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Abstract

The histamine H3 receptor (H3R) is widely distributed throughout the brain, where it controls histamine release and influences other neurotransmitter
systems. Therefore, it has been considered a promising drug target for conditions like narcolepsy, ADHD, schizophrenia, and obesity. Yet after decades of
effort and many clinical trials, drugs that act on this receptor have produced only modest and inconsistent results. In this review, we argue that this gap lies
in the spatiotemporal complexity of H3R functions. H3R signaling depends on multiple factors: which splice variant is expressed, whether the receptor is
located pre- or postsynaptically, which brain region or circuit it operates in, whether the tissue is healthy or diseased, and how the ligand binds to it. We
summarize recent advances in understanding H3R structure, biased signaling, optogenetic and photopharmacological tools, and strategies for delivering
drugs to specific cell types. We also discuss emerging approaches that combine brain imaging with gene expression data to identify biomarkers for patient
selection. Collectively, we propose that realizing the therapeutic potential of H3R will require a paradigm shift from systemic modulation to

spatiotemporally precise intervention, grounded in the spatiotemporal complexity of H3R functions.
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Introduction

Histamine was established as a central neurotransmitter in the
late 1970s, mainly as a result of the early work by Schwartz and
colleagues, who proved that a cluster of neurons within the tubero-
mammillary nucleus of the posterior hypothalamus expresses L-
histidine decarboxylase (the histamine biosynthetic enzyme)!'-4., On
this basis, Arrang et al. reported in Nature in 1983 that histamine
inhibits its own release in depolarized slices of rat cerebral cortex via
a receptor pharmacologically separate from the known H1 and H2
subtypes, thereby defining a third histamine receptor, H3REl, Subse-
quent studies from the same group yielded the first pharmacologi-
cally useful tools, namely selective agonist (R)-a-methylhistamine
and the antagonist thioperamidel®l. By 1990, the guanine nucleotide
sensitivity of H3R signaling had positioned the receptor among the
G protein-coupled receptors (GPCRs) in general, offering a molecu-
lar clue to its cloning!l.

The molecular identity of H3R was established in 1999, when
Lovenberg and colleagues at the RW Johnson Pharmaceutical
Research Institute identified the orphan receptor GPCR97 by screen-
ing expressed sequence tag databases for sequences homologous
to adrenergic receptors and subsequently isolated its full-length
cDNA from a human thalamic library!®. The cloned receptor, desig-
nated HRH3, displayed substantial sequence similarity to the M2
muscarinic acetylcholine receptor, responded selectively to hista-
mine by potently inhibiting adenylyl cyclase, and was insensitive to
the other biogenic amines tested. This milestone triggered rapid
expansion of H3R research across academia and the pharmaceutical
industry. From 2001 onward, systematic characterization of alterna-
tive splice variants showed that the human HRH3 gene, located on
chromosome 20 and comprising four exons, can generate at least 20
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receptor isoforms®l. Much of this structural diversity resides in the
third intracellular loop (ICL3), where sequence variation can alter G-
protein coupling and downstream signaling.

H3Rs are widely, but unevenly, distributed throughout the central
nervous systeml'%11, The highest receptor densities occur in the
striatal complex (caudate-putamen and nucleus accumbens), cere-
bral cortex (particularly the middle and deep layers), hippocampus
(dentate gyrus, CA1, and CA3), posterior hypothalamus, globus
pallidus, substantia nigra, olfactory bulb, and thalamus. Notably,
H3R mRNA and receptor protein show partially divergent distribu-
tions, especially in the cortex and striatum, where binding sites
extend well beyond the somata of H3R-expressing neurons. This
anatomical mismatch indicates extensive anterograde transport of
H3Rs to distal axon terminals!’.12],

This distribution underlies the classical view of H3R as both a
somatodendritic and terminal autoreceptor in histaminergic neu-
rons and an inhibitory heteroreceptor on non-histaminergic termi-
nals. As an autoreceptor, H3R reduces neuronal firing at somatoden-
dritic sites, inhibits vesicular histamine release at axon terminals,
and suppresses histamine synthesis by decreasing L-histidine decar-
boxylase activity!!!1314], As a heteroreceptor, it restrains the presy-
naptic release of dopamine, norepinephrine, serotonin, glutamate,
acetylcholine, and GABA in a region- and pathway-dependent
mannerl'3l. H3R also exhibits substantial constitutive activity, Gy/o-
mediated signaling in the absence of an exogenous agonist, in
native brain tissue. This property is crucial when distinguishing the
actions of inverse agonists from those of neutral antagonists. The
ability of a single receptor to regulate such a broad transmitter
repertoire made H3R an especially compelling therapeutic target.

Following its cloning, H3R attracted substantial investment from
major pharmaceutical companies. Candidates that reached phase I
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Table 1. Summary of major H3R clinical compounds, outcomes, and possible spatiotemporal mismatch.

Possible spatiotemporal

Compound Company Intended indication Highest phase/outcome mismatch source
ABT-288 Abbott Cognitive impairment associated Phase lI, insufficient clinical efficacy Splice variant, pre- vs

with schizophrenia postsynaptic localization,
GSK189254 GlaxoSmithKline  Alzheimer's disease Phase Il, insufficient clinical efficacy brain region/circuit, disease
GSK239512 GlaxoSmithKline  Alzheimer's disease Phase II, insufficient clinical efficacy state, biased signaling
MK-0249 Merck Alzheimer's disease Phase lI, insufficient clinical efficacy
MK-3134 Merck Alzheimer's disease, dementia Phase lI, insufficient clinical efficacy
PF-03654746 Pfizer Attention-deficit/hyperactivity Phase Il, insufficient clinical efficacy

disorder (ADHD)
Pitolisant (BF2.649) Bioprojet Narcolepsy Approved

trials included ABT-288 (Abbott; cognitive impairment associated
with schizophrenia), GSK189254 and GSK239512 (GlaxoSmithKline;
Alzheimer's disease), MK-0249 and MK-3134 (Merck), and PF-
03654746 (Pfizer; attention-deficit/hyperactivity disorder)!'6-19, Yet,
with the notable exception of pitolisant (BF2.649; Bioprojet), which
was approved for narcolepsy, these programs did not demonstrate
sufficient efficacy in their intended central nervous system indica-
tionst'4l. This recurrent translational failure contrasts sharply with
the robust procognitive, neuroprotective, and antiseizure effects
reported for H3R antagonists and inverse agonists across diverse
preclinical models.

The mechanisms underlying this translational gap remain in-
completely understood (Table 1). Species differences in receptor
pharmacology and variability in pharmacokinetics may contribute,
but neither explanation readily accounts for failures spanning
structurally diverse compounds and mechanistically distinct
disorders[20-22, We argue that a deeper conceptual limitation has
constrained the field: H3R has often been treated as a functionally
uniform target, despite pronounced spatiotemporal heterogeneity
in its signaling. As detailed below, H3R can couple to distinct G-
protein families and recruit divergent effector pathways according
to brain region, subcellular compartment (presynaptic terminal vs
postsynaptic somatodendritic domain), neuronal identity, and phy-
siological or pathological state. Systemic, nonselective H3R modula-
tion may therefore engage opposing signaling programs across
heterogeneous cell populations. Such pharmacology is poorly
matched to the cell- and circuit-level precision required to treat
complex central nervous system disorders!'221,23.24],

Overall structural features and the
diversity of downstream pathways of
H3 receptors

Structural features

Structurally, H3R belongs to the class A GPCR family and shares
the canonical seven-transmembrane (7TM) architecture. The recep-
tor is highly conserved across different species, and the human full-
length H3R comprises 445 amino acids. Within the histamine recep-
tor family, H3R shares the highest sequence similarity with the H4
receptor.

Recent high-resolution cryo-EM studies have resolved the active-
state H3R-G; complexes at global resolutions of 2.6-3.0 A in the
presence of histamine or synthetic agonists (imetit, immepip,
immethridine)25-27], providing atomic-level insights into ligand
recognition and G-protein coupling(?sl,

The orthosteric binding pocket is formed by residues from TM3,
TM5, TM6, and TM7, with additional contributions from extracellular
loop 2 (ECL2). Notably, histamine binds to H3R in a reversed orienta-
tion relative to that observed in H1R and H2R: the imidazole ring is
rotated by approximately 180° around the ligand's longitudinal axis
(Fig. 1)125-271 In this pose, the primary amino group of the ethy-
lamine chain forms a salt bridge with E206>4¢ on TM5, while the
conserved D114332 on TM3 interacts with the §-nitrogen of the
imidazole ring via hydrogen-bond and electrostatic contacts!2>-271,
In H1R and H2R, the corresponding interaction is provided by F6-2
and F655 on TM6[25l, Mutagenesis of F398739 or W402743 in H3R
reduces histamine affinity by more than 30-fold, whereas equiva-
lent mutations in HIR/H2R have smaller effectsi?’l. A conserved

H1R/H2R orthosteric pocket H3R orthosteric pocket

N198%4 in H1R formed hydrophobic and
polar interactions with the imidazole ring
D486542 in H2R formed a charge—charge
interaction with the imidazole ring

F5.52 & F6.55 on

M6 engage in T—T stacking
D3*forms electrostatic interaction with imidazole ring
with the amino group

Histamine
rotates ~180°

ECL2 interacts with TM6 & TM7

/ / to modulate basal signaling

e § o~ E206©onTms
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|
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LS 7,6
\ "\\,NH
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Fig. 1 Schematic diagram showing the structural differences in the orthosteric pocket of H1R/H2R/H3R.
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D3:32-Y/V333-Y6:31 motif is present across all histamine receptors and
contributes to histamine recognition, but its specific contacts differ
between subtypes?l. In H3R, D332 binds the imidazole ring rather
than the amino group, and Yé3' forms hydrophobic interactions
with the ligand2527], ECL2 of H3R contains aromatic residues (e.g.,
F193 and Y194) that insert into the binding pocket and interact with
TM6 and TM7. Mutagenesis of these residues reduces constitutive
(agonist-independent) activity, indicating that ECL2 modulates basal
signaling rather than directly participating in agonist binding(27.,

H3R couples preferentially to G, proteins2>26l. Structural com-
parisons with H2R-G; and H1R-G, complexes indicate that G-protein
selectivity is associated with several features. The intracellular
portions of TM5 and TM6 in H3R are shorter and less curved than
those in H2R[2>29, |n H2R, an elongated TM5 bends toward TM6,
creating additional contacts with the a5 helix of G this feature is
absent in H3R12.. Moreover, the intracellular loops, particularly ICL2
and ICL3, contribute to the G-protein interfacel?%l. In H3R, residues
R3454 (ICL2), F/V6-25 (TM6), and R629 (TM6) form polar and hydropho-
bic contacts with the a5 helix and the a4-f6 turn of G/,. Mutation of
these residues reduces G;,, activation, whereas equivalent substitu-
tions in H2R do not affect G, coupling(?l. Meanwhile, the a5 helix of
Gj/, adopts an orientation in which its hook region is positioned
closer to the conserved NPxxY motif and tilted toward TM2[25.28];
positioning differs from that observed in G-coupled complexes,
where the o5 helix is shifted toward TM6[26], At the H3R-G,; interface,
polar interactions include salt bridges between receptor residues
(e.g., R3434, R6-29) and conserved acidic residues in the o5 helix of G;
(e.g., D213, D216, D225)2526], These contacts, together with the
hydrophobic packing involving residues such as F/V6-25, contribute
to the stabilization of the complex and are consistent with the pre-
ferential coupling of H3R to G;,, over other G-protein subtypes[2°].

Molecular dynamics simulations of the ternary histamine-H3R-G;
complex show that the active conformation, characterized by an
outward displacement of the cytoplasmic end of TM6, is maintained
over microsecond timescales only when both agonist and G; protein
are present. In the absence of G;, histamine alone does not prevent
TM6 inward rotation and the formation of an ionic lock between
R350 and E©39, which are associated with receptor inactivation[29],

Among the many features of H3R, G;, coupling has long been
taken as its primary signaling. Recent functional analyses now
broaden this perspective, showing that H3R is able to recruit G, and
Gy,/13 pathwaysB2311, Such an expanded repertoire of signals implies
that H3R-induced cellular effects go well beyond simple G;-related
adenylyl cyclase suppression and involve complex, context-specific
interactions of G subtypes and f-arrestin scaffolds. However, the
precise structural determinant of H3R's capacity to couple to G, and
Gi,/13 remains mostly unestablished, representing a critical gap in
our current understanding of the H3R signaling network. Other than
G proteins and f-arrestins, H3R may engage additional intracellular
factors, thus raising its functional complexity!32],

Complementing these active-state structural insights, the crystal
structure of H3R in complex with the non-imidazole antagonist
PF-03654746, determined at 2.6 A resolution, has provided an
atomic-level framework for understanding how clinically relevant
inverse agonists and antagonists stabilize the receptor in its inactive
conformationB3], The antagonist-bound H3R exhibits several hall-
mark features of the GPCR inactive state. For example, the D349-R3-50
salt bridge within the DRY motif is fully formed, whereas the Y33
of this motif is substituted by F13335" in H3R. TM6 shows only a
modest outward displacement of 2.8 A compared to the inactive
H1R, in marked contrast to the 12 A movement observed in active-
state structures. The toggle switch W371648 adopts a rotated
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conformation that stabilizes the extracellular half of TM6 in an
expanded conformation, while the intracellular half is locked
through hydrophobic interactions with F367644in the PIF motif.

PF-03654746 occupies a relatively shallow orthosteric pocket at
the extracellular side, with an extended binding pocket formed by
residues from TMs 2, 3, 6, 7, and ECL2. The antagonist establishes
a network of interactions critical for its inhibitory activity. The
carbonyl and N-ethyl-carboxamide moieties engage E39573% and
Y91261 via hydrophobic and hydrogen-bonding contacts, respec-
tively, and mutation of either residue substantially reduces or
abolishes PF-03654746 inhibition. The 3-fluoro-phenyl moiety forms
hydrophobic interactions with F193 (ECL2), a residue proposed to
determine ligand specificity among aminergic receptors, while
Y374%31 contributes additional hydrophobic contacts. Notably, the
fluorine atom of the 3-fluoro-cyclobutane group engages a hydro-
gen bond with C188%0, and the pyrrolidine amine forms a salt
bridge with the highly conserved D114332 at the bottom of the
pocket.

Unexpectedly, the H3R antagonist-bound structure also revealed
a cholesterol molecule bound at an extrahelical site between TM1
and TM7. The B3-hydroxy head group of cholesterol forms a hydro-
gen bond with E3957:36, This residue is the same one that partici-
pates in PF-03654746 recognition, suggesting a potential allosteric
interplay between cholesterol binding and antagonist inhibition.
Molecular dynamics simulations further demonstrated that choles-
terol stabilizes the W399740-YQ1261-PF-03654746 interaction net-
work through - stacking, and mutation of W399740 completely
abolishes antagonist inhibition without affecting histamine activa-
tion. Cholesterol thus acts as a molecular 'glue' that stabilizes the
TM1-TM7 interface and the E3957-36-R27 (N-terminus) polar network,
collectively locking H3R in an antagonist-favorable inactive confor-
mation. In summary, the antagonist-bound H3R structure reveals
that receptor inactivation is achieved through canonical inactive-
state hallmarks, extensive antagonist contacts with both the orthos-
teric and extended binding pockets, and allosteric stabilization by
cholesterol at the TM1-TM7 interface.

Splicing variants

Early transcriptomic and proteomic analyses identified 20 distinct
mRNA transcripts of the human H3R genel2'3435], each potentially
encoding a unique protein isoform. Among these, eight isoforms are
functionally active, while the rest are considered nonfunctional,
probably due to structural disruptions that impair receptor folding,
membrane trafficking, or effector coupling. Notably, the existence of
multiple non-functional isoforms does not preclude their biological
relevance. These isoforms may play regulatory roles through hetero-
dimerization with functional variants or through competition for
translational machineryB36371. However, recent investigations into
H3R splicing have narrowed this picture, identifying seven variant
isoforms that all retained the ability to activate heterotrimeric G
proteinsB8l. Among the functionally validated isoforms, four have
been characterized in detail: hH3R445 (full-length), hH3R415,
hH3R365, and hH3R329. These numerical designations reflect diffe-
rences in protein length caused by exon skipping or alternative
splice-site usage. The main differences between these variants lie in
the length of the third intracellular loop (ICL3) and/or the C-termi-
nal tail, both of which, as mentioned earlier, are key regions for G-
protein coupling and receptor desensitization. Alternative splicing
in these regions gives rise to isoforms with distinct intracellular
conformations, which in turn provide a structural basis for diversify-
ing their functions.

Therefore, one direct consequence of H3R splicing diversity is
the potential for isoform-dependent biased signaling, leading to
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preferential activation of certain downstream pathways over others.
For example, hH3R445 and hH3R365 are the most abundantly
expressed isoforms in the human brain, suggesting they represent
the principal mediators of H3R signaling under normal
conditionsB4. The hH3R445 and hH3R365 isoforms exhibit marked
differences in regulatory dynamics, primarily attributable to their
distinct GRK phosphorylation sites. Bioinformatic analysis reveals
that hH3R365 lacks eight of the nine GRK2/3-targeted serine/threo-
nine residues within ICL3 that are present in hH3R445, retaining only
the C-terminal sites Ser358 and Ser359. This molecular difference
translates into distinct desensitization patterns of these two iso-
forms. Following prolonged agonist exposure, hH3R445 undergoes
nearly complete desensitization that recovers slowly, whereas
hH3R365 displays only partial desensitization with faster resensitiza-
tion. Paradoxically, agonist-induced loss of cell-surface receptors is
more pronounced for hH3R365 than for hH3R445, indicating that
desensitization and internalization are partially uncoupled pro-
cesses. Furthermore, the two isoforms differ in inverse agonist res-
ponses, with A-331440 exhibiting efficacy only at hH3R365, suggest-
ing biased inverse agonism34. Moreover, isoforms also impact the
functional outcomes of ligands. For example, proxyfan, a protean
agonist at the H3R, displays pronounced bias toward GSK3f phos-
phorylation, changes in cellular impedance, and ERK1/2 phosphory-
lation at the hH3R445, indicating that it preferentially promotes
non-canonical signaling over the classical G;,-cAMP axis at this
isoformB9., In striking contrast, at the hH3R365 isoform, proxyfan
fails to stimulate GSK3pB phosphorylation and evoke calcium mobi-
lization responses, despite robust calcium signals being elicited by
reference agonists such as RaMH and imetit at this same isoform(°l.
These data suggest that splice variation impacts ligand efficacy and
signaling outcome, underscoring that functional characterization of
H3R-targeting drugs with various isoform contexts. Crucially, while
all functional H3R isoforms can activate G proteins, it remains unre-
solved whether they all respond to the same panel of ligands with
identical affinity or potency, nor whether they exhibit uniform pre-
ferences for specific G, subtypes (e.g., Gyio VS Gyg/11)-

The splicing-mediated functional diversification of H3R confers
regulatory flexibility within the CNS, enabling precise modulation of
multiple physiological processes. For example, the function of auto-
receptors was supposed to be fulfilled by a short isoform, such as
the hH3R413 receptorl“?l, Notably, early studies also suggest the 20
H3R isoforms are not uniformly distributed across the human brain;
rather, they exhibit distinct and spatially restricted expression
profiles (see references for details)i2'41l. This regional heterogeneity
suggests that individual isoforms may subserve area-specific func-
tions, tailored to local neurochemical and circuitry demands. Never-
theless, it remains unclear whether these isoforms are preferentially
enriched in particular cell types or synaptic compartments. From a
technical standpoint, addressing this critical gap will require a shift
from bulk transcriptomic profiling to full-length single-cell RNA
sequencing approaches. Conventional short-read scRNA-seq
methods, while powerful for cell-type classification, are inherently
limited in their ability to unambiguously distinguish highly homo-
logous splice variants due to their inability to capture full-length
transcript coverage across variable exon-intron boundaries. To
address these limitations, long-read scRNA-seq has emerged as a
powerful approach that provides full-length transcript coverage at
single-cell resolution243], Long-read technologies, such as PacBio
Iso-seq and Oxford Nanopore sequencing, enable the direct
sequencing of full-length RNA molecules, some exceeding 100,000
nucleotides in length*443l, This capability allows for more accurate
characterization of isoform diversity, identification of novel splice
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variants, and quantification of percent spliced-in values. While long-
read technologies offer significant advantages, they also face tech-
nical challenges, such as higher error rates and reduced throughput
compared to short-read technologies*®#7, To address these chal-
lenges, researchers have developed methods to integrate short- and
long-read data, combining the strengths of both approaches. For
instance, SCALPEL improves isoform quantification using paired
long- and short-read scRNA-seq data, expanding the current scRNA-
seq toolkit to explore post-transcriptional gene regulation across
species, tissues, and technologies“8l, These emerging technologies
may resolve the precise exon composition of each transcript,
thereby enabling the unambiguous assignment of specific H3R iso-
forms to defined neuronal subtypes, glial populations, or synaptic
compartments. Such cell-type-resolved isoform maps would be
instrumental for guiding the development of isoform-selective
ligands: if a particular isoform is preferentially enriched in a disease-
relevant cell population (e.g., histaminergic neurons vs GABAergic
interneurons), pharmacological targeting of that specific isoform
could achieve cell-type-restricted modulation with potentially fewer
off-target effects. Conversely, isoform-selective antagonists could be
designed to spare isoforms expressed in non-target regions, thereby
improving therapeutic windows for CNS disorders such as narco-
lepsy, schizophrenia, or Alzheimer's disease. Ultimately, integrating
full-length single-cell transcriptomic datasets with high-resolution
functional screening and structure-based drug design will be essen-
tial to unlock the translational potential of H3R splicing diversity,
paving the way for next-generation precision therapeutics that
exploit isoform-specific signaling fingerprints.

Other H3R interacting proteins

With regard to canonical G protein signaling, the physiological
roles of H3R are strongly conditioned by physical and functional
relations to a range of receptors, ion channels, and intracellular
factors. The intracellular interaction pattern contributes, along with
splicing, to an added level of complexity in its function.

In the striatum, H3R is co-expressed with dopamine D1 and D2
receptors (D1R and D2R) in medium spiny neurons (MSNs)2349,
Interestingly, H3R activation does not regulate the canonical cAMP/
PKA/DARPP-32 pathway in either D1- or D2-MSNs in vivo, challeng-
ing the simplistic view of H3R as a conventional G;-coupled receptor
in this brain region. Instead, H3R engages distinct signaling modules
depending on the MSN subtype: in D1-MSNs, it triggers a rapid and
transient activation of the MAPK cascade (ERK-MSK1-rpS6) and a
brief increase in GSK3fB phosphorylation, whereas in D2-MSNs, it
produces no MAPK response but induces a delayed decrease in
GSK3pB phosphorylation, yielding a biphasic pattern that reflects
opposite temporal dynamics between the two cell types. As shown
by co-immunoprecipitation and proximity ligation assays, H3R phy-
sically associates with both D1R and D2R. Notably, H3R co-activa-
tion antagonizes D1R-evoked MAPK signaling and completely abo-
lishes D1R agonist-induced hyperlocomotion, while in D2-MSNs it
counteracts D2R-mediated Akt-GSK3p signaling through a g-arrestin
2-PP2A-dependent, G protein-independent mechanism, without
affecting cAMP levels, and similarly attenuates D2R-driven motor
responses. This integrated model advanced understanding of how
histaminergic and dopaminergic systems interact at the receptor
and neural circuit levels, with potential implications for treating
motor disorders such as Parkinson's disease.

Besides activating G proteins, H3R can also directly interact with
other proteins. For example, it has been found that H3R antagonism
confers neuroprotection against cerebral ischemia/reperfusion (I/R)
injury by disrupting the physical association between H3R and
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CLIC4, an interaction that is markedly enhanced under ischemic
stress. Strikingly, the beneficial effects of H3R blockade persist in
histamine-deficient (HDC~-) mice and are not reversed by antago-
nists of other histamine receptors, suggesting that these actions
may arise from direct modulation of receptor-scaffold interactions.
Once CLIC4 is released, it triggers dephosphorylation of the
Akt/GSK-3B/mTOR pathway, which induces protective autophagy in
neuronst32, Similarly, H2R negatively regulates oligodendrocyte
differentiation and remyelination through its stress-induced inte-
raction with Axin2, a scaffold protein that promotes p-catenin
degradationl>%, Under hypoxic-ischemic or demyelinating condi-
tions, H2R-Axin2 binding stabilizes S-catenin via GSK3p inactivation,
thereby activating the Wnt/f-catenin pathway and inhibiting
oligodendrocyte maturation. In contrast, H2R antagonism or condi-
tional deletion of H2R in differentiating oligodendrocytes disrupts
this complex, accelerates oligodendrocyte differentiation, and pro-
motes behavioral recovery after neonatal hypoxic-ischemic injury.
Together, these findings position histamine receptors as stress-
responsive signaling hubs that translate cellular injury into specific
intracellular protein-complex rearrangements.

Constitutive activity

Beyond its canonical activation by endogenous histamine, H3R
exhibits robust constitutive activity, which means it displays
unequivocal basal signaling activity even without histamine. This
property enables the receptor to autonomously modulate down-
stream effector pathways in a context-independent manner. Consti-
tutive activity is supposed to serve as one of the molecular founda-
tions for H3R's role as an autoreceptor, enabling tonic negative feed-
back regulation of histamine synthesis and release even in the
absence of synaptic histamine. Moreover, the constitutive H3R
signaling in the histamine-depleted striatum appears to actively
destabilize corticostriatal circuitry through cell-type-specific signal
transduction, providing a mechanistic framework for the repetitive
behavioral phenotypes observed in histamine dysregulation-asso-
ciated neuropsychiatric conditions such as Tourette syndromel>l, In
HDC-- mice, striatal H3R expression is markedly upregulated, and
the receptor's ligand-independent basal activity does not merely
compensate for histamine loss, but actively reshapes the signaling
landscape of both MSN subtypes52331, Specifically, dMSNs exhibit
elevated baseline MAPK phosphorylation, while iMSNs show
reduced Akt phosphorylation, mirroring the effects of H3R agonism
in wild-type animals. This constitutive H3R activity creates a state of
pathological baseline bias in the striatal circuitry, rendering it hyper-
sensitive to further challenge. Indeed, administration of an exoge-
nous H3R agonist in HDC~/~ mice triggers robust stereotypy, which
is both necessary and sufficient to drive repetitive behavioral
pathology.

Systematic mutagenesis has identified the role of aromatic amino
acids in ECL2 in modulating the constitutive activity of H3R and
H4R[271, These aromatic residues are essential for stabilizing the
receptor's spontaneous active-state conformation. FSEC (Fluores-
cence Size-Exclusion Chromatography) and FSEC-TS (Thermostabi-
lity assay) analyses have further suggested that increased constitu-
tive activity correlates with reduced structural stability. This finding
indicates that receptors with inherently lower conformational rigi-
dity are more prone to spontaneously adopting an active conforma-
tion, thus exhibiting higher basal signal output. Conversely, stabi-
lizing mutations that rigidify the receptor architecture tend to
suppress constitutive activity®*l. Moreover, specific amino acid sub-
stitutions can selectively potentiate or dampen H3R constitutive
signaling. For instance, introducing the C471R mutation enhances
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signal transduction capacity through conformational modulation(4.,
Notably, the same mutation does not produce identical effects in
other histamine receptor subtypes, underscoring that H3R constitu-
tive activity is highly dependent on its unique conformational dyna-
mics and structural context. Furthermore, evidence so far has not
linked differential constitutive activity to specific H3R splice variants
(e.g., hH3R445 vs hH3R365). There is no settled answer yet to the
question of whether or not these isoforms differ in basal signaling.

Optogenetic and photopharmacological
tools for the spatiotemporal study of H3
receptors

Optogenetics integrates genetic engineering with optical stimu-
lation to achieve millisecond-precision neuronal control. This
approach offers superior spatiotemporal resolution compared to tra-
ditional electrical stimulation or chemogenetic methods. It enables
selective targeting of specific cell types and permits the co-expres-
sion of activators and inhibitors within the same neuron. The
technique relies on light-to-electrical signal conversion. The 1971
discovery of bacteriorhodopsin, a light-activated proton pump, was
limited by slow kinetics and weak currents, which precluded action
potential generation in mammalian neuronsl3l, Nevertheless, this
finding laid the foundation for subsequent breakthroughs. In 2003,
Karl Deisseroth's team identified the single-component, light-gated
channels channelrhodopsins ChR1 and ChR256571, Their viral expres-
sion in neurons allowed for precise control over firing patterns and
synaptic transmission. The term 'optogenetics' was formally intro-
duced in 20045859, In recent years, optogenetic tools have also
been applied to the spatiotemporal functional dissection of GPCRs,
enabling pathway-selective and cell-type-specific modulation of
receptor signaling in vivo.

OptoXRs (Fig. 2a) represent chimeric optogenetic systems made
by joining the extracellular photosensitive domain of rhodopsin
with the intracellular signal elements (cytoplasmic loops and C-
terminus) of selected GPCRs. Such constructs make it possible to
control spatiotemporally specific GPCR activity, without the draw-
backs of whole-body pharmacology. Mechanistically, light causes
isomerization of retinal inside the rhodopsin part, resulting in a
conformational shift that spreads along the chimeric boundary to
the GPCR intracellular regions. That shift resembles natural ligand-
mediated activation, with recruitment of G proteins to start down-
stream effects (e.g., cAMP and MAPK pathways) at millisecond
speeds and with micrometer-level localization. OptoXRs have been
helpful in analyzing neural circuits, directing migration of particular
cell types, and determining the behavioral roles of GPCR subtypes
in vivo.

Building on this platform, an H3R-specific optogenetic tool,
OptoH3R, has been constructed by fusing the photosensitive
domain of rhodopsin with the intracellular signaling domains of the
histamine H3 receptor. This chimeric protein enables light-con-
trolled activation of downstream H3R pathways. Through two-by-
two controls (vector plasmid vs OptoH3R construct, with and with-
out light illumination), OptoH3R was validated to effectively acti-
vate the H3R downstream ERK pathway. Moreover, sustained light
exposure induced OptoH3R internalization and its co-localization
with endosomes, which can be reversed by the S-arrestin-selective
inhibitor barbadin. Time-lapse fluorescence imaging revealed that
the number of OptoH3R-positive puncta progressively increased
over time following laser stimulation. These findings demonstrate
that OptoH3R recruits S-arrestin signaling upon sustained optical
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Fig. 2 Schematic diagram showing optogenetic tools for histamine receptor regulation. (a) OptoXRs; (b) Photocaging ligands; (c) Photoswitchable

ligands.

stimulation, thereby recapitulating H3R desensitization dynamics.
Together, these data suggest OptoH3R as a useful tool for dissect-
ing both the acute signaling and long-term f-arrestin-related mech-
anisms of H3R with high spatiotemporal precision. Using this tool, a
recent study revealed that postsynaptic H3R on ventral basal fore-
brain (vBF) cholinergic neurons, rather than presynaptic H3R on
their axonal terminals, more efficiently suppresses hippocampal
acetylcholine accumulation during fear memory retrieval, thereby
effectively inhibiting contextual fear memory. Similarly, optoge-
netic manipulation of spatially restricted H3Rs has identified a criti-
cal role for postsynaptic H3Rs in the BNST GABAergic neurons in
anxiety regulation, distinct from presynaptic H3Rs from upstream
inputs. Collectively, these findings demonstrate that the OptoH3R
tool uncovers the spatiotemporal specificity of H3R signaling, parti-
cularly highlighting postsynaptic H3R functions which were
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previously overlooked due to the limitations of pharmacological
approaches.

Beyond genetically encoded tools such as OptoXRs, chemical
approaches, usually referred to as photopharmacology, employ
externally applied light-sensitive molecules without modifying the
target proteins®®, Photopharmacology can be divided into two
principal molecular strategies, namely photocaging and photo-
switching. Photocaging involves covalently attaching a photore-
movable protecting group to a biologically active molecule, render-
ing it inert until illumination triggers an irreversible bond cleavage
('uncaging') to release the active ligand with high temporal preci-
sion. This strategy has been successfully applied to a range of neuro-
transmitters (e.g., glutamate, GABA, dopamine, serotonin, oxytocin)
and GPCR ligands, enabling pulse-like activation studies(®.62, In
contrast, photoswitching employs a photoresponsive moiety that
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undergoes reversible trans-to-cis isomerization under different
wavelengths, allowing the ligand to toggle repeatedly between
active and inactive states. The azobenzene scaffold has so far
emerged as the most versatile photoswitch moietyl®l. Therefore,
photoswitchable GPCR ligands are typically designed with the incor-
poration of the azobenzene unit into a known template ligand via
core or half-core substitution to maximize conformational change
upon illumination(©465],

For histamine research specifically, researchers have constructed
a photocaged prodrug (Fig. 2b), VUF25549, by modifying the clini-
cally used antihistamine desloratadine (a histamine H1R antagonist)
with a BODIPY (boron-dipyrromethene) photoremovable protect-
ing group!®dl. This photocaged compound exhibits reduced affinity
for H1R compared to the parent drug, displaying negligible anta-
gonistic activity in the dark and thereby effectively avoiding non-
specific pharmacological interference. Upon illumination with
560 nm visible light, the BODIPY moiety undergoes photolytic
uncaging, quantitatively releasing the active parent drug deslorata-
dine and restoring its ability to suppress H1R signaling. For H3R,
photoswitchable antagonists such as VUF14862 and VUF14738 have
been developed (Fig. 2¢), enabling light-induced receptor blockade
or release with high spatiotemporal precision!®’), Employing a core-
centered design strategy, researchers replaced the naphthalene
core of a known H3R antagonist with an azobenzene photoswitch-
able moiety, yielding a series of ligands whose affinity for H3R could
be modulated by light. Through systematic structure—activity rela-
tionship exploration, two key compounds emerged: VUF14738[68l
and VUF 1486219, Upon illumination at 360 nm, VUF14738 exhibits a
13.5-fold increase in H3R affinity, whereas VUF14862 has an 11.2-
fold lower value. Each compound shows an unusually long thermal
relaxation half-life (114 d for VUF14738 and 26 d for VUF14862 in
buffered water) and is highly resistant to photobleaching, which
makes it possible to analyze its photochemistry thoroughly by
means of NMR, LC-MS, or UV-vis spectroscopy. In Xenopus oocytes
co-expressing H3R and GIRK channels, a two-electrode voltage
clamp electrophysiology assay showed that both compounds could
regulate histamine-related GIRK currents in real time with light at
360 and 434 nm.

Recent advances in the functional
spatial heterogeneity of H3 receptors

The broad distribution of H3R across brain regions, cell types, and
subcellular compartments argues against a single, uniform signal-
ing mechanism. Instead, H3R output is shaped by pathological state,
subcellular localization, neuronal identity, circuit context, and G-
protein coupling bias. These interacting dimensions can generate
divergent and sometimes opposing effects from the same receptor.
This layered view shifts the central question from whether H3R is
present in a given region to which signaling state the receptor
adopts in a defined cellular and temporal context (Fig. 3).

Yan et al. provided early evidence that disease state can remodel
H3R signaling independently of its canonical histaminergic function.
Cerebral ischemia/reperfusion increased H3R expression in cortical
neurons, whereas pharmacological antagonism or genetic deletion
of H3R reduced infarct volumel2, Mechanistically, ischemia
enhanced the interaction between H3R and chloride intracellular
channel 4 (CLIC4). This complex sustained Akt/GSK-38/mTOR/
p70S6K signaling and suppressed protective autophagy, whereas
H3R blockade disrupted the interaction and restored autophagic
flux. Protection persisted in HDC/~ mice lacking endogenous
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histamine, confirming a histamine-independent mechanismB2.
Thus, under pathological conditions, H3R can function as a cell-
death-promoting intracellular signaling node rather than solely as a
presynaptic neuromodulatory receptor. The convergence of recep-
tor-protein interaction, genetic deletion, and histamine-deficient
models provides a causal chain linking pathological receptor remod-
eling to neuronal injury rather than merely associating H3R expres-
sion with ischemic damage.

Subcellular localization provides a second layer of specificity.
Using OptoH3R to activate receptor signaling in defined compart-
ments, Zhou et al. showed that H3R in ventral basal forebrain cholin-
ergic neurons regulates contextual fear-memory retrievall24, Activa-
tion in cholinergic somata and dendrites reduced neuronal firing
and suppressed memory retrieval, whereas activation at dorsal
hippocampal terminals had no behavioral effect despite reducing
local acetylcholine releasel?4. Postsynaptic H3R signaling therefore
has greater circuit-level gain than terminal signaling, demonstrat-
ing that receptor pools within the same neuronal population are not
functionally equivalent. Because activation in both compartments
can influence acetylcholine output, the critical distinction lies in the
additional control of somatic excitability and its amplification across
the broader cholinergic projection system.

H3R output is also determined by neuronal identity and receptor
co-expression. In the striatum, H3R is expressed in both D1 receptor-
expressing medium spiny neurons (D1-MSNs) and D2-MSNs but
produces distinct downstream effects#%70], In D1-MSNs, H3R forms
heteromers with D1R and redirects D1R signaling from G, toward
Gi-dependent MAPK/ERK1/2 activation’?, H3R activation also
increases inhibitory GSK3B Ser9 phosphorylation and opposes
D1R-mediated locomotor activation. In D2-MSNs, the same
agonist decreases GSK3pB Ser9 phosphorylation without activating
MAPK, revealing a cell-type-specific reversal®®7%, In preclinical
Huntington's disease models, targeting the D1R-H3R heteromer
attenuated neurotoxic signaling and neuronal degeneration; its loss
at advanced stages further suggests a stage-dependent therapeutic
window!”'l. Receptor heteromerization and MSN subtype therefore
act together to determine pathway selection, illustrating how the
molecular neighborhood of H3R can reshape both the magnitude
and direction of its signal.

At the circuit level, internal state gates the behavioral relevance of
H3R signaling. Lin et al. identified a tuberomammillary nucleus-to-
bed nucleus of the stria terminalis (TMN-BNST) histaminergic projec-
tion involved in anxiety72. Activating this projection promoted
anxiety-like behavior in naive mice, whereas inhibiting it was
anxiolytic only after acute stress. Postsynaptic H3Rs on BNST
GABAergic neurons mediated this effect, while H3Rs on glutamater-
gic neurons and presynaptic heteroreceptors on upstream inputs
were dispensablel’2, Thus, a defined H3R-dependent circuit can
acquire different behavioral relevance according to brain state.
Combining state-dependent circuit manipulation with cell-selective
receptor mapping places H3R function within a defined projection,
postsynaptic cell class, and behavioral state rather than attributing
anxiety regulation to the receptor globally.

Biased coupling and the history of receptor activation together
introduce a temporal dimension to H3R signaling. In a recent study,
Zheng et al. identified H3R as selectively enriched in fat-responsive
neurons of the paraventricular thalamus (PVT). Modulating H3R
signaling in the PVT altered fat intake without affecting sugar con-
sumption. Moreover, histamine boosted neuronal excitability via
H3R-G;,/;3-biased signaling®®'l. In parallel, Zhao et al. showed that
sustained histaminergic drive during sleep restriction instead indu-
ced p-arrestin-dependent H3R downregulation and reduced the
excitability of fat-responsive PVT neurons. Restoring H3R expression
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Fig. 3 Schematic diagram showing recent advances in the functional heterogeneity of H3R. H3R signaling is context-dependent, shaped by pathological
state (ischemia promotes pro-death CLIC4 complexes), subcellular compartment (somatic vs terminal pools in cholinergic neurons), cell type (D1- vs D2-
MSN heteromers redirect G-protein bias), circuit state (TMN-BNST projection gated by stress), and activation history (acute G12/13 excitation vs chronic S-
arrestin-mediated downregulation in PVT feeding neurons). These interacting dimensions can yield opposing behavioral outcomes from the same
receptor. Thus, H3R should be viewed as a family of context-defined signaling states rather than a uniform target, explaining why global modulation has

limited efficacy.

or inhibiting p-arrestin rescued the fat-preference phenotypel73l.
Taken together, these findings support a model where acute H3R
activation favors G;,,3-dependent excitation, whereas chronic sti-
mulation promotes S-arrestin-mediated receptor adaptation. This
contrast between rapid excitation and long-term receptor loss effec-
tively links coupling bias to activation history and provides a mecha-
nistic framework for how H3R signaling can switch its functions
within the same thalamic feeding circuit.

Collectively, these findings organize H3R heterogeneity along
interacting spatial and temporal dimensions. Brain region, cell iden-
tity, receptor partners, and subcellular compartment define the
molecular context in which H3R operates, whereas pathological
state, circuit activity, and ligand-exposure kinetics influence the
pathway recruited. H3R is therefore better conceptualized as a
family of context-defined signaling states than as a single target
with a fixed signature. These levels are not independent: pathologi-
cal or physiological state can alter receptor abundance and interact-
ing proteins, while cellular location constrains the G proteins, effec-
tors, and circuit consequences available to H3R.

This framework may help explain why systemic H3R modulation
has shown limited clinical efficacy in central nervous system dis-
orders: global drugs engage multiple receptor states, some with
opposing functions. Mapping H3R signaling fingerprints across
brain regions and cell types will therefore be essential for develop-
ing interventions with appropriate spatial and mechanistic preci-
sion. Accordingly, future drug development should prioritize signal-
ing-state selectivity, receptor-complex targeting, or anatomically
restricted delivery rather than relying exclusively on ligand affinity
for H3R itself.
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Spatiotemporal regulation of H3
receptor signaling

GPCR-biased signaling drug design of H3R
GPCR-biased signaling has emerged as a transformative paradigm
in drug discovery, shifting the focus from simple agonism or antago-
nism to pathway-precise modulation (Fig. 4a)l’475. The central
premise is to develop ligands that preferentially stabilize distinct
receptor conformations, thereby selectively engaging either G-
protein or p-arrestin cascades, which allows retention of desired
therapeutic effects while circumventing off-target adverse events.
The clinical value of biased ligands is well illustrated by opioid
receptor examples. For the p-opioid receptor (uOR), G-protein-
biased agonists are designed to harness the Gi-mediated analgesic
signaling while circumventing S-arrestin-driven respiratory suppres-
sion and constipation”677], The most notable translational success
is TRV130 (oliceridine), a G-protein-biased pOR agonist that has
received clinical approval for pain management, marking the first
time this strategy has reached patients’8l. Similarly, x-opioid recep-
tor (kOR) G-protein-biased agonists retain potent analgesia and
antipruritic effects but significantly reduce aversion and sedation,
which are typically associated with f-arrestin recruitment(7989, Des-
pite these conceptual advances, precise spatiotemporal regulatory
strategies specifically tailored to the H3R remain conspicuously
underdeveloped. However, given that H3R is a typical GPCR that
couples to multiple downstream effectors and exhibits signaling
plasticity depending on cellular context and disease state, it is
reasonable to apply the biased agonism framework to H3R-directed
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Fig. 4 Schematic diagram showing key remaining issues about spatiotemporal regulation of H3R. (a) GPCR-biased signaling drug design of H3R. (b) Brain
region and cell-type-targeted drug delivery. (c) Multi-modal integration guiding H3R-based therapy.

drug discovery. Such H3R-biased ligands would be expected to
preserve beneficial outcomes (e.g., targeted suppression of fat
intake) without the side effects connected to non-selective pathway
activation (e.g., drowsiness), which enlarges the therapeutic window
and gives rise to ideas of spatiotemporal control of diverse or
complex neurological states.

Biased ligands are developed through distinct operational work-
flows that integrate structural biology, medicinal chemistry, and
functional screening. The most direct approach is biased agonism
and biased antagonism, both of which operate through the orthos-
teric binding pocket. Generally, biased agonists can be identified
by the biased activation of a desired downstream effector using
high-throughput BRET or NanoBiT screening!®'82l, Following effec-
tor selection, rational or empirical medicinal chemistry is employed
to optimize chemical substituents such that the ligand selectively
stabilizes specific transmembrane helical rearrangements. This itera-
tive design cycle is subsequently validated through structural deter-
mination (X-ray crystallography or cryo-EM) to resolve the active
ligand-bound conformation, complemented by site-directed muta-
genesis to pinpoint critical contact residues. Finally, the dose-
response functional assays (e.g., cAMP accumulation for G/G; path-
ways, or TANGO for arrestin recruitment) are needed to quantify the
bias factor. For biased antagonists, the workflow is analogous but
reversed in functional readout. Notably, the boundary between
agonism and antagonism is not strictly fixed. For example,
Carvedilol has previously been found to biasedly activate the 3,AR-
arrestin pathway, but was later re-categorized through detailed
pathway profiling as a biased antagonist that actively stabilizes an
arrestin-permissive  conformation ~ while  precluding G,
engagement(83.84],

Allosteric modulation represents a distinct strategy for achieving
signaling bias. Unlike orthosteric ligands, which bind to the
conserved endogenous ligand pocket, allosteric modulators engage
topographically distinct sites on the receptor, typically on extracellu-
lar loops, transmembrane helical surfaces, or intracellular interfaces.
By binding to these auxiliary sites, they induce conformational
changes that fine-tune the receptor's response to orthosteric
agonists, selectively enhancing or inhibiting specific downstream
pathways without directly competing with the endogenous ligand.
For example, the orthosteric binding pocket of CB1 is formed by
residues from TM2, TM3, TM5, TM6, TM7, and the extracellular loops,
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accommodating endogenous cannabinoids and synthetic A-
tetrahydrocannabinol analogs®3l. In parallel, CB1 possesses a
distinct allosteric pocket located on the extrahelical surface of the
TM2-TM3-TM4 interface, where compounds such as the balanced
ago-PAM ZCZ011 bind®%, As a result, CB-05, a Gj-biased ago-
allosteric modulator (ago-BAM), was developed. It has been shown
that CB-05 produces robust analgesia without inducing catalepsy,
hypothermia, or psychoactive effects typically associated with
orthosteric CB1 agonists in micel87],

For receptors where the high conservation of the orthosteric
pocket limits subtype or pathway selectivity, bitopic ligands offer
a dual-occupancy strategy®8l. Unlike conventional ligands that
engage only a single binding site, bitopic molecules comprise two
distinct pharmacophores connected by a chemical linker, enabling
simultaneous occupancy of both the orthosteric site and a topo-
graphically distinct secondary site on the same receptor. The design
workflow typically begins with independent identification of an
orthosteric pharmacophore and a fragment that binds to an adja-
cent allosteric or accessory pocket. The critical step involves syste-
matic optimization of the linker, including variations in length, rigi-
dity, attachment points, and spatial orientation, to ensure that both
moieties can bind simultaneously without steric clashes. This dual
engagement induces a unique, constrained receptor conformation
that cannot be achieved by either fragment alone, thereby confer-
ring enhanced selectivity and often a distinct signaling bias relative
to the parent orthosteric ligand. C6 guano was developed as a
bitopic ligand targeting the pORI#9, The orthosteric pharmacophore
of C6 guano is derived from a morphinan scaffold, which occupies
the classical opioid-binding pocket. In parallel, the second moiety
is designed to engage the sodium-ion allosteric pocket, which is
known to modulate receptor conformation and G-protein coupling.
By iterative optimization of the linker connecting these two compo-
nents, the resulting bitopic ligand achieves high G-protein efficacy
while exhibiting markedly reduced p-arrestin recruitment. Like
oliceridine, this biased agent also exerts p-opioid-receptor-depen-
dent analgesia with fewer adverse effects such as respiratory
depression and tolerance.

When the therapeutic goal requires modulation of receptor
oligomers rather than individual protomers, the bivalent ligand
strategy provides an alternative avenue. Unlike monovalent ligands
that engage a single orthosteric site, bivalent molecules consist of
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two pharmacophores connected by a linker, designed to bridge two
spatially adjacent binding sites on a receptor homo- or heterodimer.
The critical step involves conjugating two appropriate pharma-
cophores with a linker whose length, flexibility, and attachment
geometry are systematically optimized to span the distance
between the two orthosteric binding pockets of the respective
protomers. For example, 6'-GNTI was designed as a bivalent ligand
to simultaneously engage the orthosteric pockets of 0R and xOR
within the heterodimeric complex. Through this dual occupancy, 6'-
GNTI preferentially activates the 3OR-xOR heterodimer over the indi-
vidual monomeric receptors, inducing a G-protein signaling pattern
that is distinct from that elicited by either receptor alone0°1],

Finally, a structurally driven approach, namely microswitch and
intracellular interface remodeling, directly depends on high-resolu-
tion static structures to achieve signaling bias”>.. Unlike ligand-
centric strategies that focus on binding site occupancy, this
approach begins with detailed Cryo-EM or X-ray crystallography
data to pinpoint specific residue-residue interactions. If each
residue's rotameric state is known for multiple activation configura-
tions (e.g., inactive or active G-protein-bound, or active f-arrestin-
bound forms), it is possible to plan ligand scaffold changes that lead
to pathway selectivity. For example, FUB (MDMB-Fubinaca) binds to
the orthosteric pocket of CB1. Upon FUB binding, the twin-toggle
switch (F200336/W356%48) undergoes conformational rearrange-
ments accompanied by outward movements of TM3, TM6, and TM7,
which together expand the intracellular cavity to accommodate the
B-arrestin finger loop2.. Notably, despite being a balanced agonist
capable of activating both G; and p-arrestin pathways, FUB exhibits
distinct binding poses in the G;- vs p-arrestin-coupled states,
demonstrating that even subtle conformational changes at the
transducer interface can propagate to the orthosteric binding
pocket. This observation provides a structural basis for understand-
ing how pathway selectivity may be achieved through rational
ligand design.

Despite the conceptual appeal of these biased ligand strategies,
their application to H3R remains confined to the orthosteric agonist
domain. Systematic profiling of H3R agonists across multiple signal-
ing endpoints has revealed that ligand-directed biased agonism is
indeed a robust phenomenon at this receptor. For instance, proxy-
fan, a prototypical 'protean agonist' at H3R, and its congener iodo-
proxyfan both exhibit strong bias toward GSK3p phosphorylation
and are markedly biased away from calcium signaling via the full-
length hH3R445 isoform[39]. Imetit, another widely studied agonist,
is heavily biased away from calcium signaling and shows preferen-
tial signaling through the shorter hH3R365 isoform. Notably, these
bias patterns are isoform-dependent. hH3R365 is completely unable
to stimulate GSK3p phosphorylation, supporting differential biased
signaling via naturally co-expressed H3R splice variants. More recent
studies have systematically evaluated ligand-directed biased ago-
nism at the hH3R-445, -415, -365, and -329 isoforms across multiple
G,i/o-mediated pathways (e.g., [3°SIGTPyS accumulation, cCAMP inhi-
bition, pERK1/2, pAKT) and pg-arrestin2 recruitment. Quantitative
bias analysis revealed that the direction and magnitude of ligand
bias are both pathway- and isoform-dependent. For instance, at the
full-length hH3R-445 isoform, proxifan and impentamine act as
potent full agonists for CAMP inhibition yet behave as neutral anta-
gonists for fS-arrestin2 recruitment, demonstrating extreme bias
toward the G protein pathway. Strikingly, at the ICL3-truncated
hH3R-365 isoform, the bias is reversed. At this isoform, imetit and
immepip exhibit high degrees of bias toward f-arrestin2 recruit-
ment away from cAMP inhibition (45- and 48-fold, respectively).
Global principal component analysis further revealed that pg-
arrestin2 recruitment and ERK1/2 phosphorylation are the two most
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highly correlated endpoints, whereas these are only weakly corre-
lated with direct G protein binding, suggesting that S-arrestin2
recruitment may better reflect downstream H3R signaling in the
CNS. Collectively, these findings demonstrate that H3R agonists
display significantly altered bias patterns in a pathway- and isoform-
dependent manner, underscoring the importance of isoform con-
text in biased ligand design(2'l,

In contrast, biased ligands operating through allosteric, bitopic, or
bivalent mechanisms remain virtually unexplored for H3R. To date,
no allosteric modulator with documented signaling bias has been
reported for H3R, although sodium ions in the allosteric site have
been shown to influence orthosteric ligand binding of H1R(3l,
Bitopic ligands targeting H3R have been proposed primarily in the
context of dopamine D,/D; receptor heterodimers, where bivalent
molecules designed to bridge D,R and H3R protomers have been
synthesized and characterized®. However, these compounds have
been evaluated mainly for binding affinity rather than biased signal-
ing profiles, and the systematic optimization of linker geometry to
achieve pathway selectivity has not yet been applied to H3R-
directed bitopic design. Similarly, bivalent ligands targeting H3R
homo- or heterodimers have been reported®), but their functional
characterization remains limited, and no evidence of signaling bias
has been established. This stark contrast between the well-docu-
mented orthosteric biased agonism and the near-absence of other
kinds of biased ligands for H3R underscores a significant gap in
the current medicinal chemistry landscape. Bridging this gap will
require integrated efforts combining structure-based design with
high-throughput functional screening across multiple pathway
endpoints and isoform contexts.

Despite its therapeutic promise in narcolepsy, ADHD, schizophre-
nia, and obesity, conventional H3R antagonists/inverse agonists
(e.g., pitolisant) have yielded mixed clinical outcomes, possibly due
to lack of pathway selectivity and the complex, context-dependent
nature of H3R signaling. So far, the field faces several challenges to
realize biased regulation of H3R. Although inactive and G;-coupled
structures are available, the conformational determinants that
govern differential G protein vs f-arrestin engagement have not
been systematically characterized, thus precluding rational biased
ligand design. Moreover, H3R is expressed across multiple brain
regions and cell types, with both pre- and postsynaptic localizations,
and the functional outcomes of pathway-selective activation likely
vary depending on neuronal context, disease state, and the local
signaling environment. The spatiotemporal patterns of different
biased signaling pathways and their associated physiological or
pathological significance have yet to be systematically elucidated,
which serves as a prerequisite for guiding function-targeted drug
design. Furthermore, as a CNS target, H3R-directed compounds
must exhibit favorable blood-brain barrier (BBB) permeability,
metabolic stability, low off-target liability, and acceptable safety
profiles, all of which narrow the chemical space available for intro-
ducing bias-conferring moieties and complicate the optimization of
pathway-selective ligands. Together, these challenges highlight the
need for integrated structural, pharmacological, and medicinal
chemistry efforts to unlock the full therapeutic potential of biased
H3R modulation.

Brain region and cell-type-targeted drug delivery

Emerging cell-specific targeting technologies offer new tools
for realizing spatiotemporally precise modulation of H3R signaling
(Fig. 4b). The most extensively explored strategy employs receptor-
mediated transcytosis targeting peptides that bind to receptors
overexpressed on brain capillary endothelial cells or specific neural
cell types. For instance, RVG29, which targets nicotinic acetylcholine
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receptors (nAchR) and GABA receptors expressed on neurons, has
been used to functionalize nanoparticles for drug delivery in
Alzheimer's diseasel®0l. Similarly, astrocyte-specific delivery can be
achieved by modifying nanoparticles with adenosine ligands, which
bind to adenosine receptors overexpressed on astrocytes and
trigger receptor-mediated endocytosis, enabling cell-type-specific
siRNA delivery to modulate astrocyte polarization following trau-
matic brain injury®’l, In addition to ligand-based strategies, physico-
chemical properties of nanocarriers can also confer inherent cell-
type selectivity. For example, unmodified hydroxyl-terminated poly-
amidoamine (PAMAM) dendrimers possess intrinsic tropism for
activated microglia and macrophages thanks to their small size
(~4-5 nm) and nearly neutral surface charge, allowing them to cross
the impaired BBB and preferentially accumulate in these cells with-
out requiring additional targeting moieties[8l,

However, the translation of these novel cell-specific targeting
approaches to H3R regulation still presents many difficulties. H3R
is predominantly expressed on neurons, yet currently available
nanoparticle delivery techniques recognize glial cells far more reli-
ably than they do individual neuronal subtypes. Selecting surface
markers suitable for the identification of particular neuronal classes
is a hard problem since most receptors used by neurons are not
unique to one type and may be shared among several cell types.
Even with substantial progress in nanoparticle engineering for
improved BBB penetration, obtaining region-specific brain delivery
is still uncertain. Most systemically administered nanoparticles accu-
mulate broadly at sites of BBB disruption (e.g., injury or tumor)
rather than in specific anatomical regions such as the hypothalamus,
cortex, or striatum. Even within a given brain region, H3R can reside
on both pre- and postsynaptic compartments, yet no known tar-
geting method identifies their subcellular localizations. Neverthe-
less, despite these obstacles, pursuing H3R-targeted delivery
remains a worthwhile endeavor since emerging technologies,
including spatially resolved single-cell transcriptomics(®199 and
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nanobody platforms!'0.192 may provide novel approaches to over-
come these limitations. Table 2 summarizes the current evidence
gap between these extrapolated strategies and H3R-specific deve-
lopment across the approaches.

Multi-modal integration guiding H3R-based
therapy

An essential prerequisite for translating H3R-directed strategies
into actual clinical practice is the identification of reliable biomar-
kers that tell us whether a given behavioral impairment results from
H3R dysfunction. Without this kind of biomarker, even highly
complex spatiotemporal treatments would lack a rational patient-
selection framework, risking ineffective treatment or misinterpreta-
tion of trial outcomes. However, identifying such biomarkers for H3R
brings special difficulties. Unlike peripheral GPCRs, whose activity
can often be inferred from circulating hormones or metabolites, H3R
is a central membrane receptor whose functional state is not readily
reflected by peripheral readouts. Furthermore, direct examination of
tissue is seldom feasible in individuals suffering from neuropsy-
chiatric illness.

Recent advances in multi-modal integration, combining neuroi-
maging, electroencephalography, fluid biomarkers, and computa-
tional modeling, may help to solve some problems. Figure 4c
provides a schematic overview of this integrative framework. Func-
tional magnetic resonance imaging (fMRI) gives access to macro-
scopic network dynamics in a non-invasive fashion, but lacks suffi-
cient resolution to identify exactly which neurons or molecular
entities are responsible for any given connectivity defect. On the
other hand, single-cell sequencing at the microscopic level yields
anatomical and molecular detail without functional interpretation.
An integrative analysis of fMRI and single-cell data is now being
pursued as an effective cross-scale method, which may vyield
biomarkers tying macroscopic dysfunction to specific cellular
substrates.

Table 2. Summary of spatiotemporal targeting strategies: extrapolated evidence vs corresponding H3R development.

Extrapolated evidence

(other GPCRs/CNS delivery systems)

Corresponding H3R development

Strategy/tool Source of evidence Strategy/tool Status
Optogenetic and OptoXR chimeric platform General GPCR optogenetic platform OptoH3R Direct H3R evidence: validated in vitro
photopharmacological (rhodopsin-GPCR chimera) and in vivo (ERK activation, f-arrestin
tools internalization, fear memory, and
anxiety circuits)
Photocaged ligand VUF25549, H1R antagonist N/A Not yet developed for H3R
desloratadine modified with BODIPY
cage
Azobenzene photoswitch General GPCR photopharmacology VUF14862/ Direct H3R evidence: validated by GIRK
design strategy approach VUF14738 current electrophysiology
GPCR-biased signaling  G-protein-biased agonist, p-opioid receptor, clinically approved N/A Not yet developed for H3R
drug design Oliceridine (TRV130)
xOR G-protein-biased agonist x-opioid receptor, preclinical N/A Not yet developed for H3R
Gj-biased ago-allosteric CB1 receptor, preclinical N/A Not yet developed for H3R
modulator, CB-05
bitopic ligand, C6 guano p-opioid receptor, preclinical N/A Not yet developed for H3R
bivalent ligand, 6'-GNTI S8OR-«OR heterodimer, preclinical N/A Not yet developed for H3R
GPCR-biased signaling Microswitch/intracellular CB1 receptor structural data (Cryo- N/A Inactive- and Gj-coupled H3R structures
drug design interface remodeling, FUB EM/X-ray) are available, but conformational
example determinants of G-protein vs S-arrestin
bias have
not been characterized
Brain region and cell-  RVG29-functionalized nAChR/GABA receptor targeting, N/A Not yet developed for H3R
type-targeted drug nanoparticles Alzheimer's disease model
delivery Adenosine-ligand Adenosine receptor on astrocytes, TBI N/A Not yet developed for H3R
nanoparticles model
PAMAM dendrimers Intrinsic tropism for N/A Not yet developed for H3R

microglia/macrophages (non-

receptor-mediated)
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Several analytical frameworks have been developed to facilitate
this integration. The Allen Human Brain Atlas (AHBA) pioneered the
field of imaging-transcriptomics by registering postmortem microar-
ray-based gene expression data to structural MRI coordinates!'3],
enabling the identification of spatial expression patterns that covary
with imaging-derived phenotypes. Subsequent refinements have
incorporated single-cell RNA sequencing (scRNA-seq) data to pro-
vide cellular context for these genetic associations, either via enrich-
ment tests using predefined cell-type marker lists or through bulk
deconvolution algorithms that estimate cell-type abundances
from the AHBA's bulk tissue data. These approaches have linked
macroscale imaging phenotypes to broad cell classes and have
incorporated spatial null models to account for the inherent spatial
autocorrelation of brain tissue. More recently, single-cell scoring
tools such as Seurat (AddModuleScore)!'%4, UCell195], and VISIONL'6]
have enabled direct scoring of individual cells based on imaging-
transcriptomics-derived gene sets, allowing researchers to move
beyond bulk tissue estimates and examine cellular heterogeneity
at single-cell resolution. Together, these frameworks have begun to
reveal how molecularly defined cell subpopulations contribute to
circuit-level functional organization and disease vulnerability.

Despite these advances, translating such integrative frameworks
to H3R biology still faces notable challenges. H3R may exist in multi-
ple splice variants that differ in their signaling properties, tissue
distribution, and likely their biological functions. However, the spa-
tial localization of these variants and their contributions to central
nervous system disorders remain largely unknown, and clarifying
these isoform-specific features is a prerequisite for developing
meaningful biomarkers. Moreover, the current imaging-transcrip-
tomics paradigm, which mostly relies on the Allen Human Brain
Atlas (AHBA), is constrained by its spatial resolutionl'07.198], The
AHBA is based on microarrays and samples multiple anatomical
regions of the postmortem human brain, with several sampling sites
per region. However, its resolution is at the millimeter level, which is
far from reaching single-cell or subcellular resolution. Furthermore,
there is a general lack of sequencing data from patients with
neuropsychiatric disorders. Given that disease states are associated
with profound changes in cell-type composition, activation states,
and transcriptional programs, predictive models built solely on
healthy reference data are likely to misestimate the cellular contri-
butions relevant to disease. Finally, even with improved spatial reso-
lution and disease-relevant reference data, transcript levels alone
cannot inform us about functional receptor states, including confor-
mational changes, signaling bias, or pre- vs post-synaptic localiza-
tion. This underscores the need for complementary approaches,
including H3R-specific PET tracers and activity-dependent readouts,
to bridge the gap between transcriptional capacity and actual
receptor function.

Conclusions and perspectives

The histamine H3 receptor has long defied the expectations
raised by its broad CNS expression and functional regulation of
histamine release. Despite three decades of intensive study, systemi-
cally administered H3R ligands have yielded modest and inconsis-
tent clinical outcomes, which possibly lies in the spatiotemporal
expression and functional complexity. Conventional pharmacology
may be fundamentally mismatched to this complex biology. A key
issue currently facing H3R-based drug development is the need to
systematically characterize H3R expression and function across
different spatial contexts, including different brain regions, cell
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types, and subcellular localizations. Further progress will also
require coordinated efforts on biased signaling regulation, cell-type-
and region-specific delivery, and functional biomarkers to guide
patient selection.

Other than the three therapeutic axes discussed above, several
frontier directions merit further investigation. One such direction is
the longstanding 'projection-receptor mismatch' in the histaminer-
gic system['99, Intriguingly, this mismatch appears to be particularly
pronounced for postsynaptic H3Rs. Constitutive activity has been
proposed as one possible mechanism behind this phenomenon.
However, this mechanism fails somewhat to explain the complexity
found in practice, since constitutive signaling tends to generate a
homogeneous downstream tone (either activating or inhibiting).
Moreover, H3R has a much broader array of downstream responses
than H1R or H2RB%, suggesting that its own metabolites or native
ligands might also be able to affect H3R. Whether or not these alter-
nate ligands help to shape the functional heterogeneity of H3R is an
issue of considerable interest requiring careful analysis.

Ethical statements
Not applicable.

Author contributions

The authors confirm their contributions to this work as follows:
conceptualization: Zheng Y; visualization: Zheng Y, Fang Z; investi-
gation: Zheng Y, Fang Z; funding acquisition: Zheng Y; supervision:
Chen Z; writing — original draft: Zheng Y, Fang Z; writing - review
and editing: Zheng Y, Fang Z, Chen Z. All authors reviewed the
results and approved the final version of the manuscript.

Data availability

Data sharing is not applicable to this review as no datasets were
generated or analyzed.

Acknowledgments

This work was supported by the Zhejiang Provincial Natural
Science Foundation of China (LD13H090002).

Conflict of interest

The authors have no conflicts of interest to declare.

Dates

Received 29 July 2026; Revised 26 August 2026; Accepted 29
August 2026; Published online 14 September 2026

References

[1] Schwartz LW, Osburn BI, Frick OL. 1975. An ontogenic study of
histamine and mast cells in the fetal rhesus monkey. Journal of Allergy
and Clinical Immunology 56:381-386

[2] Schwartz J. 1977. Histaminergic mechanisms in brain. Annual Review
of Pharmacology and Toxicology 17:325-339

[3] Schwartz J, Dibblee M. 1975. The effect of endotoxins and enzymes in
vitro on the release of gingival histamine. Journal of Periodontology
46:662-668

[4] Schwartz JC. 1975. Histamine as a transmitter in brain. Life Sciences
17:503-517

[5] Arrang JM, Garbarg M, Schwartz JC. 1983. Auto-inhibition of brain
histamine release mediated by a novel class (H3) of histamine recep-
tor. Nature 302:832—-837

Zheng et al. Targetome 2026, 2(5): e045


https://doi.org/10.1016/0091-6749(75)90131-1
https://doi.org/10.1016/0091-6749(75)90131-1
https://doi.org/10.1146/annurev.pa.17.040177.001545
https://doi.org/10.1146/annurev.pa.17.040177.001545
https://doi.org/10.1902/jop.1975.46.11.662
https://doi.org/10.1016/0024-3205(75)90083-1
https://doi.org/10.1038/302832a0
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044

https://doi.org/10.48130/targetome-0026-0044

[6]

[7]

[8]

)

[10]

[11]

2]

[13]

[14]

[15]

[16]

171

18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Arrang JM, Garbarg M, Lancelot JC, Lecomte JM, Pollard H, et al. 1987.
Highly potent and selective ligands for histamine H3-receptors.
Nature 327:117-123

Fujimoto K, Mizuguchi H, Fukui H, Wada H. 1991. Presynaptic localiza-
tion of histamine H3-receptors in rat brain. Biochemical and Biophysi-
cal Research Communications 177:907-912

Lovenberg TW, Roland BL, Wilson SJ, Jiang X, Pyati J, et al. 1999.
Cloning and functional expression of the human histamine H3 recep-
tor. Molecular Pharmacology 55:1101-1107

Cogé F, Guénin SP, Audinot V, Renouard-Try A, Beauverger P, et al.
2001. Genomic organization and characterization of splice variants of
the human histamine H3 receptor. Biochemical Journal 355:279-288
Pillot C, Heron A, Cochois V, Tardivel-Lacombe J, Ligneau X, et al.
2002. A detailed mapping of the histamine H; receptor and its gene
transcripts in rat brain. Neuroscience 114:173—193

Schlicker E, Kathmann M. 2017. Role of the histamine Hs receptor in
the central nervous system. Handbook of Experimental Pharmacology
241:277-299

Ellenbroek BA. 2013. Histamine H; receptors, the complex interaction
with dopamine and its implications for addiction. British Journal of
Pharmacology 170:46—57

Arrang JM, Morisset S, Gbahou F. 2007. Constitutive activity of the
histamine H; receptor. Trends in Pharmacological Sciences 28:350—-357
Schwartz JC. 2011. The histamine H3 receptor: from discovery to clini-
cal trials with pitolisant. British Journal of Pharmacology 163:713-721
Schlicker E, Malinowska B, Kathmann M, Gothert M. 1994. Modulation
of neurotransmitter release via histamine H; heteroreceptors. Funda-
mental & Clinical Pharmacology 8:128-137

Brioni JD, Esbenshade TA, Garrison TR, Bitner SR, Cowart MD. 2011.
Discovery of histamine H; antagonists for the treatment of cognitive
disorders and Alzheimer's disease. Journal of Pharmacology and Expe-
rimental Therapeutics 336:38—46

Ligneau X, Landais L, Perrin D, Piriou J, Uguen M, et al. 2007. Brain
histamine and schizophrenia: potential therapeutic applications of
Hs-receptor inverse agonists studied with BF2.649. Biochemical Phar-
macology 73:1215-1224

Hancock AA, Fox GB. 2004. Perspectives on cognitive domains, Hj
receptor ligands and neurological disease. Expert Opinion on Investi-
gational Drugs 13:1237—-1248

Ligneau X, Perrin D, Landais L, Camelin JC, Calmels TPG, et al. 2007.
BF2.649 [1-{3-[3-(4-Chlorophenyl)propoxylpropylipiperidine, hydro-
chloride], a nonimidazole inverse agonist/antagonist at the human
histamine H3 receptor: preclinical pharmacology. The Journal of Phar-
macology and Experimental Therapeutics 320:365—-375

Sadek B, Saad A, Sadeq A, Jalal F, Stark H. 2016. Histamine H; receptor
as a potential target for cognitive symptoms in neuropsychiatric
diseases. Behavioural Brain Research 312:415—430

Rahman SN, Imhaouran F, Leurs R, Christopoulos A, Valant C, et al.
2024. Ligand-directed biased agonism at human histamine H; recep-
tor isoforms across Goj,- and pB-arrestin2-mediated pathways.
Biochemical Pharmacology 228:115988

Alhusaini M, Eissa N, Saad AK, Beiram R, Sadek B. 2022. Revisiting
preclinical observations of several histamine H3 receptor
antagonists/inverse agonists in cognitive impairment, anxiety,
depression, and sleep-wake cycle disorder. Frontiers in Pharmacology
13:861094

Xu J, Pittenger C. 2023. The histamine H; receptor modulates
dopamine D, receptor-dependent signaling pathways and mouse
behaviors. Journal of Biological Chemistry 299:104583

Zhou Z, Zhang Y, Han F, Chen Z, Zheng Y. 2023. Umbelliferone
protects against cerebral ischemic injury through selective autophagy
of mitochondria. Neurochemistry International 165:105520

Zhang X, Liu G, Zhong YN, Zhang R, Yang CC, et al. 2024. Structural
basis of ligand recognition and activation of the histamine receptor
family. Nature Communications 15:8296

Shen Q, Tang X, Wen X, Cheng S, Xiao P, et al. 2024. Molecular deter-
minant underlying selective coupling of primary G-protein by class A
GPCRs. Advanced Science 11:€2310120

Zheng et al. Targetome 2026, 2(5): e045

[27]

[28]

[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Targetome

Jin' SS, Zhang H, Yan JH, Wu CR, Cai XQ, et al. 2026. Decoding ligand
recognition and constitutive activation of histamine H; and H, recep-
tors. Acta Pharmacologica Sinica 47:186—196

Horing C, Conrad M, Soldner CA, Wang J, Sticht H, et al. 2021. Specific
engineered G protein coupling to histamine receptors revealed from
cellular assay experiments and accelerated molecular dynamics simu-
lations. International Journal of Molecular Sciences 22:10047

Conrad M, Séldner CA, Miao Y, Sticht H. 2020. Agonist binding and G
protein coupling in histamine H, receptor: a molecular dynamics
study. International Journal of Molecular Sciences 21:6693

Inoue A, Raimondi F, Kadji FMN, Singh G, Kishi T, et al. 2019. llluminat-
ing G-protein-coupling selectivity of GPCRs. Cell 177:1933-1947.e25
Zheng Y, Liao J, Fang Z, Tang X, Zhou Z, et al. 2026. Biased histamine
signaling selectively gates fat preference. Neuron 114:479-491.e7

Yan H, Zhang X, Hu W, Ma J, Hou W, et al. 2014. Histamine H; recep-
tors aggravate cerebral ischaemic injury by histamine-independent
mechanisms. Nature Communications 5:3334

Peng X, Yang L, Liu Z, Lou S, Mei S, et al. 2022. Structural basis for
recognition of antihistamine drug by human histamine receptor.
Nature Communications 13:6105

Garcia-Galvez AM, Escamilla-Sénchez J, Flores-Maldonado C, Contr-
eras RG, Arias JM, et al. 2018. Differential homologous desensitization
of the human histamine Hj receptors of 445 and 365 amino acids
expressed in CHO-K1 cells. Neurochemistry International 112:114-123
Rahman SN, McNaught-Flores DA, Huppelschoten Y, da Costa Pereira
D, Christopoulos A, et al. 2023. Structural and molecular determi-
nants for isoform bias at human histamine H; receptor isoforms. ACS
Chemical Neuroscience 14:645—-656

Dehkhoda F, Xing J, Misganaw D, Mutunduwe K, Han MN, et al. 2026.
GPCR crosstalk beyond obligate dimerisation: effector coincidence
detection, compartmentation, and pharmacological implications.
Pharmacology & Therapeutics 285:109056

Cong Z, Liang YL, Zhou Q, Darbalaei S, Zhao F, et al. 2022. Structural
perspective of class B1 GPCR signaling. Trends in Pharmacological
Sciences 43:321-334

Gao M, Dekker ME, Leurs R, Vischer HF. 2024. Pharmacological charac-
terization of seven human histamine H; receptor isoforms. European
Journal of Pharmacology 968:176450

Riddy DM, Cook AE, Diepenhorst NA, Bosnyak S, Brady R, et al. 2017.
Isoform-specific biased agonism of histamine H3 receptor agonists.
Molecular Pharmacology 91:87—99

Gbahou F, Rouleau A, Arrang JM. 2012. The histamine autoreceptor is
a short isoform of the H; receptor. British Journal of Pharmacology
166:1860—-1871

Gao M, Ooms JF, Leurs R, Vischer HF. 2024. Histamine H; receptor
isoforms: insights from alternative splicing to functional complexity.
Biomolecules 14:761

Bhatia S, Field MA, Hebbard L, Schmitz U. 2025. Bioinformatics frame-
works for single-cell long-read sequencing: unlocking isoform-level
resolution. Briefings in Bioinformatics 26:bbaf655

Joglekar A, Hu W, Zhang B, Narykov O, Diekhans M, et al. 2024. Single-
cell long-read sequencing-based mapping reveals specialized splic-
ing patterns in developing and adult mouse and human brain. Nature
Neuroscience 27:1051-1063

Huang CK, Lin WD, Wu SH. 2022. An improved repertoire of splicing
variants and their potential roles in Arabidopsis photomorphogenic
development. Genome Biology 23:50

Fu Y, Kim H, Roy S, Huang S, Adams JI, et al. 2025. Single cell and
spatial alternative splicing analysis with nanopore long read sequenc-
ing. Nature Communications 16:6654

Hansen MS, Hill CJ, Sussel L, Wells KL. 2026. Optimizing single-cell
long-read sequencing for enhanced isoform detection in pancreatic
islets. Diabetes 75:606—616

Han SW, Jewell S, Thomas-Tikhonenko A, Barash Y. 2024. Contrasting
and combining transcriptome complexity captured by short and long
RNA sequencing reads. Genome Research 34:1624—1635

Ake F, Schilling M, Fernandez-Moya SM, Jaya Ganesh A, Gutiérrez-
Franco A, et al. 2025. Quantification of transcript isoforms at the
single-cell level using SCALPEL. Nature Communications 16:6402

Page 130f 15


https://doi.org/10.1038/327117a0
https://doi.org/10.1016/0006-291x(91)90624-g
https://doi.org/10.1016/0006-291x(91)90624-g
https://doi.org/10.1016/0006-291x(91)90624-g
https://doi.org/10.1016/s0026-895x(24)23263-6
https://doi.org/10.1042/0264-6021:3550279
https://doi.org/10.1016/s0306-4522(02)00135-5
https://doi.org/10.1007/164_2016_12
https://doi.org/10.1111/bph.12221
https://doi.org/10.1111/bph.12221
https://doi.org/10.1016/j.tips.2007.05.002
https://doi.org/10.1111/j.1476-5381.2011.01286.x
https://doi.org/10.1111/j.1472-8206.1994.tb00789.x
https://doi.org/10.1111/j.1472-8206.1994.tb00789.x
https://doi.org/10.1124/jpet.110.166876
https://doi.org/10.1124/jpet.110.166876
https://doi.org/10.1124/jpet.110.166876
https://doi.org/10.1016/j.bcp.2007.01.023
https://doi.org/10.1016/j.bcp.2007.01.023
https://doi.org/10.1016/j.bcp.2007.01.023
https://doi.org/10.1517/13543784.13.10.1237
https://doi.org/10.1517/13543784.13.10.1237
https://doi.org/10.1517/13543784.13.10.1237
https://doi.org/10.1124/jpet.106.111039
https://doi.org/10.1124/jpet.106.111039
https://doi.org/10.1124/jpet.106.111039
https://doi.org/10.1016/j.bbr.2016.06.051
https://doi.org/10.1016/j.bcp.2023.115988
https://doi.org/10.3389/fphar.2022.861094
https://doi.org/10.1016/j.jbc.2023.104583
https://doi.org/10.1016/j.neuint.2023.105520
https://doi.org/10.1038/s41467-024-52585-y
https://doi.org/10.1002/advs.202310120
https://doi.org/10.1038/s41401-025-01633-4
https://doi.org/10.3390/ijms221810047
https://doi.org/10.3390/ijms21186693
https://doi.org/10.1016/j.cell.2019.04.044
https://doi.org/10.1016/j.neuron.2025.10.035
https://doi.org/10.1038/ncomms4334
https://doi.org/10.1038/s41467-022-33880-y
https://doi.org/10.1016/j.neuint.2017.11.009
https://doi.org/10.1021/acschemneuro.2c00425
https://doi.org/10.1021/acschemneuro.2c00425
https://doi.org/10.1016/j.pharmthera.2026.109056
https://doi.org/10.1016/j.tips.2022.01.002
https://doi.org/10.1016/j.tips.2022.01.002
https://doi.org/10.1016/j.ejphar.2024.176450
https://doi.org/10.1016/j.ejphar.2024.176450
https://doi.org/10.1124/mol.116.106153
https://doi.org/10.1111/j.1476-5381.2012.01913.x
https://doi.org/10.3390/biom14070761
https://doi.org/10.1093/bib/bbaf655
https://doi.org/10.1038/s41593-024-01616-4
https://doi.org/10.1038/s41593-024-01616-4
https://doi.org/10.1186/s13059-022-02620-2
https://doi.org/10.1038/s41467-025-60902-2
https://doi.org/10.2337/db25-0424
https://doi.org/10.1101/gr.278659.123
https://doi.org/10.1038/s41467-025-61118-0
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044

Targetome

[49]

[50]

[51]

[62]

[63]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Rapanelli M, Frick LR, Horn KD, Schwarcz RC, Pogorelov V, et al. 2016.
The histamine H; receptor differentially modulates mitogen-
activated protein kinase (MAPK) and Akt signaling in striatonigral
and striatopallidal neurons. Journal of Biological Chemistry
291:21042-21052

Jiang L, Cheng L, Chen H, Dai H, An D, et al. 2021. Histamine H, recep-
tor negatively regulates oligodendrocyte differentiation in neonatal
hypoxic-ischemic white matter injury. Journal of Experimental
Medicine 218:€20191365

Pittenger C. 2020. The histidine decarboxylase model of tic patho-
physiology: a new focus on the histamine H; receptor. British Journal
of Pharmacology 177:570-579

Rapanelli M, Frick L, Pogorelov V, Ohtsu H, Bito H, et al. 2017.
Histamine H3R receptor activation in the dorsal striatum triggers
stereotypies in a mouse model of tic disorders. Translational Psychia-
try 7:€1013

Rapanelli M, Frick L, Jindachomthong K, Xu J, Ohtsu H, et al. 2018. Stri-
atal signaling regulated by the H3R histamine receptor in a mouse
model of tic pathophysiology. Neuroscience 392:172—-179

Nakajima A, Kaneko H, Oyama K, Kuchiji M, Itakura A, et al. 2026.
Activity-restoring mutations in the histamine H; receptor increase
constitutive activity and reduce structural stability. Protein Science
35:e70408

Oesterhelt D, Stoeckenius W. 1971. Rhodopsin-like protein from the
purple membrane of Halobacterium halobium. Nature New Biology
233:149-152

Nagel G, Ollig D, Fuhrmann M, Kateriya S, Musti AM, et al. 2002. Chan-
nelrhodopsin-1: a light-gated proton channel in green algae. Science
296:2395-2398

Nagel G, Szellas T, Huhn W, Kateriya S, Adeishvili N, et al. 2003. Chan-
nelrhodopsin-2, a directly light-gated cation-selective membrane
channel. Proceedings of the National Academy of Sciences of the United
States of America 100:13940—13945

Boyden ES, Zhang F, Bamberg E, Nagel G, Deisseroth K. 2005. Millisec-
ond-timescale, genetically targeted optical control of neural activity.
Nature Neuroscience 8:1263—1268

Deisseroth K, Feng G, Majewska AK, Miesenbock G, Ting A, et al. 2006.
Next-generation optical technologies for illuminating genetically
targeted brain circuits. Journal of Neuroscience 26:10380—10386
Wijtmans M, Josimovic |, Vischer HF, Leurs R. 2022. Optical control of
Class A G protein-coupled receptors with photoswitchable ligands.
Current Opinion in Pharmacology 63:102192

Raabe K, Kalaba P, Yong XLH, Crudeli G, Melzer S, et al. 2026.
Photocaged oxytocin and vasopressin probes to decipher neuropep-
tide signalling with high spatiotemporal resolution. Angewandte
Chemie International Edition 65:€13373

Maleeva G, Matera C, Roda S, Colleoni A, De Amici M, et al. 2025.
Molecular tools to study and control dopaminergic neurotransmis-
sion with light. Medicinal Research Reviews 45:1407—1422

Zhou X, Du L, Li M. 2025. Recent progress in azobenzene-based in vivo
photopharmacology. Medicinal Research Reviews 45:1597—1629

Hu T, Zheng G, Xue D, Zhao S, Li F, et al. 2021. Rational remodeling of
atypical scaffolds for the design of photoswitchable cannabinoid
receptor tools. Journal of Medicinal Chemistry 64:13752—13765
Donthamsetti P, Konrad DB, Hetzler B, Fu Z, Trauner D, et al. 2021.
Selective photoswitchable allosteric agonist of a G protein-coupled
receptor. Journal of the American Chemical Society 143:8951-8956
Josimovic |, Zheng Y, Wang Z, van der Meer T, Wijtmans M, et al. 2026.
Optical control of H; receptor signaling with a BODIPY-photocaged
antihistamine. Biochemical Pharmacology 246:117705

Hauwert NJ, Mocking TAM, Da Costa Pereira D, Kooistra AJ, Wijnen
LM, et al. 2018. Synthesis and characterization of a bidirectional
photoswitchable antagonist toolbox for real-time GPCR photophar-
macology. Journal of the American Chemical Society 140:4232—-4243
Roche O, Nettekoven M, Vifian W, Sarmiento RM. 2008. Refinement of
histamine H; ligands pharmacophore model leads to a new class of
potent and selective naphthalene inverse agonists. Bioorganic &
Medicinal Chemistry Letters 18:4377—4379

Page 140of 15

[69]

[70]

(711

[72]

(73]

[74]

[75]

[76]

[77]

(78]
[79]

(801

[81]

[82]

[83]

[84]

[85]

[86]

(871

[88]

[89]

[90]

https://doi.org/10.48130/targetome-0026-0044

Wijtmans M, Celanire S, Snip E, Gillard MR, Gelens E, et al. 2008. 4-
Benzyl-1H-imidazoles with oxazoline termini as histamine H; recep-
tor agonists. Journal of Medicinal Chemistry 51:2944—2953

Ferrada C, Moreno E, Casadd V, Bongers G, Cortés A, et al. 2009.
Marked changes in signal transduction upon heteromerization of
dopamine D; and histamine Hj receptors. British Journal of Pharma-
cology 157:64-75

Moreno-Delgado D, Puigdellivol M, Moreno E, Rodriguez-Ruiz M,
Botta J, et al. 2020. Modulation of dopamine D; receptors via
histamine H; receptors is a novel therapeutic target for Huntington's
disease. eLife 9:51093

Lin W, Zhu X, Yu X, Xia Q, Yan M, et al. 2025. BNST-projecting
histaminergic circuits mediate state-dependent anxiety behavior
through post-synaptic histamine H; receptors on GABAergic neurons.
Progress in Neurobiology 253:102833

Zhao X, Yan Y, Liang J, Zhang Y, Li M, et al. 2026. Histamine H; recep-
tors in the paraventricular thalamus link sleep loss to fat overcon-
sumption. Cell Reports 45:116967

Ma Y, Patterson B, Zhu L. 2025. Biased signaling in GPCRs: structural
insights and implications for drug development. Pharmacology &
Therapeutics 266:108786

Xu N, Legall E, Johnson RH, Zhu L, Liu W. 2025. Elucidating biased
signaling in class A GPCRs. Trends in Pharmacological Sciences
46:1190-1208

Wang T, Wang Y, Xie H, Wu Z, Yu S, et al. 2025. Tegileridine for moder-
ate-to-severe acute pain following abdominal surgery: a randomized,
double-blind, phase 3 clinical trial. Cell Reports Medicine 6:102477
Wang H, Hetzer F, Huang W, Qu Q, Meyerowitz J, et al. 2022. Struc-
ture-based evolution of G protein-biased p-opioid receptor agonists.
Angewandte Chemie International Edition 61:€202200269

Markham A. 2020. Oliceridine: first approval. Drugs 80:1739—-1744
Kelly E, Conibear A, Henderson G. 2023. Biased agonism: lessons from
studies of opioid receptor agonists. Annual Review of Pharmacology
and Toxicology 63:491-515

Suno-lkeda C, Nishikawa R, Suzuki R, Yokoi S, Iwata S, et al. 2025.
Structural and dynamic insights into the biased signaling mechanism
of the human kappa opioid receptor. Nature Communications 16:9392
Namkung Y, Le Gouill C, Lukashova V, Kobayashi H, Hogue M, et al.
2016. Monitoring G protein-coupled receptor and B-arrestin traffick-
ing in live cells using enhanced bystander BRET. Nature Communica-
tions 7:12178

Kuramoto R, Ikuta T, Carino CMC, Kawakami K, Kushiro M, et al. 2025.
Membrane-domain compartmentalization of active GPCRs by f-
arrestins through PtdIns(4, 5)P, binding. Nature Chemical Biology
21:1927-1937

Wang J, Hanada K, Staus DP, Makara MA, Dahal GR, et al. 2017. Gq; is
required for carvedilol-induced P, adrenergic receptor B-arrestin
biased signaling. Nature Communications 8:1706

Kumari P, Srivastava A, Banerjee R, Ghosh E, Gupta P, et al. 2016. Func-
tional competence of a partially engaged GPCR-B-arrestin complex.
Nature Communications 7:13416

Shao Z, Yin J, Chapman K, Grzemska M, Clark L, et al. 2016. High-reso-
lution crystal structure of the human CB1 cannabinoid receptor.
Nature 540:602—-606

Yang X, Wang X, Xu Z, Wu C, Zhou Y, et al. 2022. Molecular mecha-
nism of allosteric modulation for the cannabinoid receptor CB1.
Nature Chemical Biology 18:831-840

Shen S, Wu C, Lin G, Yang X, Zhou Y, et al. 2024. Structure-based iden-
tification of a G protein-biased allosteric modulator of cannabinoid
receptor CB1. Proceedings of the National Academy of Sciences of the
United States of America 121:€2321532121

Arroyo-Urea S, Nazarova AL, Carrién-Antoli A, Bonifazi A, Battiti FO, et
al. 2024. A bitopic agonist bound to the dopamine 3 receptor reveals
a selectivity site. Nature Communications 15:7759

Faouzi A, Wang H, Zaidi SA, DiBerto JF, Che T, et al. 2023. Structure-
based design of bitopic ligands for the p-opioid receptor. Nature
613:767-774

Waldhoer M, Fong J, Jones RM, Lunzer MM, Sharma SK, et al. 2005. A
heterodimer-selective agonist shows in vivo relevance of G

Zheng et al. Targetome 2026, 2(5): e045


https://doi.org/10.1074/jbc.M116.731406
https://doi.org/10.1084/jem.20191365
https://doi.org/10.1084/jem.20191365
https://doi.org/10.1111/bph.14606
https://doi.org/10.1111/bph.14606
https://doi.org/10.1038/tp.2016.290
https://doi.org/10.1038/tp.2016.290
https://doi.org/10.1038/tp.2016.290
https://doi.org/10.1016/j.neuroscience.2018.09.035
https://doi.org/10.1002/pro.70408
https://doi.org/10.1038/newbio233149a0
https://doi.org/10.1126/science.1072068
https://doi.org/10.1073/pnas.1936192100
https://doi.org/10.1073/pnas.1936192100
https://doi.org/10.1038/nn1525
https://doi.org/10.1523/JNEUROSCI.3863-06.2006
https://doi.org/10.1016/j.coph.2022.102192
https://doi.org/10.1002/anie.202513373
https://doi.org/10.1002/anie.202513373
https://doi.org/10.1002/med.22112
https://doi.org/10.1002/med.22120
https://doi.org/10.1021/acs.jmedchem.1c01088
https://doi.org/10.1021/jacs.1c02586
https://doi.org/10.1016/j.bcp.2026.117705
https://doi.org/10.1021/jacs.7b11422
https://doi.org/10.1016/j.bmcl.2008.06.062
https://doi.org/10.1016/j.bmcl.2008.06.062
https://doi.org/10.1021/jm7014149
https://doi.org/10.1111/j.1476-5381.2009.00152.x
https://doi.org/10.1111/j.1476-5381.2009.00152.x
https://doi.org/10.1111/j.1476-5381.2009.00152.x
https://doi.org/10.7554/eLife.51093
https://doi.org/10.1016/j.pneurobio.2025.102833
https://doi.org/10.1016/j.celrep.2026.116967
https://doi.org/10.1016/j.pharmthera.2024.108786
https://doi.org/10.1016/j.pharmthera.2024.108786
https://doi.org/10.1016/j.tips.2025.10.008
https://doi.org/10.1016/j.xcrm.2025.102477
https://doi.org/10.1002/anie.202200269
https://doi.org/10.1007/s40265-020-01414-9
https://doi.org/10.1146/annurev-pharmtox-052120-091058
https://doi.org/10.1146/annurev-pharmtox-052120-091058
https://doi.org/10.1038/s41467-025-64882-1
https://doi.org/10.1038/ncomms12178
https://doi.org/10.1038/ncomms12178
https://doi.org/10.1038/ncomms12178
https://doi.org/10.1038/s41589-025-01967-4
https://doi.org/10.1038/s41467-017-01855-z
https://doi.org/10.1038/ncomms13416
https://doi.org/10.1038/nature20613
https://doi.org/10.1038/s41589-022-01038-y
https://doi.org/10.1073/pnas.2321532121
https://doi.org/10.1073/pnas.2321532121
https://doi.org/10.1038/s41467-024-51993-4
https://doi.org/10.1038/s41586-022-05588-y
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044

https://doi.org/10.48130/targetome-0026-0044

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

protein-coupled receptor dimers. Proceedings of the National Academy
of Sciences of the United States of America 102:9050—-9055

Zangrandi L, Burtscher J, MacKay JP, Colmers WF, Schwarzer C. 2016.
The G-protein biased partial k opioid receptor agonist 6'-GNTI blocks
hippocampal paroxysmal discharges without inducing aversion.
British Journal of Pharmacology 173:1756—1767

Liao YY, Zhang H, Shen Q, Cai C, Ding Y, et al. 2023. Snapshot of the
cannabinoid receptor 1-arrestin complex unravels the biased signal-
ing mechanism. Cell 186:5784-5797.e17

Hishinuma S, Kosaka K, Akatsu C, Uesawa Y, Fukuiet H, et al. 2017.
Asp73-dependent and -independent regulation of the affinity of
ligands for human histamine H; receptors by Na*. Biochemical Phar-
macology 128:46—-54

Nagl, M. 2024. Synthesis and pharmacological characterization of biva-
lent and fluorescent ligands to detect receptor dimerization for the D2-H3
heteromer. Dissertation. University of Regensburg, Regensburg,
Germany doi: 10.5283/epub.53449

Monnich, D. 2025. Characterization of monomers and heteromers of the
dopamine and histamine receptor families using bioluminescence- and
radioactivity-based techniques. Dissertation. University of Regensburg,
Regensburg, German doi: 10.5283/epub.58594

Arora S, Layek B, Singh J. 2021. Design and validation of liposomal
ApoE2 gene delivery system to evade blood-brain barrier for effec-
tive treatment of Alzheimer's disease. Molecular Pharmaceutics
18:714-725

Xiao H, Amarsaikhan O, Zhao Y, Yu X, Hu X, et al. 2023. Astrocyte-
targeted siRNA delivery by adenosine-functionalized LNP in mouse
TBI model. Molecular Therapy Nucleic Acids 34:102065

Sharma R, Liaw K, Sharma A, Jimenez A, Chang M, et al. 2021. Glycosy-
lation of PAMAM dendrimers significantly improves tumor macro-
phage targeting and specificity in glioblastoma. Journal of Controlled
Release 337:179-192

Fangma Y, Liu M, Liao J, Chen Z, Zheng Y. 2023. Dissecting the brain
with spatially resolved multi-omics. Journal of Pharmaceutical Analysis
13:694-710

Xia M, Liu Q, Zhang W, Ge J, Mei Z. 2025. Spatiotemporal dynamics of
central nervous system diseases: advancing translational neuropa-
thology via single-cell and spatial multiomics. MedComm 6:€70328

Zheng et al. Targetome 2026, 2(5): e045

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Targetome

Cao CK, Xu XY, Liang F, Yao M, Chen YY, et al. 2026. Nanobodies in
biomedicine: from molecular characteristics to fabrication and clini-
cal translation. Military Medical Research 13:100009

Li H, Li J, Liu X, Wei X, Zeng X, et al. 2026. Nanotechnology-enhanced
CAR-T therapy strategies in cancer, aging, and autoimmune diseases.
Journal of Hematology & Oncology 19:44

Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng L, et al.
2012. An anatomically comprehensive atlas of the adult human brain
transcriptome. Nature 489:391-399

Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. 2018. Integrating
single-cell transcriptomic data across different conditions, technolo-
gies, and species. Nature Biotechnology 36:411-420

Andreatta M, Carmona SJ. 2021. UCell: Robust and scalable single-cell
gene signature scoring. Computational and Structural Biotechnology
Journal 19:3796-3798

DeTomaso D, Jones MG, Subramaniam M, Ashuach T, Ye CJ, et al.
2019. Functional interpretation of single cell similarity maps. Nature
Communications 10:4376

Zhang XH, Anderson KM, Dong HM, Chopra S, Dhamala E, et al. 2025.
The cell-type underpinnings of the human functional cortical connec-
tome. Nature Neuroscience 28:150—-160

Zhang H, Liu Y, Jiang S, Fang Z, Jiang M, et al. 2026. Transcriptomic
and neuroimaging decoding of brain-immune crosstalk in thyroid eye
disease. Advanced Science 13:23609

Lin W, Xu L, Zheng Y, An S, Zhao M, et al. 2023. Whole-brain mapping
of histaminergic projections in mouse brain. Proceedings of the
National Academy of Sciences of the United States of America
120:€2216231120

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press on behalf of China

Pharmaceutical University. This article is an open access article
distributed under Creative Commons Attribution License (CC BY 4.0),
visit https://creativecommons.org/licenses/by/4.0/.

Page 150f 15


https://doi.org/10.1073/pnas.0501112102
https://doi.org/10.1073/pnas.0501112102
https://doi.org/10.1111/bph.13474
https://doi.org/10.1016/j.cell.2023.11.017
https://doi.org/10.1016/j.bcp.2016.12.021
https://doi.org/10.1016/j.bcp.2016.12.021
https://doi.org/10.1016/j.bcp.2016.12.021
https://doi.org/10.5283/epub.53449
https://doi.org/10.5283/epub.58594
https://doi.org/10.1021/acs.molpharmaceut.0c00461
https://doi.org/10.1016/j.omtn.2023.102065
https://doi.org/10.1016/j.jconrel.2021.07.018
https://doi.org/10.1016/j.jconrel.2021.07.018
https://doi.org/10.1016/j.jpha.2023.04.003
https://doi.org/10.1002/mco2.70328
https://doi.org/10.1016/j.mmr.2026.100009
https://doi.org/10.1186/s13045-026-01805-7
https://doi.org/10.1038/nature11405
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1016/j.csbj.2021.06.043
https://doi.org/10.1016/j.csbj.2021.06.043
https://doi.org/10.1038/s41467-019-12235-0
https://doi.org/10.1038/s41467-019-12235-0
https://doi.org/10.1038/s41593-024-01812-2
https://doi.org/10.1002/advs.202523609
https://doi.org/10.1073/pnas.2216231120
https://doi.org/10.1073/pnas.2216231120
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044
https://doi.org/10.48130/targetome-0026-0044

	Introduction
	Overall structural features and the diversity of downstream pathways of H3 receptors
	Structural features
	Splicing variants
	Other H3R interacting proteins
	Constitutive activity

	Optogenetic and photopharmacological tools for the spatiotemporal study of H3 receptors
	Recent advances in the functional spatial heterogeneity of H3 receptors
	Spatiotemporal regulation of H3 receptor signaling
	GPCR-biased signaling drug design of H3R
	Brain region and cell-type-targeted drug delivery
	Multi-modal integration guiding H3R-based therapy

	Conclusions and perspectives
	Ethical statements
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	References

