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Psilocybin, a serotonergic psychedelic, is gaining attention for its rapid and sus-
tained therapeutic effects in depression and other hard-to-treat neuropsychiatric
conditions, potentially through its capacity to enhance neuronal plasticity. While
its neuroplastic and therapeutic effects are commonly attributed to serotonin 2A
(5-HT,4) receptor activation, emerging evidence reveals a more nuanced phar-
macological profile involving multiple serotonin receptor subtypes and
nonserotonergic targets such as TrkB. This review integrates current findings
on the molecular interactome of psilocin (psilocybin active metabolite), emphasi-
zing receptor selectivity, biased agonism, and intracellular receptor localization.
Together, these insights offer a refined framework for understanding psilocybin’s
enduring effects and guiding the development of next-generation
neuroplastogens with improved specificity and safety.

Introducing psilocybin: clinical relevance and signaling pathways underlying
neuroplasticity

Serotonergic psychedelics (see Glossary), particularly psilocybin — the compound found in
‘magic mushrooms’ — are receiving increasing attention for their emerging therapeutic potential
in the treatment of different neuropsychiatric disorders [1]. Psilocybin currently leads clinical inves-
tigations among serotonergic psychedelics because of its favorable safety profile, good tolerability,
and low risk of abuse. Itis a prodrug that, once administered, is rapidly dephosphorylated by alka-
line phosphatase into its active metabolite, psilocin [2] (Figure 1). Accordingly, throughout this re-
view, we refer to psilocin when discussing mechanism of action and to psilocybin when
referencing the administered prodrug.

Psilocybin has shown fast-acting antidepressant effects, particularly in major depressive disorder
(MDD) and treatment-resistant depression (TRD) [3-8], earning the ‘breakthrough therapy’ des-
ignation by the FDA in 2019 and 2018 for these indications, respectively. Recent trials have
also assessed its efficacy in treating alcohol use disorder (AUD) [9,10], obsessive-compulsive dis-
order (OCD) [11], Parkinson’s disease [12,13], filoromyalgia [14], and anorexia nervosa [15], with
preliminary findings suggesting broad clinical promise in traditionally difficult-to-manage condi-
tions. The growing clinical relevance of psilocybin underscores the importance of elucidating
psilocin mechanisms of action.

A striking feature of psilocybin pharmacology is its ability to produce rapid and enduring improve-
ments in mood, cognition, and adaptive behavior within 24 h of a single dose, with effects
persisting for several weeks or months [4,6,7,10]. This therapeutic profile contrasts markedly
with conventional antidepressants, such as selective serotonin reuptake inhibitors (SSRls),
which require weeks to take effect and fail to produce meaningful benefits in a substantial propor-
tion of patients [5,16].
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Highlights

Cell type—specific expression of seroto-
nin 2A receptors 5-HT (5-HT,4Rs) in the
medial prefrontal cortex is critical for
psilocin’s neuroplastic and therapeutic
effects, although alternative pathways
may also contribute.

Distinct binding poses at the 5-HT,aR
bias psilocin signaling toward Gq or {3-
arrestin pathways, differentially shaping
its psychedelic and therapeutic actions.

Psilocin might interact with intracellular 5-
HT2aRs, possibly mediating psilocin’s
sustained neuroplastic effects through
location-biased signaling and subcellular
accumulation.

Psilocin engages additional serotonergic
receptors beyond 5-HT,4R, including 5-
HT1 4R and 5-HT,cR, although their con-
tribution to therapeutic efficacy remains
unclear.

Insights into the molecular interactome of
psilocin — including possible engagement
of TrkB — open avenues for medicinal
chemistry efforts to develop next-
generation neuroplastic drugs.
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Figure 1. Psilocybin bioactivation to psilocin and structural relationship to serotonin. Psilocybin, psilocin, and
serotonin share a primary tryptamine pharmacophore, characterized by an indole ring (a fused benzene and pyrrole ring)
attached to a two-carbon side chain ending in a basic amine group (in red). The indole group engages hydrophobic
interactions with various residues of the 5-HT,4R, while the basic amine, in its protonated form, ensures a strong binding
with the key aspartate residue D155%%2. After ingestion, psilocybin is rapidly dephosphorylated (in magenta) to psilocin by
alkaline phosphatases primarily in the intestines. Psilocin, the actual psychoactive metabolite, rapidly diffuses across lipid
bilayers and distributes uniformly throughout the body, including the brain, with a high brain-to-plasma ratio [2]. Psilocin
and serotonin differ from each other only by the position of the hydroxy group (in black) and the N-methylation of the basic
amine (in blue). Methylation of the amine, along with its spatial proximity to the hydroxyl group enabling intramolecular hydro-
gen bonding, confers to psilocin a logarithm of the partition coefficient (logP) of 1.45 [108], indicating favorable lipophi-
licity and a tendency to partition into lipid membranes. Conversely, serotonin has a logP of 0.21 [109], owing to its primary
amine and the relative position of the hydroxyl group, which increase polarity and prevent passive diffusion across the
blood-brain barrier. Figure created with ChemDraw Professional.

Converging evidence from animal models [17-21] and human neuroimaging studies [22-24] points
to the enhancement of long-term structural and functional neuroplasticity as a core mechanism
underlying its sustained therapeutic effects. These changes prominently involve the medial pre-
frontal cortex (MPFC) and its connected cortical and subcortical regions. Importantly, structural
alterations and atrophy in these regions have been observed in patients with several of the dis-
eases for which psilocybin is currently under investigation, including MDD, AUD, OCD,
Parkinson’s disease, and anorexia nervosa [25-29]. The presence of overlapping neuroana-
tomical changes across these disorders may reflect shared neurobiological mechanisms — par-
ticularly an increased vulnerability to stress — which psilocybin therapy may help to address (Box 1).

Box 1. Molecular mechanisms of neuroplasticity and their vulnerability to stress

‘Neuroplasticity’ refers to the brain’s capacity to reorganize its structure, function, and connections in response to internal
or external stimuli, enabling adaptation to a changing environment. The extent and nature of these plastic changes depend
on the duration and intensity of the stimulus and can occur at the molecular, cellular, and circuit levels [99]. At the core of
this remodeling is the dendritic spine, which is the primary site of excitatory neurotransmission. Glutamate release activates
postsynaptic AMPARs and NMDARs, leading to Ca* influx and initiation of signaling cascades that promote dendritic
spine enlargement or the formation of new spines (spinogenesis) [100]. When @Cas signaling is sustained, transcriptional
regulators such as CREB become phosphorylated and translocate to the nucleus, inducing the expression of immediate
early genes (IEGs) such as c-fos and jun. These I[EGs subsequently drive the transcription of genes encoding for plasticity-
related proteins (PRPs), including receptors, structural proteins, and neurotrophins [101]. Among PRPs, BDNF plays a
central role. Through its receptor TrkB, BDNF activates multiple signaling pathways, including Akt and ERK, to sustain
plasticity and promote its own expression in a positive feedback loop [101]. In parallel, MTORCH is activated both down-
stream of BDNF and through Ca®*-sensitive mechanisms, supporting local translation of synaptic proteins essential for
structural remodeling [102].

Chronic stress — a major risk factor for MDD and other neuropsychiatric conditions [103] — profoundly disrupts these plas-
ticity mechanisms. Rodent models of chronic stress, such as corticosterone exposure and social defeat, replicate core
features of MDD, including cognitive deficits and emotional disturbances [104]. These behaviors correlate with structural
and functional impairments in the PFC and hippocampus, including reduced dendritic complexity, spine density, and glu-
tamatergic signaling [18-20,43,47]. At the molecular level, stress-induced activation of glucocorticoid receptors disrupts
key signaling cascades such as CREB, ERK, Akt, and mTOR [105]. This leads to impaired mTORC1-dependent transla-
tion of PRPs, diminished synaptic insertion of AMPARs and NMDARs, and reduced Ca®* influx, creating a feedforward
loop of synaptic weakening, spine shrinking, or retraction and neuronal atrophy, ultimately leading to impaired connectivity
and symptomatology [105].
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Glossary

Allosteric modulation: the ability of a
ligand to bind a site on a receptor
distinct from the orthosteric binding site,
thereby modulating the receptor’s
response to endogenous (orthosteric)
ligands.

Arrestins: 3-arrestini (arrestin2) and 3-
arrestin2 (arrestin3) are ubiquitously
expressed cytosolic adaptor proteins
that regulate GPCR desensitization and
internalization while also scaffolding
signaling cascades, including those
involving Src family kinases and ERK.
Biased agonism: the capacity of a
ligand to preferentially activate specific
intracellular signaling pathways over
others through the same GPCR,
depending on ligand structure and
cellular context.

Conventional antidepressants: a
chemically diverse class of drugs that
enhance monoaminergic
neurotransmission by increasing
synaptic levels of serotonin (5-HT),
norepinephrine (NE), or dopamine (DA).
Classes include SSRls, tricyclic
antidepressants (TCASs), serotonin-
norepinephrine reuptake inhibitors
(SNRIs), and monoamine oxidase
inhibitors (MAQIs).

G protein—coupled receptors
(GPCRs): a large family of membrane-
spanning receptors that transduce
extracellular signals into intracellular
responses via heterotrimeric G proteins,
regulating diverse physiological
functions.

Gq: a subtype of the Ga subunit within
heterotrimeric G proteins. Upon GPCR
activation, Gg exchanges GDP for GTP,
dissociates from the By-dimer, and
activates phospholipase C (PLC),
initiating the IPs~Ca®* signaling cascade,
which modulates neurotransmission
and structural plasticity.

Interactome: the comprehensive set of
molecular targets and interacting
partners through which a drug exerts its
biological and therapeutic effects.
Location bias: a form of signaling bias
wherein the downstream signaling of a
receptor is influenced by its subcellular
localization, such as the plasma
membrane, endosomes, or Golgi
apparatus.

Logarithm of the partition
coefficient (logP): a physicochemical
descriptor of a compound’s lipophilicity,
defined as the logarithm of its
concentration ratio between octanol and
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At the molecular level, the neuroplastic effects of psilocin are mediated by the downstream activa-
tion of glutamatergic neurotransmission, brain-derived neurotrophic factor (BDNF)/TrkB axis, and
mechanistic target of rapamycin complex 1 (MTORC1) signaling pathway, which together drive
transcriptional and translational programs essential for structural remodeling of dendritic shafts
and dendritic spines [30,31]. This plasticity-promoting activity is hypothesized to reopen critical pe-
riods of neural plasticity [32,33] — transient windows during development when circuits are espe-
cially malleable — thereby enabling the functional rewiring of maladaptive neural circuits [21,22]
and ultimately leading to the symptomatic and behavioral improvements reported in both clinical
and preclinical studies [34] (Figure 2).

Unlike the downstream cascade, which has been moderately understood, the upstream signaling
pathways for the therapeutic action of psilocin are still unclear [35]. Psilocin belongs to the trypt-
amine class of serotonergic psychedelics, sharing structural similarity with serotonin through the
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Figure 2. Downstream molecular pathways involved in psilocin’s neuroplastic action. Chronic stress (1) —a major
risk factor for major depressive disorder and other neuropsychiatric disorders — disrupts neuronal transcriptional programs
regulated by CREB and other transcription factors (2), leading to reduced activity-dependent gene transcription of
immediate early genes (IEGs), such as c-fos, and plasticity-related protein (PRPs), including brain-derived neurotrophic
factor (BDNF) and those involved in mechanistic target of rapamycin (mTOR) signaling and trafficking of glutamate
receptors a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and N-methyl-p-aspartate (NMDA) (3). This im-
pairs mechanistic target of rapamycin complex 1 (mMTORC1)-dependent translation of PRPs, limiting synaptic insertion of
AMPARs/NMDARs and Ca?* influx (4), triggering a feedforward cycle of synaptic weakening, dendritic spine shrinkage
and retraction, and overall impaired neuronal connectivity. These neurobiological changes are closely associated with the
emergence of mood and cognitive symptoms seen in stress-related disorders (5). Psilocin reverses these deficits by modu-
lating evoked glutamate release (6) and enhancing AMPAR-mediated signaling (7), likely through 5-HT,4R activation (see
Figure 3), which boosts NMDAR availability and Ca®* entry (8). Ca®* stimulates BDNF release and TrkB activation, which in
turn sustain BDNF transcription via Akt and support mTORC1 activation through extracellular signal-regulated kinase
(ERK), promoting neuroplastic adaptations (9). Ca®* also directly activates mTORC1 (10). These pathways converge to re-
store CREB-regulated transcription and mTORC1-regulated translation of IEGs and, in turn, PRPs (11), reinforcing synaptic
strength and promoting structural remodeling in the form of increased dendritic branching, synaptic density, spine density,
and spine enlargement (12). Collectively, these neuroplastic changes enhance neural circuit connectivity and contribute to
psilocin’s therapeutic and beneficial effects. These molecular pathways are also shared by other neuroplastogens
[30,31,34]. Figure created with BioRender.
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water. Higher values indicate greater
lipophilicity and membrane permeability.
Neuroplasticity: the intrinsic capacity
of the nervous system to reorganize its
structure, synaptic connections, and
function in response to experience,
environmental stimuli, or injury.
Neuroplastogen: compound capable
of rapidly and durably promoting
structural and functional changes in
neurons, with the potential to produce
lasting therapedtic effects following a
single administration.

Serotonergic psychedelics: a class
of psychoactive compounds that elicit
changes in perception, cognition, and
mood primarily through activation of 5-
HToa receptors. Members include
tryptamines (e.g., psilocybin, 5-MeO-
DMT), phenethylamines (e.g., DOI), and
ergolines (e.g., LSD), many of which
show therapeutic promise in treating
mood and trauma-related disorders.
Serotonin: a neuromodulatory
transmitter critical for brain development
and plasticity, regulating mood,
cognition, sensory processing, and
adaptive responses from prenatal
stages throughout life.

Transduction efficiency: the efficacy
with which a ligand-receptor interaction
is converted into intracellular signaling,
influencing the magnitude and quality of
the downstream biological response.


move_f0010
Image of &INS id=

Trends in Pharmacological Sciences

presence of the tryptamine pharmacophore (Figure 1). Tryptamines act as partial agonists of the
serotonin receptor 5-HToa (5-HT24R), a G protein—coupled receptor (GPCR) promoting excit-
atory neurotransmission via Gq signaling and downstream calcium (Ca2*)-dependent pathways
(Box 2). While substantial evidence indicates that the hallucinogenic effects of tryptamines rely on
5-HT,AR activation [36,37], the extent to which this receptor contributes to the sustained
neuroplastic and behavioral effects of psilocin — and whether these outcomes are mediated via
canonical Gq signaling at the plasma membrane or alternative signaling routes — remains an
open question.

Emerging evidence demonstrates that psilocin exhibits biased agonism at the 5-HT,R,
adopting distinct binding conformations that preferentially activate either Gg-mediated or 8-
arrestin-dependent signaling pathways. This functional selectivity may underlie the dissocia-
tion between its hallucinogenic effects and therapeutic potential [38,39]. Receptor localization
also influences signaling: beyond the plasma membrane, intracellular 5-HT,>4Rs may contribute
to its enduring actions, a phenomenon termed location bias [40]. The involvement of other 5-
HTRs, including the 5-HT 4 and 5-HT5¢ subtypes, has also been investigated as complemen-
tary or alternative to 5-HT»aR [41-43]. Moreover, direct interaction with TrkB, the BDNF recep-
tor, may further explain psilocin’s neuroplastic actions [44]. This review critically evaluates the
role of 5-HT,4R as the central driver of psilocin neuroplastic and therapeutic potential, dis-
cusses the influence of ligand bias and subcellular localization in psilocin’s therapeutic poten-
tial, and describes emerging nonserotonergic targets in the multifaceted interactome of
psilocin beyond 5-HT,4R (Figure 3, Key figure). Understanding the complex molecular interac-
tion network of psilocin will be critical for guiding the development of next-generation analogs
that aim to optimize therapeutic benefit while addressing potential challenges related to recep-
tor signaling and off-target activity.

Box 2. Physiological role of 5-HT,aRs in cortical activation and neuroplasticity

The 5-HT,aR is the principal excitatory subtype among serotonergic GPCRSs. It is expressed throughout various tissues,
including the cardiovascular and gastrointestinal systems, but is particularly abundant in the central nervous system (CNS)
[79]. In the CNS, 5-HT,4Rs are predominantly post-synaptic, with high expression in the apical dendrites of layer 5 pyra-
midal neurons across the cortex, hippocampus, basal ganglia, and forebrain. 5-HT,4Rs are densely expressed in the PFC,
where their activation by serotonin enhances excitatory glutamatergic neurotransmission through Gg-mediated stimula-
tion of phospholipase Cp (PLCB) and Ca®*-dependent protein kinase C (PKC) signaling [106]. This cascade
elicits Ca®*-dependent glutamate release [79]. The released glutamate binds to NMDARs and to AMPARs on
the neuron post-synaptic to the pyramidal neuron, resulting in increased amplitude and frequency of spontane-
ous excitatory post-synaptic potentials and currents, resulting in the general activation of the PFC [79].

The contextual binding of serotonin to inhibitory 5-HTARs prevents cortical hyperactivation: 5-HT¢Rs are Gi-coupled, so
they inhibit adenylate cyclase and cAMP signaling, resulting in an inhibitory effect in neurons. 5-HT;4Rs are mainly presyn-
aptic somatodendritic autoceptors of the raphe serotoninergic nuclei [106], where their activation blocks further release of
serotonin. A subset of 5-HT1aRs is also located post-synaptically in cortical and limbic regions, where their recruitment
competes with 5-HT,aR-mediated signaling [107]. This controlled pattern of activation results in regular network oscilla-
tions, which are essential for controlling neuronal responsiveness to incoming inputs, and thereby for orchestrating
neuroplastic adaptations underpinning executive functioning and emotional behavior [80,107].

Beyond this canonical pathway, 5-HT,ARs also engage alternative intracellular cascades — including Ras/MEK/ERK
and PI3K/Akt signaling — via Gg- and (3-arrestin-biased mechanisms, ultimately promoting the expression of IEGs such
as c-fos and supporting long-term synaptic adaptation [106].

5-HT 4R activity is especially important during early brain development, where 5-HT,,Rs support neuronal circuit forma-
tion and refinement during temporally restricted critical periods of plasticity [107]. Although 5-HT,aR availability markedly
declines in adulthood, it has been speculated that 5-HT,ARs could be upregulated during stages of exceptionally high psy-
chological distress, where their high affinity for serotonin could compensate for a reduced availability of synaptic serotonin,
such as in MDD [107].
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Proposed receptors for psilocin’s neuroplastic activity
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Figure 3. Multiple pharmacological targets of psilocin have been investigated as potential initiators of its neuroplastic activity
in neurons. (A) The serotonin 2A receptor (5-HT»aR) is the primary pharmacological target of psilocin. Distinct binding poses
at the orthosteric binding pocket (OBP) or the extended binding pocket (EBP) can bias signaling toward either Gq protein or
B-arrestin recruitment, thereby modulating transduction efficiency and potentially dissociating its hallucinogenic and
neuroplastic effects. (B) Psilocin can diffuse inside the cell, and it has been proposed to accumulate within acidic
compartments — Golgi apparatus and endosomes — where it might engage an intracellular population of 5-HT,aRs.
Trapping may also occur in other acidic organelles, including synaptic vesicles (SVs), from which psilocin could be
coreleased with neurotransmitters (NTs). (C) Psilocin additionally interacts with other serotonin receptors, including 5-
HT1aRs and 5-HT,>cRs. While 5-HT,4R contribution to the therapeutic effect of psilocin is clear (solid arrow), 5-HT;ARs
and 5-HT.cRs might play an auxiliary role (dashed arrows). (D) Psilocin has been proposed to directly interact with TrkB as
a positive allosteric modulator, potentially stabilizing brain-derived neurotrophic factor (BDNF)-TrkB binding and enhancing
downstream neuroplastic signaling. Psilocin’s interaction with the BDNF-TrkB complex might also occur within signaling
endosomes, where psilocin might be retained. The downstream molecular pathways activated by psilocin are reported in
Figure 2. Figure created with BioRender.

Is 5-HT,4R the central driver of psilocin neuroplastic and therapeutic potential?
Most studies support the view that activation of 5-HT,4R is necessary to initiate the neuroplastic
and antidepressant-like effects induced by psilocin [17,40,45,46]. This aligns with the receptor’s
topological distribution and its established role in shaping neuronal circuits during development
(Box 2). Likely through 5-HT24R engagement, psilocin reverses stress-induced deficits in brain
plasticity (reported in Box 1) by enhancing glutamatergic transmission, as evidenced by increas-
ing evoked glutamate release and stimulated trafficking and activity of postsynaptic a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and N-methyl-p-aspartate (NMDA) recep-
tors [18,20,47]. This promotes Ca®* entry, which in turn triggers BDNF release. BDNF activates
TrkB to further support Akt and extracellular signal-regulated kinase (ERK) signaling, reinforcing
mTORC1 activation and its downstream transcriptional and translational outputs [17,19,48,49].
These converging pathways restore synaptic function and structure, resulting in increased
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dendritic branching, increased spine density and size [17-20], and improved circuit-level connec-
tivity [21,22]. By enhancing the strength and number of synaptic connections, these structural
changes promote more efficient communication across neural circuits, ultimately supporting
functional network reorganization. Together, these adaptations are thought to underlie the sus-
tained therapeutic effects of psilocin observed across a range of animal models of neuropsychi-
atric conditions [18-20,40,43,45,47,50] (Figure 2).

Several reports demonstrate that the increase in dendritic spine density observed upon treat-
ment with psilocin or other tryptamines — N,N-dimethyltryptamine (DMT) or 5-methoxy-/N,N-
dimethyltryptamine (5-MeO-DMT) — in embryonic rat cortical neurons is abolished by pretreat-
ment with ketanserin, a nonselective 5-HTa/0cR antagonist [17,40,46]. Likewise, 5-MeO-DMT
fails to promote dendritic growth or enhance excitatory post-synaptic currents in 5-HT,AR
knockout (KO) mice [40], and psilocybin fails to reverse stress-induced anhedonia in these an-
imals [46]. These findings underscore the critical role of 5-HT,Rs in mediating tryptamine-
induced neuroplasticity. However, other studies report that psilocybin retains its
antidepressant-like efficacy in rodents even when 5-HT,,Rs are pharmacologically blocked
or genetically deleted [43,47,51]. Specifically, ketanserin or the selective 5-HT,,R antagonist
volinanserin block the psilocybin-induced head-twitch response (HTR) — a behavioral proxy
for psychedelic-induced hallucinations [37] — without impairing its antidepressant-like effects
[47,51]. Similarly, psilocybin restores normal behavior in chronic stress paradigms in another
5-HT,4R KO mouse model [43]. Some findings present a mixed picture: in one study,
ketanserin blocks psilocybin-induced increase in spine density but not spine head enlargement
[18], while in another report, volinanserin attenuates the beneficial effects of psilocybin in the
forced swim test but not in the novelty-suppressed feeding test, two behavioral paradigms
used to investigate antidepressant-like activity in mice [45]. These inconsistencies may reflect
challenges in achieving effective receptor occupancy in vivo. Shao et al. [18], for example, es-
timated that the ketanserin dose they used for experiments blocked only ~30% of 5-HT,aRs.
Interpretation is further complicated by differences in behavioral paradigms, dosing regimens,
stress models, and the confounding effects of global 5-HT,aR deletion on different genetic
backgrounds [40,43,46]. Addressing these limitations, a recent study by Shao et al. [20] em-
ployed a conditional KO model to selectively delete 5-HT,,Rs from layer 5 pyramidal tract neu-
rons in the mPFC. This manipulation abolished psilocin-induced spine remodeling and blocked
its therapeutic effects in a learned helplessness paradigm, highlighting the relevance of cell
type—specific receptor expression in mediating plasticity. Taken together, these findings sug-
gest that while 5-HT,Rs are not the sole players in the therapeutic effects of psilocin, they
are key contributors, particularly within specific cortical circuits.

Insights into 5-HT,AR signaling: ligand bias and subcellular localization in
psilocin’s therapeutic potential

Disentangling hallucinations from neuroplasticity/behavioral effects: the role of ligand bias at the
5-HT,4R

Despite its promising therapeutic and safety profile, the psychoactive effects of psilocin at psy-
chedelic doses challenge the reliability of the results of double-blind clinical trials [52]. Additionally,
psilocybin may be contraindicated for patients at risk for psychotic disorders [53] and cannot be
used in patients who, for different reasons, are unwilling to undergo the psychedelic experience.
These limitations have spurred interest in identifying mechanistic strategies to dissociate halluci-
nogenic from therapeutic effects. Recent studies suggest that distinct ligand-binding poses
within the 5-HT,4R binding pocket can drive biased signaling, preferentially engaging either Gq
or B-arrestin pathways, thereby differentially modulating the hallucinogenic and therapeutic out-
comes of serotonergic tryptamines [38,39] (Figure 3A).
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Similarly to the other serotonergic GPCRs, the 5-HT,aR binding pocket assembles primarily
within the transmembrane helices 3, 5, and 6, with partial contribution from transmembrane
helix 7 (TM7). The binding site is structured into two neighboring subpockets: the orthosteric
binding pocket (OBP), that is, the binding site of serotonin and tryptamines, and an extended
binding pocket (EBP), which accommodates bulkier ligands, such as ergolines [54]. Recently,
Cao and colleagues [38] resolved the crystal structure of psilocin-bound 5-HT,,R and proposed
that psilocin can engage not only the OBP, as previously predicted [55], but also the EBP. Intrigu-
ingly, a point mutation at a key residue within the EBP (L3627-*°F, located on TM7) markedly im-
paired psilocin’s ability to recruit 3-arrestin, without affecting Gg agonism [38]. This suggests that
alternative binding poses at the OBP or the EBP differentially influence receptor signaling by pref-
erentially recruiting Gq or [3-arrestin, respectively. By mimicking psilocin’s binding pose within the
EBP, researchers developed two [3-arrestin-biased ligands, namely IHCH-7079 and IHCH-7086.
Notably, these molecules induce antidepressant-like activity in two different preclinical paradigms
of depression but do not induce HTR [38]. In line with these findings, Wallach et al. [39] developed
5-HT,aR-selective ligands with varying Gq efficacies, including 3-arrestin-biased ligands, and
showed that Gq but not 3-arrestin recruitment predicted hallucinogenic potential.

While one model attributes the therapeutic-like effects of 5-HToaR activation to [3-arrestin recruit-
ment and the hallucinogenic effects to Gq signaling, recent structural [56] and computational
[67,58] studies revive the earlier model, positing that psilocin binds exclusively to the OBP,
where it preferentially engages Gqg over 3-arrestin. Supporting this, newly developed 5-HT,aR par-
tial agonists — 2-bromo-LSD (2-Br-LSD) [59], R-69 and R-70 [60], and JRT [61] — bias signaling to-
ward Gqg and induce neuroplastic and antidepressant-like responses without causing HTR in mice.
Similarly, lisuride, an approved Parkinson’s drug and 5-HT,4R agonist, shows antidepressant-like
activity independently of (-arrestin engagement [43,62]. Additional compounds, including
tabernanthalog (TBG) [63], AAZ-A-154 [64], and N,N-dimethylaminoisotryptamine (isoDMT) [65],
also act as 5-HT4R partial agonists and exhibit neuroplastic and antidepressant-like effects with-
out clear hallucinogenic responses, although their signaling bias remains uncharacterized. Notably,
all these molecules share the tryptamine pharmacophore, which appears central to both
neuroplastic and behavioral outcomes. These adaptations are abolished by 5-HT,,R antagonists
[38,59-61,63-65] or in 5-HT,,R KO mice [43], suggesting that the beneficial effects produced by
these nonhallucinogenic analogs are indeed 5-HT,,R-mediated. It is worth mentioning that the be-
havioral effects of these compounds have been evaluated in animals exposed to chronic stress or
in wild-type animals using paradigms that assess stress-coping strategies. These findings suggest
that biased agonism may offer therapeutic benefits in other conditions where neuroplastic alter-
ations are worsened by stress. Of note, TBG has already shown results in paradigms assessing
alcohol- and drug-seeking behaviors in mice [63].

Altogether, these findings obtained in animal models support the hypothesis that the hallucino-
genic and therapeutic effects of psilocin might be dissociated at the molecular level through dif-
ferential engagement of 5-HT,AR signaling pathways. The apparent inconsistencies in how
biased signaling correlates with behavioral outcomes across different compounds may be ex-
plained by recent evidence suggesting that a threshold level of 5-HT,,R-Gq recruitment must
be reached to induce hallucinogenic responses in mice [39]. Accordingly, compounds with
lower Gq recruitment efficacy may not be able to induce hallucinations while retaining sufficient
Gq signaling to stimulate therapeutic neuroplastic effects via 5-HT,,R. This could also explain
why {3-arrestin biased ligands with residual Gq signaling capacity exhibit behavioral effects with-
out causing hallucinations [38]. Although their hallucinogenic liability and therapeutic efficacy in
humans remains to be fully established, some of these molecules are already undergoing clinical
evaluation'.
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Intracellular localization of 5-HT,ARs may contribute to psilocin’s prolonged neuroplastic activity
In parallel with biased signaling, recent studies have proposed that the neuroplastic effects of
psilocin and other tryptamines may also involve the activation of an intracellular pool of 5-
HT,ARs, rather than the canonical population located at the plasma membrane [40,66]
(Figure 3B). Although intracellular populations of 5-HT,5Rs have been identified previously
[67,68], their precise subcellular localization and functional relevance remain incompletely
characterized.

By investigating the localization of both endogenous and overexpressed receptors, Vargas and
collaborators [40] found that intracellular 5-HT,5Rs are mostly associated with the membranes
of early endosomes and the Golgi apparatus. This finding is particularly relevant, as growing
evidence suggests that GPCRs localized to these compartments can initiate signaling when
activated by ligands that are available within the subcellular environment, potentially engaging
pathways distinct from those triggered at the plasma membrane — a phenomenon known as
‘location bias’ [69,70].

In line with this, Vargas et al. [40] observed that the extent of neuroplastic changes produced by
several tryptamines on neuronal cultures showed a stronger correlation with a drug’s lipophilicity
than its efficiency at activating Gq or 3-arrestin pathways [40]. Accordingly, while psilocin —a lipo-
philic compound that readily crosses lipid membranes (Figure 1) — drives robust neuroplasticity in
cortical neurons in vitro, serotonin — the endogenous 5-HT,aR ligand and full agonist, but too
polar to passively diffuse intracellularly — fails to elicit such effects, unless its import in cells is
forced via electroporation [40]. Supporting this, membrane-impermeable analogs of the tested
tryptamines induced plasticity only when neurons were electroporated [40]. Together, these find-
ings suggest that cellular entry of tryptamines is required to elicit neuroplastic effects, potentially
through the engagement of intracellularly localized 5-HT»aRs.

The pharmacological properties of serotonergic psychedelics are also shaped by the presence of
a basic amine, whose protonation facilitates binding to 5-HT,4Rs [38,56] (Figure 1). On this basis,
it has been hypothesized that, once internalized, tryptamines become protonated within the
mildly acidic lumen of endosomes and the Golgi apparatus [40], leading to their sequestration
and accumulation in these compartments. This intracellular retention may result in sustained ac-
tivation of resident 5-HT,4Rs, offering a plausible mechanism for the long-lasting neuroplastic and
therapeutic effects observed after a single administration — effects that often persist beyond the
drug’s systemic clearance [2]. This tempting hypothesis is supported by the previous finding
that a single, transient exposure of cultured rat cortical neurons to therapeutically relevant
concentrations of lysergic acid diethylamide (LSD) — an ergoline serotonergic psychedelic
compound — was sufficient to elicit robust and lasting neuronal growth [71]. Interestingly, the
accumulation of weak-base antipsychotics such as haloperidol and clozapine within acidic
compartments — particularly synaptic vesicles —and their subsequent release upon neuronal fir-
ing has been recognized as a contributor to the therapeutic effects of these sequestered drugs
[72,73], suggesting that ‘acid trapping’ may represent a shared mechanism among pharmaco-
logical agents used to treat neuropsychiatric disorders [66].

These findings highlight a previously underappreciated role of intracellular 5-HT,,Rs in mediating
the sustained neuroplastic effects of psilocin, potentially through location-biased signaling and
subcellular drug accumulation. Intracellular accumulation may contribute to the proposed efficacy
of microdosing — the chronic administration of subperceptual doses of psychedelics. However,
both clinical and preclinical evidence is scarce, and the effectiveness of this potential therapeutic
approach remains underexplored [50,74-76].
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The multifaceted interactome of psilocybin: beyond 5-HT>AR

Although the majority of studies suggest that activation of 5-HT,aR is required to initiate the
neuroplastic and antidepressant-like effects of psilocin [17,20,40,45,46], a few reports have
questioned whether 5-HT,4R is the sole mediator of these outcomes [18,47,51], pointing to pos-
sible contributions from additional receptor systems [41-44,77].

Role of alternative serotonergic targets in psilocin-induced behavioral effects

Besides 5-HT,R, psilocin exhibits nanomolar-range affinity for other 5-HTR subtypes, in-
cluding 5-HT1a/e/0/E, 5-HTog/c, 5-HTsa, 5-HTe, and 5-HT7 [78], prompting investigations
into the possible involvement of these alternative targets in its therapeutic actions. Among
these, 5-HT;aRs and 5-HT.cRs have garnered particular attention [41-43], as both are im-
plicated in plasticity-related processes [79,80]. Supporting a potential structural basis for
this activity, recent cryo-electron microscopy structures of serotonin-bound 5-HT 4R [81]
and psilocin-bound 5-HT,cR [82] demonstrate that the tryptamine core adopts a conserved
pose within the OBP, similarly to its binding mode in 5-HT,aR [56], suggesting a conserved
interaction pattern across subtypes. Still, these studies evaluated only the rescue of behav-
ioral phenotypes without investigating the neuroplastic potential at these receptors [41-43]
(Figure 3C).

Functionally, 5-HT;aRs are Gi-coupled and participate with 5-HT,4R in the regulation of cortical
excitability (Box 2). Their involvement in psilocybin’s therapeutic activity was explored only after
observing that pharmacological or genetic blockade of 5-HT,4Rs failed to abolish the drug’s ef-
fect [41,43]. For instance, psilocybin’s efficacy in marble-burying assays in mice [41] — a behav-
ioral paradigm for assessing obsessive-compulsive behavior in which 5-HT 4R agonists have
previously shown efficacy [83] — was also not abolished by selective 5-HT; AR antagonism [41].
Similarly, psilocybin induced antidepressant-like effects in a 5-HT,4R KO mouse model of chronic
despair, which were not abrogated by 5-HT; AR inhibition [43]. While these findings argue against
the contribution of 5-HT4ARs in the therapeutic action of psilocybin, a newly developed 5-MeO-
DMT analog selective for the 5-HT4;sR has been shown to produce anxiolytic and
antidepressant-like effects in socially defeated mice, thus suggesting a potential role for 5-
HT; AR in the therapeutic actions of other tryptamines [84].

Similar uncertainties surround the role of 5-HT,cRs in psilocybin’s therapeutic effects. In a
mouse model of OCD, pharmacological inhibition of 5-HT,cRs likewise failed to diminish
psilocybin’s behavioral efficacy [42]. However, interpreting these results is complicated by
the high sequence homology (~70%) and overlapping cortical localization between 5-
HT.cRs and 5-HT,aRs, which limits the availability of truly selective pharmacological tools
[47]. Despite these challenges, 5-HT>cRs have recently been implicated in the regulation
of impulse control and energy balance, suggesting potential for treating substance use dis-
orders [85] and eating disorders [76]. Importantly, these are two emerging therapeutic indi-
cations for psilocybin that have been investigated in both clinical [9,10,15] and preclinical
[61,86] studies.

Despite the relevance of these interactions being of difficult interpretation, these results suggest
that the efficacy of tryptamine psychedelics in recovering behavioral phenotypes could be medi-
ated, at least in part, by alternative mechanisms that are independent of canonical 5-HT»4R sig-
naling pathways. However, these studies have assessed the involvement of other receptors only
after 5-HT,aR blockade [41-43], leaving their independent contributions unclear. Dedicated in-
vestigations are therefore needed to directly evaluate the potential neuroplastic and therapeutic
roles of these alternative 5-HTR subtypes.
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Importantly, agonism for the subtype 5-HTog is associated with increased risk for valvular heart
disease [87], with the duration and frequency of receptor engagement playing a critical role in
modulating this risk. Despite high affinity for the receptor being well-documented, direct evidence
of functional 5-HT,gR activation by psilocin remains limited [77], and further studies are needed to
clarify its pharmacodynamic profile at this receptor and assess potential cardiovascular risks. This
is especially relevant, given the growing popularity of psilocybin microdosing, which raises urgent
questions about its long-term safety [75].

Beyond the serotonergic system: the BDNF/TrkB hypothesis

Another recent line of research exploring alternative mechanisms underlying psilocin’s endur-
ing neuroplastic and therapeutic effects proposes that psilocin directly binds to TrkB in the
presence of its ligand BDNF and potentiates BDNF signaling via allosteric modulation
[44] (Figure 3D).

BDNF is the master regulator of neuroplasticity. Its receptor TrkB features an extracellular ligand-
binding domain, a single-pass transmembrane helix that undergoes conformational changes
upon receptor dimerization, and an intracellular tyrosine kinase domain [88]. Upon BDNF binding,
TrkB receptors dimerize and autophosphorylate at specific intracellular tyrosine residues, trigger-
ing the activation of multiple signaling cascades and downstream kinases that ultimately regulate
synaptic plasticity and neuronal growth (Box 1). The potential role of BDNF in brain disease is well-
documented, as alterations in BDNF levels are frequently observed in patients with MDD, and res-
toration of its levels appear to ameliorate symptomatology [89].

While the downstream activation of the BDNF/TrkB pathway following psilocybin administration is
awell-established and crucial event in psilocin’s neuroplastic activity (Figure 2), a direct interaction
between psilocin and TrkB has not been investigated until recently and remains debated. Com-
bining atomistic molecular dynamic simulations and site-specific mutagenesis studies, Moliner
et al. [44] identified a binding site for psilocin and LSD within TrkB transmembrane domain dimers
that is distinct from that of BDNF and proposed that binding of tryptamines to TrkB facilitates syn-
aptic localization of TrkB and favors a prolonged interaction with BDNF. Importantly, transgenic
mice carrying the point mutation Y433F in TrkB, which prevents tryptamines from binding to
this allosteric site, do not exhibit neuroplastic or behavioral effects upon drug treatment, indicating
that direct interaction with TrkB is necessary for mediating the drugs’ therapeutic effects. Al-
though the plasticity-inducing effects of LSD were abrogated in TrkB mutant mice, they remained
sensitive to the 5-HT,aR-mediated HTR. Consistently, pharmacological inhibition of 5-HT,AR
blocked the HTR but did not affect the drug-induced neuroplastic and antidepressant-like effect
[44], suggesting that the therapeutic effect of tryptamines is 5-HT24R independent and disjoined
from its hallucinogenic potential.

Remarkably, allosteric modulation of TrkB has previously been characterized for SSRIs and the
fast-acting antidepressant ketamine [90,91], pointing to TrkB as a convergent target for diverse
antidepressant classes. Despite partial binding site overlap for psilocin and other antidepres-
sants, psilocin appears to bind to TrkB with 1000-fold higher affinity than SSRls [44], potentially
accounting for its faster onset and more enduring antidepressant effects after a single dose.

However, these conclusions remain controversial. A recent study by Jain et al. [77] directly tested
the proposed psilocin-TrkB interaction using cellular and biochemical assays, including compe-
tition binding and functional readouts of TrkB activation. By contrast to Moliner et al. [44], they
found no evidence of direct binding of psilocin or LSD to TrkB and no psychedelic-induced mod-
ulation of TrkB signaling. Similar negative results were also reported in a preprint by Boltaev et al.
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[92]. These findings highlight the ongoing controversy surrounding this innovative line of research
and underscore the need for further independent replication.

Concluding remarks and future perspectives

Recent evidence reveals that psilocin engages multiple molecular pathways (Figure 3) to trigger
neuroplastic adaptations potentially beneficial for depression and other psychiatric and neurolog-
ical disorders. Structural, pharmacological, and behavioral studies have advanced our under-
standing of how psilocin-5-HT>aR interactions drive therapeutic outcomes, highlighting how 5-
HT,aR functional selectivity is shaped by ligand-binding pose and receptor localization. Although
5-HT,aR remains central to psilocin’s action, emerging and debated evidence points to additional
contributors, including a potential direct interaction with TrkB, which may mediate neuroplasticity
in cooperation with or independently of 5-HT,4R.

Despite significant progress, several key questions remain unresolved (see Outstanding
questions). Identifying the specific residues within 5-HT,,R whose ligand-induced conformational
changes determine signaling bias toward Gq or 3-arrestin is critical for the rational design of next-
generation compounds with enhanced therapeutic efficacy and reduced hallucinogenic potential.
Such drugs would improve the reliability of double-blind clinical trials and could be used in pa-
tients at risk for psychotic disorders [53] or those unwilling to undergo the psychedelic experi-
ence. Emerging evidence points to the importance of structural elements such as the ‘toggle
switch’ residue W336 on TM6 and the conserved NPXXY motif on TM7 (where X denotes any
amino acid) in modulating 3-arrestin recruitment and activation, thereby contributing to agonist-
specific signaling bias at several GPCRs [39,56,93]. Targeting these structural determinants
may enable the rational design of 5-HT,,R-selective ligands that bias signaling toward (3-
arrestin pathways, potentially enhancing neuroplastic outcomes. However, a more integrated un-
derstanding of these mechanisms — through approaches such as cryo-electron microscopy, X-
ray crystallography, molecular docking and dynamics, and free energy calculations —and whether
targeting them would be effective in treating disorders beyond MDD and TRD is still needed.
Moreover, the role of the psychedelic experience itself in facilitating long-term therapeutic effects
remains debated. While one clinical study reported that the intensity of the acute psychedelic ex-
perience correlated with sustained antidepressant effects [94], another demonstrated therapeu-
tic benefit even when psilocybin was coadministered with a 5-HT,4R antagonist, thus blocking
hallucinations [95]. These findings underscore the need for more rigorous clinical studies to dis-
entangle pharmacological mechanisms from expectancy effects in psychedelic-assisted therapy.

The possibility that the long-lasting neuroplastic and behavioral effects of psilocin might rely on its
accumulation within acidic compartments and the activation of intracellular 5-HT,ARs opens in-
triguing avenues for the development of tailored, more effective therapeutics. Thus, designing
psilocin derivatives with higher lipophilicity and potentiated capacity to accumulate within acid
compartments may represent a promising strategy to prolong neuroplastic and therapeutic ef-
fects. Notably, this approach has already been employed successfully for targeting endosomal
GPCRs implicated in neuropathic pain [96]. However, achieving subcellular selectivity requires
careful consideration of organelle-specific properties, since modifying the physicochemical prop-
erties of a molecule may also influence its pharmacokinetic profile in terms of absorption and dis-
tribution. Computational modeling and machine learning may assist in designing ligands that
preferentially engage receptors in defined intracellular sites and subcellular-specific delivery sys-
tems [69]. In addition, understanding how the subcellular microenvironment shapes receptor
conformation, ligand behavior, and the availability of signaling transducers will be critical for eluci-
dating the specific signaling cascades engaged at intracellular compartments, ultimately enabling
the targeting of site-specific signaling pathways [70,97].
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Outstanding questions

Which 5-HT,4R residues differentially
modulate the therapeutic and halluci-
nogenic effects of psilocin, and how
can these structural determinants be
exploited to guide the rational design
of clinically relevant derivatives?

Is the psychedelic experience essential
for the therapeutic efficacy of
psilocybin, or can clinical benefits be
achieved independently of altered
states of consciousness?

Is ‘microdosing’ a potential treatment
for neuropsychiatric or other disorders?

Does signaling initiated by intracellular
5-HT,Rs differ from that at the plasma
membrane, and could such differ-
ences underlie the sustained effects
observed following intracellular recep-
tor activation?

Does accumulation within acidic
compartments contribute to the
neuroplastic and therapeutic actions
of psilocin? Can novel strategies be
developed to selectively modulate
intracellular 5-HT,AR?

Does psilocin’s direct allosteric
modulation  of  TrkB,  either
independently or in synergy with
endosomal 5-HT,4R signaling, account
for its sustained neuroplastic and antide-
pressant effects? Could this dual mech-
anism represent a promising avenue for
nonhallucinogenic therapeutics?
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Beyond efforts targeting 5-HT24R, future development of psilocin-based compounds might also
consider other putative molecular interactors. In particular, if psilocin’s ability to directly engage
TrkB is confirmed, designing novel psilocin-based allosteric modulators of TrkB could offer a
strategy to achieve sustained therapeutic effects while minimizing hallucinogenic liability. In addi-
tion, such optimized compounds could reduce the risk of potential 5-HT,gR activation, thereby
reducing associated safety concerns. Considering the central role of the BDNF/TrkB axis in reg-
ulating brain plasticity and development, these compounds may offer therapeutic advantages
across a broader spectrum of disorders. Interestingly, BDNF-TrkB-containing endosomes,
known as signaling endosomes, have recently been demonstrated to promote dendritic growth
via CREB and mTORC1 activation [98]. Considering the cell-permeable and acid-trapping
properties of tryptamines [40,66], a tempting and potentially overarching hypothesis is that endo-
some-trapped tryptamines could directly promote both 5-HT,R and TrkB signaling, resulting in
a synergistic neuroplastic effect.
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