.P.; von Zastrow, M.; Nichols, D.E.; Kobilka, B.; Weinstein, H.; Javitch, J.A.; Roth, B.L.; Christopoulos, A.;
Sexton, P.M.; et al. Functional Selectivity and Classical Concepts of Quantitative Pharmacology. J. Pharmacol. Exp. Ther. 2007, 320,
1–13. [CrossRef]

79. Raote, I.; Bhattacharya, A.; Panicker, M.M. Serotonin 2A (5-HT2A) Receptor Function: Ligand-Dependent Mechanisms and
Pathways. Serotonin Recept. Neurobiol. 2007, 6, 123–150. [CrossRef]

80. Garcia, E.E.; Smith, R.L.; Sanders-Bush, E. Role of Gq Protein in Behavioral Effects of the Hallucinogenic Drug 1-(2,5-Dimethoxy-
4-Iodophenyl)-2-Aminopropane. Neuropharmacology 2007, 52, 1671–1677. [CrossRef]

81. Canal, C.E.; Morgan, D. Head-Twitch Response in Rodents Induced by the Hallucinogen 2,5-Dimethoxy-4-Iodoamphetamine: A
Comprehensive History, a Re-Evaluation of Mechanisms, and Its Utility as a Model. Drug Test. Anal. 2012, 4, 556–576. [CrossRef]

82. Inoue, A.; Raimondi, F.; Kadji, F.M.N.; Singh, G.; Kishi, T.; Uwamizu, A.; Ono, Y.; Shinjo, Y.; Ishida, S.; Arang, N.; et al. Illuminating
G-Protein-Coupling Selectivity of GPCRs. Cell 2019, 177, 1933–1947.e25. [CrossRef]

83. Kim, K.; Che, T.; Panova, O.; DiBerto, J.F.; Lyu, J.; Krumm, B.E.; Wacker, D.; Robertson, M.J.; Seven, A.B.; Nichols, D.E.; et al.
Structure of a Hallucinogen-Activated Gq-Coupled 5-HT2A Serotonin Receptor. Cell 2020, 182, 1574–1588.e19. [CrossRef]

84. Banerjee, A.A.; Vaidya, V.A. Differential Signaling Signatures Evoked by DOI versus Lisuride Stimulation of the 5-HT2A Receptor.
Biochem. Biophys Res. Commun. 2020, 531, 609–614. [CrossRef] [PubMed]

85. Abbas, A.I.; Yadav, P.N.; Yao, W.D.; Arbuckle, M.I.; Grant, S.G.N.; Caron, M.G.; Roth, B.L. PSD-95 Is Essential for Hallucinogen
and Atypical Antipsychotic Drug Actions at Serotonin Receptors. J. Neurosci. 2009, 29, 7124. [CrossRef] [PubMed]

86. Nelson, C.D.; Kim, M.J.; Hsin, H.; Chen, Y.; Sheng, M. Phosphorylation of Threonine-19 of PSD-95 by GSK-3β Is Required for
PSD-95 Mobilization and Long-Term Depression. J. Neurosci. 2013, 33, 12122–12135. [CrossRef] [PubMed]

87. Li, X.; Zhu, W.; Roh, M.S.; Friedman, A.B.; Rosborough, K.; Jope, R.S. In Vivo Regulation of Glycogen Synthase Kinase-3β (GSK3β)
by Serotonergic Activity in Mouse Brain. Neuropsychopharmacology 2004, 29, 1426–1431. [CrossRef] [PubMed]

88. Polter, A.M.; Li, X. Glycogen Synthase Kinase-3 Is an Intermediate Modulator of Serotonin Neurotransmission. Front. Mol.
Neurosci. 2011, 4, 31. [CrossRef] [PubMed]

89. Schmid, C.L.; Raehal, K.M.; Bohn, L.M. Agonist-Directed Signaling of the Serotonin 2A Receptor Depends on β-Arrestin-2
Interactions in Vivo. Proc. Natl. Acad. Sci. USA 2008, 105, 1079–1084. [CrossRef]

90. Schmid, C.L.; Bohn, L.M. Serotonin, But Not N-Methyltryptamines, Activates the Serotonin 2A Receptor Via a β-
Arrestin2/Src/Akt Signaling Complex In Vivo. J. Neurosci. 2010, 30, 13513–13524. [CrossRef]

91. de La Fuente Revenga, M.; Jaster, A.M.; McGinn, J.; Silva, G.; Saha, S.; González-Maeso, J. Tolerance and Cross-Tolerance among
Psychedelic and Nonpsychedelic 5-HT2A Receptor Agonists in Mice. ACS Chem. Neurosci. 2022, 13, 2436–2448. [CrossRef]

92. Rodriguiz, R.M.; Nadkarni, V.; Means, C.R.; Pogorelov, V.M.; Chiu, Y.T.; Roth, B.L.; Wetsel, W.C. LSD-Stimulated Behaviors in
Mice Require β-Arrestin 2 but Not β-Arrestin 1. Sci. Rep. 2021, 11, 17690. [CrossRef]

93. Karaki, S.; Becamel, C.; Murat, S.; La Cour, C.M.; Millan, M.J.; Prezeau, L.; Bockaert, J.; Marin, P.; Vandermoere, F. Quan-
titative Phosphoproteomics Unravels Biased Phosphorylation of Serotonin 2A Receptor at Ser280 by Hallucinogenic versus
Nonhallucinogenic Agonists. Mol. Cell. Proteom. 2014, 13, 1273–1285. [CrossRef]

94. Delille, H.K.; Mezler, M.; Marek, G.J. The Two Faces of the Pharmacological Interaction of MGlu2 and 5-HT2A-Relevance of
Receptor Heterocomplexes and Interaction through Functional Brain Pathways. Neuropharmacology 2013, 70, 296–305. [CrossRef]

95. Marek, G.J.; Wright, R.A.; Schoepp, D.D.; Monn, J.A.; Aghajanian, G.K. Physiological Antagonism between 5-Hydroxytryptamine
2A and Group II Metabotropic Glutamate Receptors in Prefrontal Cortex. J. Pharmacol. Exp. Ther. 2000, 292, 76–87. [PubMed]

96. Aghajanian, G.K.; Marek, G.J. Serotonin Induces Excitatory Postsynaptic Potentials in Apical Dendrites of Neocortical Pyramidal
Cells. Neuropharmacology 1997, 36, 589–599. [CrossRef] [PubMed]

97. Delille, H.K.; Becker, J.M.; Burkhardt, S.; Bleher, B.; Terstappen, G.C.; Schmidt, M.; Meyer, A.H.; Unger, L.; Marek, G.J.; Mezler,
M. Heterocomplex Formation of 5-HT2A-MGlu2 and Its Relevance for Cellular Signaling Cascades. Neuropharmacology 2012, 62,
2184–2191. [CrossRef]

98. Marek, G.J. Interactions of Hallucinogens with the Glutamatergic System: Permissive Network Effects Mediated through Cortical
Layer V Pyramidal Neurons. In Current Topics in Behavioral Neurosciences; Springer: Heidelberg, Germany, 2018; Volume 36,
pp. 107–135.

99. Gewirtz, J.C.; Marek, G.J. Behavioral Evidence for Interactions between a Hallucinogenic Drug and Group II Metabotropic
Glutamate Receptors. Neuropsychopharmacology 2000, 23, 569–576. [CrossRef]

100. Klodzinska, A.; Bijak, M.; Tokarski, K.; Pilc, A. Group II MGlu Receptor Agonists Inhibit Behavioural and Electrophysiological
Effects of DOI in Mice. Pharmacol. Biochem. Behav. 2002, 73, 327–332. [CrossRef]

101. Benneyworth, M.A.; Xiang, Z.; Smith, R.L.; Garcia, E.E.; Conn, P.J.; Sanders-Bush, E. A Selective Positive Allosteric Modulator of
Metabotropic Glutamate Receptor Subtype 2 Blocks a Hallucinogenic Drug Model of Psychosis. Mol. Pharmacol. 2007, 72, 477–484.
[CrossRef] [PubMed]

102. Taddeucci, A.; Olivero, G.; Roggeri, A.; Milanese, C.; Di Giorgio, F.P.; Grilli, M.; Marchi, M.; Garrone, B.; Pittaluga, A. Presynaptic
5-HT2A-mGlu2/3 Receptor–Receptor Crosstalk in the Prefrontal Cortex: Metamodulation of Glutamate Exocytosis. Cells 2022,
11, 3035. [CrossRef] [PubMed]

http://doi.org/10.1124/mol.112.084582
http://www.ncbi.nlm.nih.gov/pubmed/23508685
http://doi.org/10.1124/jpet.106.104463
http://doi.org/10.1201/9781420005752-11
http://doi.org/10.1016/j.neuropharm.2007.03.013
http://doi.org/10.1002/dta.1333
http://doi.org/10.1016/j.cell.2019.04.044
http://doi.org/10.1016/j.cell.2020.08.024
http://doi.org/10.1016/j.bbrc.2020.08.022
http://www.ncbi.nlm.nih.gov/pubmed/32814630
http://doi.org/10.1523/JNEUROSCI.1090-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19494135
http://doi.org/10.1523/JNEUROSCI.0131-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23864697
http://doi.org/10.1038/sj.npp.1300439
http://www.ncbi.nlm.nih.gov/pubmed/15039769
http://doi.org/10.3389/fnmol.2011.00031
http://www.ncbi.nlm.nih.gov/pubmed/22028682
http://doi.org/10.1073/pnas.0708862105
http://doi.org/10.1523/JNEUROSCI.1665-10.2010
http://doi.org/10.1021/acschemneuro.2c00170
http://doi.org/10.1038/s41598-021-96736-3
http://doi.org/10.1074/mcp.M113.036558
http://doi.org/10.1016/j.neuropharm.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/10604933
http://doi.org/10.1016/S0028-3908(97)00051-8
http://www.ncbi.nlm.nih.gov/pubmed/9225284
http://doi.org/10.1016/j.neuropharm.2012.01.010
http://doi.org/10.1016/S0893-133X(00)00136-6
http://doi.org/10.1016/S0091-3057(02)00845-6
http://doi.org/10.1124/mol.107.035170
http://www.ncbi.nlm.nih.gov/pubmed/17526600
http://doi.org/10.3390/cells11193035
http://www.ncbi.nlm.nih.gov/pubmed/36230998


Cells 2023, 12, 963 19 of 20

103. Olivero, G.; Grilli, M.; Vergassola, M.; Bonfiglio, T.; Padolecchia, C.; Garrone, B.; Di Giorgio, F.P.; Tongiani, S.; Usai, C.; Marchi, M.;
et al. 5-HT2A-MGlu2/3 Receptor Complex in Rat Spinal Cord Glutamatergic Nerve Endings: A 5-HT2A to MGlu2/3 Signalling to
Amplify Presynaptic Mechanism of Auto-Control of Glutamate Exocytosis. Neuropharmacology 2018, 133, 429–439. [CrossRef]

104. Benvenga, M.J.; Chaney, S.F.; Baez, M.; Britton, T.C.; Hornback, W.J.; Monn, J.A.; Marek, G.J. Metabotropic Glutamate2 Receptors
Play a Key Role in Modulating Head Twitches Induced by a Serotonergic Hallucinogen in Mice. Front. Pharmacol. 2018, 9, 208.
[CrossRef] [PubMed]

105. Hideshima, K.S.; Hojati, A.; Saunders, J.M.; On, D.M.; de la Fuente Revenga, M.; Shin, J.M.; Sánchez-González, A.; Dunn, C.M.;
Pais, A.B.; Pais, A.C.; et al. Role of MGlu2 in the 5-HT 2A Receptor-Dependent Antipsychotic Activity of Clozapine in Mice.
Psychopharmacology 2018, 235, 3149–3165. [CrossRef] [PubMed]

106. Zhang, C.; Marek, G.J. AMPA Receptor Involvement in 5-Hydroxytryptamine2A Receptor-Mediated Pre-Frontal Cortical
Excitatory Synaptic Currents and DOI-Induced Head Shakes. Prog. Neuropsycho-Pharmacol. Biol. Psychiatry 2008, 32, 62–71.
[CrossRef]

107. Fribourg, M.; Moreno, J.L.; Holloway, T.; Provasi, D.; Baki, L.; Mahajan, R.; Park, G.; Adney, S.K.; Hatcher, C.; Eltit, J.M.; et al.
Decoding the Signaling of a GPCR Heteromeric Complex Reveals a Unifying Mechanism of Action of Antipsychotic Drugs. Cell
2011, 147, 1011–1023. [CrossRef]

108. Ferré, S.; Casadó, V.; Devi, L.A.; Filizola, M.; Jockers, R.; Lohse, M.J.; Milligan, G.; Pin, J.P.; Guitart, X. G Protein-Coupled Receptor
Oligomerization Revisited: Functional and Pharmacological Perspectives. Pharmacol. Rev. 2014, 66, 413–434. [CrossRef] [PubMed]

109. Fuxe, K.; Marcellino, D.; Guidolin, D.; Woods, A.S.; Agnati, L.F. Heterodimers and Receptor Mosaics of Different Types of
G-Protein-Coupled Receptors. Physiology 2008, 23, 322–332. [CrossRef] [PubMed]

110. Albizu, L.; Moreno, J.L.; González-Maeso, J.; Sealfon, S.C. Heteromerization of G Protein-Coupled Receptors: Relevance to
Neurological Disorders and Neurotherapeutics. CNS Neurol. Disord. Drug Targets 2012, 9, 636–650. [CrossRef]

111. Borroto-Escuela, D.O.; Wydra, K.; Filip, M.; Fuxe, K. A2AR-D2R Heteroreceptor Complexes in Cocaine Reward and Addiction.
Trends Pharmacol. Sci. 2018, 39, 1008–1020. [CrossRef]

112. Gomes, I.; Ayoub, M.A.; Fujita, W.; Jaeger, W.C.; Pfleger, K.D.G.; Devi, L.A. G Protein-Coupled Receptor Heteromers. Annu. Rev.
Pharmacol. Toxicol. 2016, 56, 403–425. [CrossRef]

113. Guo, H.; An, S.; Ward, R.; Yang, Y.; Liu, Y.; Guo, X.X.; Hao, Q.; Xu, T.R. Methods Used to Study the Oligomeric Structure of
G-Protein-Coupled Receptors. Biosci. Rep. 2017, 37, BSR20160547. [CrossRef]

114. Moreno, J.L.; Muguruza, C.; Umali, A.; Mortillo, S.; Holloway, T.; Pilar-Cuéllar, F.; Mocci, G.; Seto, J.; Callado, L.F.; Neve, R.L.; et al.
Identification of Three Residues Essential for 5-Hydroxytryptamine 2A-Metabotropic Glutamate 2 (5-HT2A·mGlu2) Receptor
Heteromerization and Its Psychoactive Behavioral Function. J. Biol. Chem. 2012, 287, 44301–44319. [CrossRef]

115. Rives, M.-L.; Vol, C.; Fukazawa, Y.; Tinel, N.; Trinquet, E.; Ayoub, M.A.; Shigemoto, R.; Pin, J.-P.; Prézeau, L. Crosstalk between
GABAB and MGlu1a Receptors Reveals New Insight into GPCR Signal Integration. EMBO J. 2009, 28, 2195. [CrossRef] [PubMed]
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