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Chemogenetics enables precise, non-invasive, and reversible
modulation of neural activity via the activation of engineered re-
ceptors that are pharmacologically selective to endogenous or
exogenous ligands.With recent advances in therapeutic gene de-
livery, chemogenetics is poised to support novel interventions
against neuropsychiatric diseases and disorders. To evaluate its
translational potential, we performed a scoping review of appli-
cations of chemogenetics that led to the reversal of molecular
and behavioral deficits in studies relevant to neuropsychiatric
diseases and disorders. In this review, we present these findings
and discuss the potential and challenges for using chemogenetics
as a precision medicine-based neuromodulation strategy.
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INTRODUCTION
Continuous advances in genetic targeting, protein engineering, and
the ever-expanding knowledge of the relationship between neural cir-
cuits and behavior hold considerable promise for the development of
novel precision medicine-based therapeutics. Many existing gene
therapy applications focus on the targeted overexpression of a specific
gene with known mechanistic involvement in disease. However, the
current mechanistic understanding of many classes of neuropsychi-
atric diseases and disorders is not sufficient for rationalizing thera-
peutic strategies based on functional gene transfer, and an alternative
approach may involve circuit modulation-based approaches via the
direct stimulation of engineered receptors targeted to the cell surface.

Chemogenetic technologies modulate targeted cell populations
through engineered receptors or channels that are pharmacologically
selective for specific ligands.1 The selectivity between the engineered
receptor/channel-ligand pair enables their reversible and titratable
activation and the subsequent modulation of cells expressing such re-
ceptors in the local or systemic presence of the ligand. Using viral vec-
tors to deliver genetic cargo that encodes such engineered receptors or
channels restricts the direct stimulation to a discrete molecular and/or
anatomically defined neural population by introducing unique regu-
latory elements to the gene expression cassette. These properties have
rendered chemogenetics powerful tools to causally examine neural
correlates of behavior and disease in basic or preclinical experimental
disease models. Importantly, the pharmacological requirement for
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neuromodulation via chemogenetics has generated interest in the en-
gineering of such receptor/channel-ligand systems into therapeutic
tools for precision medicine-based therapeutics (Figure 1).

To better understand the current level of evidence for the therapeutic
potential of chemogenetics and its promise for potential therapeutic
applications, we performed a scoping review of basic and preclinical
studies that applied chemogenetic technologies and demonstrated
therapeutic benefit in various models of neuropsychiatric diseases
and disorders. Given the versatility of chemogenetics, we chose to
focus on clinical abnormalities associated with the nervous system,
which spans diseases for which causality is established and disorders
for which there exist defined clinical presentations (e.g., neuropathic
pain). In this review we provide a primer to chemogenetics, present
findings from the scoping review, and discuss the concept of chemo-
genetics as a clinical method and the challenges to such an end.
PRIMER TO CHEMOGENETICS
Chemogenetic technologies developed to date modulate cellular ac-
tivity through metabotropic and ionotropic signaling. The metabo-
tropic approach employs engineered G-protein-coupled receptors
(GPCRs) that activate effector proteins to initiate downstream
signaling cascades, whereas the ionotropic approach employs engi-
neered ligand-gated ion channels to directly modulate membrane
ion conductance. While these chemogenetic technologies have been
extensively reviewed elsewhere,2 recent technological developments
in chemogenetics, especially in relation to the translational potential
of the technology, necessitate a revised and updated primer. Chemo-
genetics has been traditionally defined to utilize exogenous small mol-
ecules for receptor activation. Given recent engineering of receptors
that utilize endogenous ligands and, separately, genetically encoded
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Figure 1. Principles of precision neuromodulation through chemogenetics

(A) Using either site-directed mutagenesis or directed evolution, candidate signaling receptors are modified to exhibit elevated or diminished affinities for cognate ligands.

Ligands are either exogenous, pharmacologically inert small molecules or endogenous signaling molecules. (B) Chemogenetic receptors are delivered to the brain using viral

vectors. Receptor expression is restricted by the localized infusion of the viral vector and tissue-specific regulatory elements of gene expression. (C) Therapeutic neuro-

modulation is achieved through reversible and titratable signaling events mediated by the chemogenetic receptors in the presence of cognate chemogenetic ligands, with

therapeutic efficacy and safety contingent upon neuromodulation of specific brain regions, cell types, and/or circuits. Receptor expression is non-invasively and longitudinally

monitored by positron emission tomography.
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peptides for neuromodulation,3,4 we define chemogenetics to include
any engineered receptor-ligand system that modulates cell function
via altered ligand specificity and ligand affinity. This definition is
agnostic to the identity and source of the ligand and reconciles differ-
ences among existing chemogenetic systems.

Metabotropic systems

The earliest metabotropic chemogenetic systems originated from ef-
forts to study GPCR signaling in mammalian neurons. The expres-
sion of a Gi-coupled allatostatin receptor from Drosophila mela-
nogaster in mammalian neurons led to complete and reversible
neuronal silencing via allatostatin administration.5,6 Alternatively,
site-directed mutagenesis of human GPCRs has led to a family of re-
ceptors activated solely by synthetic ligands (RASSLs).7 Due to issues
with blood-brain barrier (BBB) penetrance by allatostatin and off-tar-
geted interactions by both ligands and receptors observed in RASSL
systems, these systems were insufficiently generalizable for neuromo-
dulatory functions beyond their original purposes.6,8,9

To overcome such a challenge, some members of the RASSLs family
were engineered into designer receptors exclusively activated by
designer drugs (DREADDs).7 Despite divergent nomenclature, “syn-
thetic ligand” in RASSLs and “designer drugs” in DREADDs both
refer to cognate small-molecule actuators of these systems. Systems
derived from human muscarinic (hM) receptors, hM DREADDs,
are the most ubiquitously applied tools to date. hM DREADDs are
products of directed evolution of hM receptors, whereby large li-
braries of mutant receptors were screened for selective activation by
clozapine (CZP) and clozapine N-oxide (CNO).10,11 The Gq-coupled
hM3 DREADD (hM3D) and the Gi/o-coupled hM4 DREADD
(hM4D), two most common systems, leverage the associated G-pro-
tein signaling pathway to promote and suppress neuronal excitability,
respectively.10 Both hM3D and hM4D exhibit well-tolerated expres-
sion by tissues of the nervous system across rodent and non-human
primate (NHP) models.12 Furthermore, dopaminergic neurons
induced from human pluripotent stem cells that express hM3D or
hM4D exhibit CNO-dependent depolarization or hyperpolarization,
respectively, with no changes to resting membrane potential in the
absence of CNO.13
The translational potential of hM DREADDs has been challenged by
findings of metabolic conversion from CNO to CZP and the off-tar-
geted pharmacological actions by both molecules in vivo. Extensive
studies now support the notion that (1) CZP much more effectively
penetrates the BBB and accumulates in brain tissue than does
CNO, (2) CZP has greater potency for hM DREADDs than does
CNO, and (3) the reverse metabolism of CNO into CZP following pe-
ripheral administration of CNO is primarily responsible for hM
DREADD activation.14–17 Both CNO and CZP have displayed affinity
for a wide class of endogenous receptors,15,18,19 and both drugs can
induce significant behavioral effects, e.g., locomotion, anxiety, and
cognitive changes, in the absence of hM DREADD expression in
rats.17,20

Given the requirement of high receptor-ligand selectivity, new
DREADD agonists were recently developed. Novel CZP analogs
such as JHU37160 (J60) have been shown to display higher brain
penetrance and to selectively drive hM DREADD-modulated behav-
iors in mice at the same or lower effective dosages than that of CZP.21

More recently, deschloroclozapine (DCZ) was characterized as a
potent and selective DREADD activator in mice and NHP with
reduced affinity for off-target receptors.22,23 Olanzapine (OZP) was
also identified as a Food and Drug Administration (FDA)/European
Medicines Agency (EMA)-approved drug with structural and electro-
chemical similarities to CZP.24 Notably, its potency at hM4D in vitro
was reportedly 20 times greater than that of CZP. Collectively, these
new generations of DREADD actuators may necessitate lower effec-
tive dosages than those of CZP and CNO to enable precise neuromo-
dulation without off-targeted effects. However, in terms of transla-
tional potential, use of FDA-approved medications such as CZP
and OZP would hold the greatest promise, as DCZ and J60 would
require extensive safety testing and FDA approval. Regardless of the
ligand used, ligand-dependent off-targeted effects would require care-
ful assessment in future preclinical and clinical applications.

Beyond hM DREADDs, rationally site-directed mutagenesis of the
Gi-coupled human k opioid receptor (hKOR) has generated KOR
DREADDs (KORD). These mutations abolish the affinity for the
endogenous ligand, dynorphin A (DynA), and increase the affinity
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for salvinorin B (SalB).25 The SalB-KORD system has been validated
in mice to demonstrate dose-dependent behavioral effects in locomo-
tion and food intake after peripheral SalB administration.25,26 How-
ever, despite pharmacokinetic and pharmacodynamic characteriza-
tions of SalB, which support its use for acute chemogenetic
studies,27 evaluations of its off-targeted effects are required to evaluate
SalB’s potential for clinical applications. Beyond KORD, modifica-
tions of other human GPCRs have generated several other DREADDs
systems, although they have much fewer applications in animal
models and all lack pharmacological characterization to the extent
similar to those on the panel of hMDREADD agonists.28,29 Nonethe-
less, these examples demonstrate that mutagenic and chimera-based
engineering can expand the repertoire of metabotropic receptors to
modulate not only neuronal excitability but also other signaling
pathways.

Ionotropic systems

The early generation of ionotropic chemogenetic receptors combined
ligand-binding domains (LBDs) and ion pore domains (IPDs) across
members of the Cys-loop receptor family.30 This comprises the
largest family of ionotropic channels in the nervous system whose
LBDs and IPDs are coupled by flexible loops, which allow structural
and functional chimeras of various LBDs and IPDs.31 Traditionally,
the LBD of the nicotinic acetylcholine receptor (nAchR) was fused
with excitatory (cation-specific) and inhibitory (chloride-specific)
IPDs. However, these simple modular combinations still retained
sensitivity to endogenous acetylcholine.

Current ionotropic chemogenetic systems overcome the challenge of
acetylcholine sensitivity through site-directed mutagenesis of the
nAchR LBD, yielding pharmacologically selective actuator modules
(PSAMs) that are activated by pharmacologically selective effector
molecules (PSEMs).30 Fusion of PSAMs with various functional
IPDs generates chimeric ion channels capable of potent, reversible,
and titratable excitation and inhibition of targeted neurons via direct
electrochemical changes to the membrane potential. To date, four
PSAMs have been developed (PSAM-A/B/C/4) (Table 1).30,32 Each
PSAM is exclusively activated by a panel of PSEMs, permitting
orthogonal combinations of PSAM/PSEM systems for multiplexed
control of targeted cells.33 The current repertoire of functional IPDs
fused with PSAMs includes (1) an excitatory IPD from a serotonergic
receptor, (2) an inhibitory IPD from a glycinergic receptor, and (3) a
calcium-specific IPD from a cholinergic receptor. Further mutagen-
esis of IPDs has generated derivatives that exhibit elevated single-
channel conductance or attenuated sensitization for prolonged acti-
vation, both of which are features that enable more robust modulation
of targeted cells.30

The latest PSAM/PSEM system features PSAM4 along with a panel of
cognate ligands that includes ultrapotent PSEMs (uPSEMs) and the
FDA/EMA-approved anti-smoking drug varenicline.32 While vareni-
cline is clinically approved for smoking cessation as an nAchR
agonist, it displays �630-fold greater affinity for PSAM4 than for
the nAchR LBD, which allows a dosage of varenicline for effective
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PSAM4 activation far lower than that required for nAchR agonism.
Intraperitoneal and oral delivery of varenicline effectively induces be-
haviors driven by an inhibitory PSAM4 receptor in mice, and subcu-
taneous delivery of varenicline induces neurophysiological changes in
adult rhesus monkeys. Due to varenicline’s off-targeted effects on
food intake in mice at elevated doses, likely due to activation of
endogenous 5-HT3 receptors,34 synthetic varenicline analogs have
been generated and display sub-nanomolar potency at PSAM4 and
no off-targeted effects on food intake analogous to those induced
by varenicline.32 Applications of the uPSEMs/PSAM4-GlyR systems
in mice show sustained inhibition of CA1 hippocampal neurons
and substantia nigral neurons via intraperitoneal administration of
uPSEMs.32

Beyond PSAM-based systems, two ivermectin-sensitive chloride
channels, GluCl, a chloride channel from Caenorhabditis elegans,
and the engineered human a1 glycine receptor can inhibit mamma-
lian neurons in vivo.3,35–38 Interestingly, GluCl is also further engi-
neered to acquire higher affinity for its endogenous ligand, glutamate,
as a strategy to autoregulate elevated extrasynaptic glutamate in ro-
dent models for focal-onset epilepsy.3

Similar to DREADDs, ionotropic chemogenetic systems are designed
to be modular and generalizable across the nervous system. However,
ionotropic systems are dependent on the local electrochemical
gradient, which may drastically differ from canonical homeostatic
levels. Particularly, the chloride electrochemical gradient is known
to reverse during neural development,39 and PSAM4-GlyR was shown
to be excitatory rather than inhibitory in the mouse striatum.40 None-
theless, the engineering of ion channels to directly target pathological
electrochemical mechanisms, such as neuronal hyperexcitability in
epilepsy, has been a promising approach for chemogenetic design.

SCOPING REVIEW
To identify the current level of evidence for the therapeutic potential
of chemogenetics and inform the design of future therapeutic ap-
proaches, we performed a scoping review for studies up until May
1, 2021, which applied chemogenetic tools in models of neuropsychi-
atric disease and disorders and observed reduction of relevant pheno-
types (Figure 2).

Analysis of 171 included studies identified 239 individual experi-
ments that demonstrated chemogenetic-dependent attenuation of
disease-associated phenotypes across models of epilepsy, neurode-
generation, pain, substance use disorders, developmental disorders,
psychiatric disorders, homeostatic disorders, and trauma (Figure 2;
Tables 2 and S1). Included experiments were broadly distributed be-
tween two types: (1) preclinical investigations that primarily aim to
assess therapeutic efficacy and (2) basic neuroscience studies that
apply chemogenetics as a line of evidence for the identification of neu-
ral correlates of disease-associated behaviors. Given the heterogeneity
of the experiments and the early stage of chemogenetics as a
therapeutic approach, we do not distinguish between these types,
with interest for the latter drawing from the perception that
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Table 1. Overview of chemogenetic systems

Type Receptor Genesis Signaling mechanism Agonist

Metabotropic

hM3D
directed evolution of hM3 for affinity for CNO/
CZP

Gq cascade DREADD activators

hM4D
directed evolution of hM4 for affinity for CNO/
CZP

Gi/o cascade DREADD activators

rM3D
chimeric product of rM3Dq and b1-adrenergic
receptor

Gs cascade DREADD activators

KORD
modified hKOR (D138N) for increased affinity for
SalB

Gi cascade SalB

Beta arrrestin DREADD modified hM3Dq that switches Gq with b-arrestin b-arrestin cascade DREADD activators

Ionotropic

PSAM-A-5HT
chimeric product of a modified a7 LBD
(L141F,Y115F) and the 5-HT3 IPD

increased membrane cation conductance PSEM89S, PSEM308

PSAM-A-GlyR
chimeric product of a modified a7 LBD
(L141F,Y115F) and the GlyR chloride-selective
IPD

increased membrane chloride conductance PSEM89S, PSEM308

PSAM-B-5HT
chimeric product of a modified a7 LBD
(Q79G,Q139G) and the 5-HT3 cation-selective
IPD

increased membrane cation conductance PSEM22S

PSAM-C-ɑ7
chimeric product of a modified a7 LBD
(Q79G,L141S) and the a7 calcium-selective IPD

increased membrane calcium conductance PSEM9S

PSAM4-GlyR
chimeric product of a modified a7 LBD
(L131G,Q139L,Y217F) and the GlyR chloride-
selective IPD

increased membrane chloride conductance varenicline, uPSEMs

GluCl
chloride-specific ion channel sourced from C.
elegans

increased membrane chloride conductance ivermectin, glutamate

eGluCl
modified eGluCl (L90F) for increased glutamate
sensitivity

increased membrane chloride conductance glutamate

Descriptions of currently available chemogenetic systems, which include any engineered receptor-ligand system that modulates cell function via altered ligand specificity and affinity.
DREADD, designer receptors exclusively activated by designer drugs; hM3D, human muscarinic 3 DREADD; hM4D, human muscarinic 4 DREADD; rM3D, rat muscarinic 3
DREADD; KORD, k-opioid receptor DREADD; hKOR, human k-opioid receptor; PSAM, pharmacologically selective activator modules; LBD, ligand-binding domain; IPD, ion
pore domain; PSEM, pharmacologically selective effector modules; GlyR, glycine receptor; uPSEMs, ultrapotent PSEMs; GluCl, glutamate-gated chloride channels; eGluCl, enhanced
GluCl.
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chemogenetics-dependent reduction of disease phenotypes simulta-
neously implicates the role of the targeted cells in such phenotypes
as well as the potential of the chemogenetic tool itself as a therapeutic
approach.

To capture the diversity of existing demonstrations of chemogenetics
in disease models, we briefly summarize experimental approaches
and outcomes for each category of neurological disorders (unless
specified, all named regions of the nervous system refer to those in ro-
dent models). We then discuss prospects and challenges to the future
translation of chemogenetic tools.

Focal-onset epilepsy

Given its ability to modulate neuronal excitability, chemogenetics has
supported a diverse set of strategies in rodent models of focal-onset
epilepsy. Focal-onset epilepsy arises from specific brain regions,
such as the frontal and temporal lobes, that can be identified by im-
aging and electrophysiological techniques.41 The mechanism behind
ictogenesis is attributed to pathological hyperexcitability of epilepto-
genic zones that propagates across local and global neural circuits.42

Chemogenetic inhibition of excitatory neurons and excitation of
inhibitory neurons, therefore, become compelling approaches at
both ictogenic and propagated zones. Indeed, targeting both strategies
to cortical, hippocampal, and thalamic neurons in epileptic rodent
models reduces chronic and acute convulsive behaviors and electro-
graphic markers.43–53 The ictogenic mechanism has further rational-
ized autoregulatory approaches to attenuating neuronal excitability.
In one study, engineering a glutamate-gated chloride channel for
sensitivity against elevated extrasynaptic glutamate, a molecular
signature of hyperexcitability, generated an inhibitory ion channel
that was preferentially active during ictogenesis.3

Neurodegeneration

Chemogenetic modulation at cortical, subcortical, and spinal levels
also reduced molecular and behavioral deficits of neurodegenerative
disorders. In a mouse model for amyotrophic lateral sclerosis
(ALS), DREADD-driven excitation of motor neurons and inhibition
of interneurons in the lumbar spinal cord reduced biochemical
markers of ALS,54 while excitation of interneurons in the motor cor-
tex improved motor functions.55 Modulation of astrocytes has also
shown benefit in ALS models.56 In models of tau- and amyloid
b-associated pathologies, inhibition of neuronal activity led to
Molecular Therapy Vol. 30 No 3 March 2022 993
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Figure 2. PRISMA diagram of the scoping review

Results from an initial search of PubMed with keywords—("gene therapy" OR "gene

transfer" OR viral-vector OR Chemogenetics OR Pharmaco-genetic OR DREADD

OR hM3D OR hM4D OR PSAM OR PSEM) AND (model)—for original articles

published before May 1, 2021, were combined with author contributions. Two

authors independently screened study titles and abstracts to select relevant articles.

The full texts of relevant articles were assessed to determine article eligibility based

on three criteria, which required (i) application(s) of chemogenetic tools in (ii)

model(s) of neuropsychiatric diseases and disorders that (iii) reduced disease-/

disorder-associated phenotypes. Differences between the two authors were arbi-

trated by a third author.
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reduced amyloid and tau deposition,57 and DREADD-mediated inhi-
bition of calcium-specific signaling was sufficient to decrease intracel-
lular and extracellular misfolded tau in induced pluripotent stem cells
from patients with frontotemporal lobar dementia.58 DREADD-
mediated inhibition of excitatory neurons in the spinal cord attenu-
ated motor deficits and decreased demyelination in a multiple scle-
rosis model.59 In rodent models of Parkinson’s disease (PD),
DREADD-mediated modulations of striatal neurons differentially
engaged diverse circuits to restore motor function and potentiate ef-
fects of existing pharmacological interventions for PD.60–67 Bidirec-
tional DREADD modulation of dopaminergic neurons grafted to
the striatum enabled regulation of dopaminergic tone.13,68,69

Neuropathic pain

Neuropathic pain is a highly heterogeneous condition that represents
either discrete disorders or comorbidities with inflammatory and psy-
chiatric disorders. Neural representations of pain have been charac-
terized across multiple levels of the neuraxis in a hierarchical
manner.70 Current demonstrations of chemogenetic modulation
target several regulatory nodes, from peripheral sensory neurons to
higher-order cognitive nuclei. PSAM- and DREADD-mediated mod-
ulation of the locus coeruleus,71 paraventricular thalamus,72 and the
periaqueductal gray has been shown to reduce hyperalgesia in rodent
models.73 DREADD-mediated excitation of specific circuits including
the medial prefrontal cortex,74 medial septum,75 hippocampus,75 and
the paraventricular thalamus attenuated visceral pain.74 Both
neuronal and astrocytic populations have been targeted for reduction
of allodynia,76–78 Modulation of neurons in the ventral medial pre-
frontal cortex (vmPFC), ventrolateral orbital cortex, and cingulate
cortices reduced pain-induced anxiety.79–81 Beyond cortical and
994 Molecular Therapy Vol. 30 No 3 March 2022
subcortical manipulations, peripheral chemogenetic modulation at
the level of the spinal cord and other areas posed interesting possibil-
ities for pain-management strategies. DREADD-mediated inhibition
of spinal microglia reduced allodynia.82,83 In addition to inhibition of
spinal sensory neurons that showed analgesic effects in mice,84 inhi-
bition of specific subtypes of dorsal root ganglion neurons reduced
hyperalgesia and allodynia, and increased the threshold for pain
across six independent studies—with subtypes defined by either
molecularly defined cell types or neurons innervating targeted pe-
ripheral regions.85–90

Neurodevelopmental disorders

Neurodevelopmental disorders in rodent models are largely gener-
ated by genetic mutations that partially recapitulate behavioral and
molecular deficits observed in human patients. Chemogenetic manip-
ulations across such models primarily aim to rescue deficits observed
through experimental tasks that interrogate cognitive performance.
In models of autism spectrum disorder (ASD), activation of specific
neuronal populations in the striatum,91 cerebellum,92 nucleus accum-
bens,93 medial preoptic area,94 and, particularly, oxytocin neurons in
the hypothalamus rescued social deficits.95,96 Additional studies in
models of Down syndrome,97 Fragile X syndrome,98 Rett syndrome,99

fetal alcohol syndrome,100 and 22q11.2 deletion syndrome further
suggested that cognitive and behavioral deficits are reversible upon
targeted neuromodulation.101 Interestingly, chemogenetic manipula-
tions of local circuits via excitation of inhibitory interneurons were
sufficient to rescue deficits associated with multiple models of schizo-
phrenia, with targeted brain regions including the hippocampus, hy-
pothalamus, ventral tegmental area, and medial prefrontal cortex
(mPFC).102–107

Substance use disorders

The study of substance use disorders via rodent models focuses on
specific circuits known to be impacted by drug exposure within the
central nervous system (CNS), and various chemogenetic modula-
tions of distinct nodes and pathways within these circuits were suffi-
cient to reduce pathological reward-seeking behavior. In rodent
models of alcohol overconsumption, chemogenetic inhibition of the
mPFC,108 amygdala,109 nucleus accumbens,110,111 and dorsal stria-
tum reduced alcohol-seeking behavior,112 while modulation of both
cortical and subcortical regions reduced behavioral comorbid-
ities.113–115 DREADD-mediated modulation of the NAc and associ-
ated circuits with the dorsal raphe,116,117 vmPFC,118 ventral subicu-
lum,119 and paraventricular thalamus reduced reinstatement of
drug seeking.120 Furthermore, chemogenetic modulation of non-
neuronal cell types has been shown to rescue pathologic reward-
seeking behavior. Excitation of astrocytes within the core of the nu-
cleus accumbens inhibited cue-reinstate cocaine seeking via a defined
molecular mechanism,117 and excitation of astrocytes in the amygdala
reduced alcohol consumption.121

Psychiatric disorders

Chemogenetic manipulations have revealed important circuits associ-
ated with psychiatric disorders. In rodent models of major depressive
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Table 2. Summary of included experiments

Category Count (%)

Modelled disease category

Pain 54 (22.6)

Psychiatric Disorders 44 (18.4)

Neurodegeneration 35 (14.6)

Epilepsy 34 (14.2)

Substance Use Abuse 32 (13.4)

Developmental Disorders 20 (8.4)

Homeostatic disorders 11 (4.6)

Trauma 9 (3.8)

Model type

Mouse (In vivo) 170 (71.1)

Rat (In vivo) 59 (24.7)

Mouse (Ex vivo) 4 (1.7)

Mouse (In vitro) 2 (0.8)

Rats (Ex vivo) 1 (0.4)

Rat (In vitro) 1 (0.4)

Human (In vitro) 1 (0.4)

NHP (In vivo) 1 (0.4)

Receptors/ligand system

hM3Dq / CNO 111 (46.4)

hM4Di / CNO 103 (43.1)

PSAM-A-5HT / PSEM308 6 (2.6)

hM4Di / CZP 4 (1.7)

KORD / SalB 4 (1.7)

GluCl / Ivermectin 2 (0.8)

eGlucl / Endogenous glutamate 2 (0.8)

PSAM-A-GlyR / PSEM308 1 (0.4)

hM3Dq / CZP 1 (0.4)

hM4Di / OZP 1 (0.4)

hM3Dq / J60 1 (0.4)

PSAM-A-5HT / PSAM308 1 (0.4)

PSAM-A-5HT / PSAM89S 1 (0.4)

hM4Di / C21 1 (0.4)

Receptor delivery

AAV vector 211 (88.3)

Animal transgenic knock-in 18 (7.5)

Lentiviral vector 4 (1.7)

Rabies viral vector 3 (1.3)

Adenoviral vector 3 (1.3)

Ligand delivery

Intraperitoneal 187 (78.2)

Intracranial infusion 13 (5.4)

Subcutaneous 12 (5.0)

Media bath (ex vivo) 10 (4.2)

(Continued)

Table 2. Continued

Category Count (%)

Osmotic pump 5 (2.1)

Intramuscular 3 (1.3)

Drinking water, ad libitum 3 (1.3)

Intrathecal 2 (0.8)

None (endogenous ligand) 2 (0.8)

Intravenous 1 (0.4)

Microinjection 1 (0.4)

Ligand off-targeted effects investigated

Not studied 134 (56.1)

Studied, no off-target effects 103 (43.1)

Studied, off-target effects reported 2 (0.8)

Cell-type specificity

Cell-type specific 195 (81.6)

Pan-neuronal 36 (15.1)

Non-specific 8 (3.3)

Cre-dependent 133 (55.6)

Cre-independent 106 (44.4)

Publications by year

2021 (up to May 2021) 23 (9.6)

2020 52 (21.8)

2019 51 (21.3)

2018 45 (18.8)

2017 28 (11.7)

2016 19 (7.9)

2015 11 (4.6)

2014 8 (3.3)

2013 2 (0.8)
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disorder, chemogenetic modulation of newborn neurons in the dentate
gyrus of the hippocampus established a direct relationship between
neuronal activity and depression-like behavior, and activation of
such neurons was sufficient to alleviate depression-like behaviors.122

Modulation of the lateral habenula,123 amygdala,124,125 the shell of
the nucleus accumbens,126 and the arcuate nucleus also demonstrated
reversal of depression-like behaviors.127 Interestingly, a study activated
hM3D to specifically initiate a Gq signaling cascade to reverse depres-
sion-like behavior.128 Further applications of chemogenetic tools
demonstrate attenuation of depression-like and anxious behaviors in
models of obsessive-compulsive disorder, eating disorders, and
stress-related disorders.129–136 Finally, DREADD-mediated modula-
tion of the amygdala has been shown to reduce anxiety-related behav-
iors in non-human primates for the first time, illustrating the high
translational potential of this neuromodulation approach.137
Trauma

In models of traumatic brain injury and stroke, DREADD-mediated
activation of glutamatergic neurons and inhibition of interneurons at
Molecular Therapy Vol. 30 No 3 March 2022 995
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the cortex demonstrated neuroprotective effects, including recovery
of global neurological status, cognitive performance, and motor func-
tion.138–140 Furthermore, excitation of ganglionic populations in the
spinal cord after peripheral nerve injury has been shown to promote
axonal regeneration.141–143 Inhibition of spinal interneurons was
shown to rescue lymphocytes after spinal cord injury.144

Homeostatic maintenance

Chemogenetics has been applied to modulate sympathetic and para-
sympathetic tone for the control of deficits in models of heart fail-
ure.145–147 Modulation of sleep-regulating pathways implicated by
oxytocin signaling and the ventrolateral preoptic nucleus has demon-
strated the reduction of cataplexy-like episodes.148 Finally, recent re-
ports applied several viral delivery strategies to enable DREADD-
mediated excitation of hypoglossal motor neurons to dilate the airway
in obstructive sleep apnea.149,150

TRANSLATIONAL POTENTIAL
In summary, this review identified applications of chemogenetic neu-
romodulation across diverse brain regions, cell types, and disease
models. These applications led to the reversal of associated molecular
and behavioral deficits and have increased the knowledge of discrete
brain circuit involvement across several diseases and disorders. Che-
mogenetic systems were primarily applied in a modular manner,
whereby the chemogenetic receptors were generalized as excitatory
and inhibitory tools despite differences in their downstream signaling
mechanisms. While neuronal excitability is indeed an attribute of
some pathophysiological processes, such as those in epilepsy and Alz-
heimer’s disease, many neurological diseases and psychiatric disor-
ders have highly diverse and elusive pathophysiological mechanisms.
Given only a few identified studies that leveraged the effector func-
tions of chemogenetic receptors to modulate specific molecular path-
ways,3,128 and given limitations in existing rodent models for diseases
and disorders for which the underlying pathological mechanisms are
poorly understood, we conclude that the potential of current chemo-
genetic receptors as a method for precision neuromodulation,
whereby the mechanism of action is directly rationalized frommolec-
ular pathophysiology rather than neuronal excitation, remains largely
conceptual.

However, we still identified many studies that successfully addressed
pathological phenotypes in animal models by simply modulating
neuronal excitability at specific nodes of the associated neural circuits.
This demonstrated ability to tune neuronal excitability poses inter-
esting possibilities for focal and programmable neuromodulation.
Therefore, we discuss the translational potential of chemogenetics
not in the context of specific molecular mechanisms of disease but
rather in the context of its potential as a generalized technique for
neuromodulation, such as deep brain stimulation (DBS).

The development of DBS, whereby intracranial electrodes deliver
electrical impulses, added a powerful and safer option than its prede-
cessor (focal lesions) to the surgical toolkit for treating behavioral and
motor disorders.151 DBS has advantages over surgical lesioning for its
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lack of irreversible tissue ablation and the ability to control stimula-
tion to influence circuit behavior.152 Programming the frequency, in-
tensity, and pattern of DBS to achieve symptom reduction can be
challenging clinically. However, enhancements in DBS configurabil-
ity have made it the standard of care for patients with highly refrac-
tory disorders—most commonly PD, dystonia, and essential tremor.
Many DBS-based strategies to treat diseases such as depression, Alz-
heimer’s disease, and neuropathic pain have entered clinical trials.
Further, DBS has been coupled with electrocorticography for real-
time detection and prevention of focal-onset epilepsy.153 Neverthe-
less, despite its efficacy in treating neurological diseases, its effective-
ness in treating psychiatric disorders and its general mechanism of
action remain unclear. Indeed, high-frequency stimulation was orig-
inally believed to be inhibitory, given the similar clinical effects
observed as in lesioning.154 However, it is evident that the mechanism
is more complex, with hypotheses proposed such as informational le-
sioning and synaptic filtering, which reject the notion of simple inhi-
bition or excitation.152 It is also unknown to what extent DBS can
differentiate specific cell types or discrete neuronal processes (e.g.,
axons, fiber tracts, and cell bodies).

In contrast to DBS, targeting chemogenetic applications to the ner-
vous system entails a much more versatile and precise approach, as
targeted delivery of engineered receptors to discrete cell populations
can enable cell-type-specific neuromodulation. Selective chemoge-
netic receptor targeting could maximize the modulation of neurons
critical for symptom reduction and avoid affecting proximal regions
that lead to side effects, a common challenge encountered with DBS
stimulator programming. The duration and intensity of the effect
from chemogenetic receptors is also pharmacologically controlled
by agonists, a potential advantage in facilitating symptom reduction
while enhancing patient independence—specifically in obviating the
need for and complications associated with electrical devices in
DBS. Chemogenetics further introduces the possibility of precision
network control. Various classes of receptors could be introduced
in different nuclei for multiplexed network control, with the ability
to modulate distinct neuronal populations in different connectomes
simultaneously. The possibilities of a system that can work inclusively
on multiple levels of a circuit are profound, as it may enable optimi-
zation of the therapeutic effect for patients. Recently, a review favor-
ably discussed the therapeutic potential of chemogenetic modulation
for pain, epilepsy, and movement disorders,155 and our systematic
analysis further demonstrates the versatility of chemogenetics for
nearly all classes of neuropsychiatric diseases and disorders.

Another widely used neuromodulation approach with higher tempo-
ral precision than chemogenetics is optogenetics, which relies on the
use of light to activate excitatory or inhibitory light-sensitive geneti-
cally encoded ion channels. However, its need for an external light
source has limited translational developments in terms of targeting
only superficial organs or tissues.156,157 Until there is a non-invasive
solution for light delivery to deep brain structures, optogenetics
shares similar challenges with DBS, whereby the need for invasive
surgical procedures introduces safety risks and financial costs of a
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lifelong implant. Lastly, preclinical applications of optogenetic sys-
tems have relied on engineered ion channels. Similar to PSAM-based
chemogenetic systems, the neuromodulatory effects of optogenetic
receptors are dependent on the local electrochemical environment.
Indeed, optogenetic chloride channels have displayed both inhibitory
and excitatory effects in different cellular spaces.158 Metabotropic re-
ceptors, namely DREADDs, are a more reliable counterpart in pro-
ducing desired neuromodulatory effects. Accordingly, DREADD-
based systems represented over 90% of the identified experiments
in our scoping review (Table 2).

Furthermore, clinical applications of chemogenetics would necessi-
tate non-invasive, longitudinal monitoring of the spatial and tempo-
ral expression of chemogenetic receptors. To this end, chemogenetic
ligands have been engineered to permit receptor detection via posi-
tron emission tomography (PET). Radiolabeled tracers, including
[11C]DCZ, [11C]CZP, and the fluorinated analog [18F]JHU37107,
have been shown to display specific binding to hM DREADD recep-
tors in mice and NHPs.21,23,137,159,160 Namely, [11C]DCZ was shown
to exhibit considerable improvement in signal-to-background ratio
over [11C]CZP in NHPs.159 Administration of these radiotracers in
live animals led to visualization of the location and the levels of
DREADD expression in the CNS and simultaneously enabled high-
resolution identification of relevant neuronal projections across the
brain. Pluripotent stem cells expressing DREADDs grafted to the
mouse brain have also been visualized by PET to track differentiated
neurons using [11C]CNO.161 Beyondmonitoring receptor expression,
combining DREADD activation with PET and functional magnetic
resonance imaging (fMRI) has revealed global metabolic and
functional networks involving the cell-specific mesocorticolimbic
pathways and serotoninergic signaling circuitries.162–165 These
developments will be critical to the non-invasive validation and lon-
gitudinal monitoring of successful delivery of DREADD receptors to
the human patient to enable precision medicine-based therapies.

Finally, beyond the lines of evidence identified by this review that pre-
sent current chemogenetic systems as a therapeutic method for circuit
manipulation, the concept of chemogenetics poses vast potential for
precise molecular and cellular modulation. First, given that the deliv-
ery of chemogenetic receptors can be restricted to specific cell types,
divergent functions of distinct types of cells within a given anatomical
circuit can be decoupled and specifically modulated. This is especially
important given recent advances in neuroscience that implicate non-
neuronal cell types, such as astrocytes and microglia, as critical medi-
ators of neuronal function.166 Glia engage neural circuitry in a diverse
set of ways, including modulating local synaptic transmission by
maintaining the extrasynaptic environment. Indeed, our scoping re-
view identified several studies that specifically targeted glia (Table
2).56,76,117,121 For example, chemogenetic inhibition of astrocytes
was shown to reduce neuropathic pain by modulating astrocytic cyto-
kine secretion.76 Coupling transcriptional expression of chemoge-
netic receptors with cell states, rather than cell types, would also intro-
duce temporal control to chemogenetic neuromodulation. Second,
latest generations of chemogenetic systems are entirely derived
from engineering of the hM3, hM4, and nAchRs. The process by
which these systems are created is a proof of concept that can drive
the expansion of the chemogenetic repertoire to encompass deriva-
tives of many more endogenous metabotropic and ionotropic recep-
tors. For example, an engineered voltage-gated potassium channel de-
signed to reduce neuronal excitability effectively reduced seizure
frequency in focal-onset epileptic models.44 As such, this would allow
chemogenetic manipulations not only through modulation of
neuronal excitability but also through tuning of more defined inter-
cellular and intracellular signaling pathways.

TRANSLATIONAL CHALLENGE
From our identified studies, analysis of the experimental approaches
revealed that the diverse therapeutic potential of chemogenetics is
contingent upon the ability to express chemogenetic receptors in
discrete cell types. All brain regions comprise intermixed cell popula-
tions with multiple neuronal and non-neuronal cell types whereby
each mediates specific functions by participating in local cell-to-cell
and/or distal, long-range, whole-brain interactions. Therefore, effec-
tive neuromodulation is expected to require the spatio-, cell-type-,
and projection-specific identification and targeting of discrete cells
in order to induce desired outcomes and avoid off-target effects.
Here, we discuss current strategies to overcome these technical chal-
lenges and their shortcomings.

Receptor delivery

Chemogenetic systems’ therapeutic efficacy necessitates restricted
expression of chemogenetic receptors in spatially defined brain re-
gions. To this end, recombinant adeno-associated viral vectors
(rAAVs) are the predominant viral-mediated gene delivery vehicle
to the CNS given their low immunogenicity, high transduction effi-
ciencies, and well-validated applications.167 Neurosurgical delivery
of rAAVs primarily relies on convection enhanced delivery (CED).
CED is an intraparenchymal injection method that has been validated
in clinical trials to efficiently diffuse rAAV vectors in brain regions
around the surgically placed infusion cannula.168 Developments in
MRI-assisted CED and cannula design also enhance the accuracy, ef-
ficiency, and safety of intraparenchymal injections.169–173 Alternative
to CED, a recent proof-of-concept study applied intravenous infusion
of rAAV vectors and microbubbles accompanied by magnetic reso-
nance-guided focused ultrasound (MRgFUS) to temporarily open
the BBB at the target brain region and permit rAAV entry to the pa-
renchyma,174 permitting targeted expression of hM DREADDs in
mice.175 However, both delivery methods face the challenge of delo-
calized rAAV transduction due to infusion leakage or axonal trans-
port. Intravenous infusion of rAAV vectors in MRgFUS may result
in peripheral transduction and even peripheral transgene expression
if driven by the appropriate promoters.170,174 Indeed, localized intra-
parenchymal injections have been shown to result in transgene
expression in distant brain regions due to the distribution of intact
viral particles through perivascular space and bidirectional axonal
transport of intact rAAV particles.168,176–179 To our knowledge, no
studies that examine these off-targeted consequences specifically
within the application of chemogenetic systems are yet available.
Molecular Therapy Vol. 30 No 3 March 2022 997
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Whereas non-invasive delivery would enable fully non-invasive che-
mogenetic neuromodulation, local infusion of rAAVs still possesses
translational feasibility. Preclinical and clinical developments that
rely on local AAV infusions may be less prohibited by the cost of clin-
ical-grade AAV production. Furthermore, existing interventions that
target deep brain structures (e.g., DBS and lesioning) or spinal struc-
tures (e.g., dorsal root entry zone and ganglionectomy) already
demonstrate the translational feasibility of focal delivery of chemoge-
netic receptors through invasive procedures.

Cell-type specificity

Cell-type-specific expression of chemogenetic receptors is not only
advantageous but also sometimes necessary due to the presence of
heterogeneous and antagonistic cell types at a given brain region.
For example, cortical regions are characterized by the functional inte-
gration between excitatory pyramidal neurons and inhibitory inter-
neurons. Pan-neuronal chemogenetic manipulations of such regions,
therefore, may yield neutralized effects from simultaneous activation
of both cell types. Indeed, in a study that sought to inhibit the anterior
insular cortex (aIC) to increase the threshold for pain in a rat model of
visceral pain, pan-neuronal inhibition of the aIC produced a statisti-
cally insignificant behavioral trend that was later confirmed by spe-
cific inhibition of pyramidal neurons in the same region.180 In a
mouse model for obsessive-compulsive disorder, inhibition of inhib-
itory neurons receiving projections from the amygdala reversed
behavioral deficits, and activation of excitatory neurons receiving
the same projection interestingly recapitulated the same pheno-
type.129 Antagonistic or cooperative cell types and pathways are
also found beyond the cortex. D1 and D2 dopaminergic neurons
are implicated in the direct and indirect pathways in the basal ganglia
that regulate motor behavior.181 A recent study found opposite anal-
gesic effects by chemogenetic modulation of D1 and D2 neurons in
the brainstem of a mouse model for trigeminal neuralgia.182 Beyond
antagonistic cell types, heterogeneous cell populations across the ner-
vous systemmediate highly specific functions. Chemogenetic applica-
tions at subcortical and spinal regions necessitated targeting of, for
example, somatostatin neurons,62 orexin neurons,132,140 and a molec-
ularly defined population of dorsal root ganglion neurons.84 As an
example of the importance of cell type-specific modulation, over
80% of all experiments within our included studies targeted specific
neuronal and glial subtypes (Table 2).

Current strategies to achieve specific expression in rodent models
either employ cell-type-specific promoters or use recombinases to
conditionally enable functional expression. Conceptually, an ideal
promoter would fit within the rAAV packaging limit, strongly drive
transgene expression, and show no leaky expression in other cell
types. However, there is currently a limited repertoire of suitable pro-
moters that satisfies these requirements. Given the rAAV genome
size, only a small subset of established promoters for CNS cell types
are small enough to be packaged in ciswith coding sequences. A com-
mon strategy in basic neuroscience to achieve cell-type-specific
expression of transgenes is cell-type-dependent Cre-driven recombi-
nation, whereby Cre recombinase recognizes two pairs of Lox
998 Molecular Therapy Vol. 30 No 3 March 2022
sequences flanking an inverted transgene sequence to irreversibly
establish the correct coding orientation and drive functional gene
expression.183 However, despite the ubiquitous application of Cre-
mediated recombination in chemogenetic studies (Table 2), Cre has
been shown to cause DNA damage in mammalian genomes in both
the presence and absence of pseudo-LoxP sites and to induce brain
lesions within rodent models.184,185 It is worth noting that studies
that specifically investigate Cre-associated toxicity usually induce hy-
perexpression of Cre beyond levels seen in typical chemogenetic ap-
plications,186,187 and self-excising Cre constructs have been shown to
reduce toxicity.188,189 However, the self-inactivating technique to
drive transgene expression levels in neuronal systems sufficient for
chemogenetic applications has not yet been validated.

Currently, the most predominant effort to bypass cell-type-depen-
dent recombination entails the discovery or synthesis of minimal pro-
moters. However, minimal promoters often display leaky gene
expression. Within the included studies, one experiment targeted
Purkinje neurons via the minimal Purkinje cell-specific PCP2/L7 pro-
moter to rescue social impairment in a mouse model for ASD.190 In
another study that sought to delay motor neuron degeneration, ex-
pressing Cre-conditional hM3D in the motor cortex of parvalbu-
min-Cre transgenic mice generated a neuroprotective effect, and
the same effect was observed when hM3Dwas driven by hDlx, the hu-
man form of Dlx5/6 enhancer.55 However, while 79% of transduced
cells in the local region were parvalbumin neurons, 19%were somato-
statin interneurons.55

In this regard, chemogenetic-mediated neuromodulation shares the
same challenge with the larger field of neurological gene therapy: the
need to establish programmable, cell-type-specific transgene expres-
sion. It is important to note, however, that in comparison with current
neuromodulatory interventions such as lesioning and DBS, the current
ability to utilize cell-type-specific promoters to restrict the expression of
chemogenetic receptors is already a paradigmatic leap in precision.
Furthermore, there exist diverse regulating elements of mammalian
transcription and translation beyond promoters. For example, RNA
folding has been leveraged to design translation activators and repres-
sors that are sensitive to the presence of sequence-specific RNA.191,192

Cell-type-specific enhancers have also been harnessed to drive cell-
type-specific gene expression while occupying smaller portions of the
rAAV cassette.193 Lastly, efforts in expanding the rAAV genome and
in developing alternative vectors further supports the possibility of
incorporating large promoters in the future.194

Projection specificity

Beyond targetingmolecularly defined cell types, effective chemogenetic
neuromodulation has been repeatedly demonstrated to rely on exclu-
sive targeting of cells that engage in a specific neural circuit. The con-
ventional orientation of the CNS defines regions of interest (ROIs) first
by spatial location. The circuit connectivity of an ROI is then identified
to include heterogeneous axonal projections to and from the ROI,
thereby implicating multiple functions based on the associated circuits.
Furthermore, neuronswithin an ROI that participate in distinct circuits
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are often indistinguishable viamolecularmarkers. Projection specificity
is a critical dimension in the design of chemogenetic applications. In a
mouse model for binge drinking, activation of NPY1+ neurons in the
mPFC decreased ethanol consumption but did not significantly reduce
blood ethanol concentration, while exclusive activation of NPY1+ neu-
rons that project from the mPFC to the basolateral amygdala led to a
more robust reduction of ethanol consumption and significantly
reduced blood ethanol concentration levels.108 In a mouse model for
cocaine relapse, inhibition of neurons that project from the ventral
tegmental area (VTA) to the prelimbic cortex reduced context-depen-
dent reinstatement of cocaine seeking, and such an effect was not reca-
pitulated in the mere stimulation of VTA neurons.195

Achieving projection-specific manipulations faces separate challenges
in the identification of circuits and the selective expression of chemo-
genetic receptors in projection-specific neurons. Retrograde and anter-
ograde tracers are common tools to identify neuronal projections and
have been demonstrated to enable effective rationalization of chemoge-
netic manipulations.119 However, there exist few non-invasive alterna-
tives for circuit identification in humans, despite recent attempts to
computationally characterize neuronal connectivity using fMRI.196

Projection-specific transgene expression is often achieved via retro-
grade AAVs, which package a recombinase, such as Cre, that leads to
transgene expression in transduced neurons whose axons terminate
exclusively in a specific brain region. For example, retro-DREADDs,
an adaptation of the dual vector approach for cell-type specificity
described above, delivers a retrograde rAAV packaging Cre to the pro-
jected destination of the targeted neurons, restrictingDREADDexpres-
sion to specific neurons that have the corresponding axonal projec-
tions. This technique has been validated in vivo for hM3D
systems.136 However, while these strategies technically permit projec-
tion-specific and cell-type-specific receptor expression in future pre-
clinical and clinical applications, they are nonetheless limited by the
fact that recombinase-conditional transgene expression poses a risk
for cell toxicity.

Interestingly, chemogeneticmanipulation at the central/peripheral ner-
vous system (CNS/PNS) interface has been shown to be a unique cate-
gory that is exempt from such challenges. Retrograde AAVs can be
delivered to specific tissues innervated by the PNS for the specific tar-
geting of cognate CNS components. This approach was demonstrated
to allow chemogenetic control of motor neurons innervating hypoglos-
sal muscles in a mouse model for obstructive sleep apnea.149,150 Simi-
larly, intra-articular delivery of engineered AAVs allowed for targeted
delivery of hM4D to dorsal root ganglion neurons innervating the knee
and the successful reduction of pain in a mouse model of joint pain.89

Beyond the CNS/PNS interface, however, future projection-specific
chemogenetic applications will need to rely on advancements in brain
connectome studies and synthetic regulation of gene expression.

Receptor-ligand interactions

Beyond challenges in multidimensionally targeted expression of che-
mogenetic receptors, therapeutic applications from chemogenetics
must also establish specific receptor-ligand interactions andminimize
off-targeted effects. Thus far, pharmacodynamic characterizations of
DREADD activators in rodents and NHPs demonstrate rapid onset of
neuromodulatory effects within minutes after systemic delivery of ac-
tivators. However, off-targeted effects are often observed in these
studies, and dosage thresholds for minimal off-targeted actions for
CZP, OZP, and DCZ appear to be dependent on the cellular and mo-
lecular characteristics of target brain regions.23,24,197,198 Our identi-
fied studies did not display a clear standard of experimental design
that controls for ligand-associated off-target behavioral effects (Table
2). More than half of the identified experiments did not establish such
a control, and experiments that did control for ligand interactions
nearly always report that the ligands did not induce any off-target ef-
fects. Moving forward, applications of chemogenetics in translational
and clinical investigations would need to stringently establish the
safety of future chemogenetic ligands in the context not only of the
intended neuromodulatory effects but also that of the ligand’s own
pharmacological profile.
Conclusion

In summary, over the past decade we have observed the development
of chemogenetic systems mainly from engineering of the hM3, hM4,
and nAchRs that exhibit significant potential in the therapy of phar-
macoresistant neuropsychiatric diseases and disorders. Chemoge-
netics is still well within its infancy. Its ability to specifically target
cellular functions via the native functions of the receptors themselves
implies a paradigmatic shift toward circuit-based, cellular, andmolec-
ular neuromodulation. Pairing this capability with other therapeutic
options or monitoring imaging modalities could provide dramatic re-
lief for refractory patients struggling with the consequences of neuro-
logical disorders and encompass a precision medicine-based
approach to treatment. Achieving safe chemogenetic interventions
will inevitably necessitate a strong fundamental understanding of
neural circuitry, controlled transgene expression, and agonist interac-
tions. Yet the personalized modulation that can come from potential
chemogenetic platforms holds the promise of being a powerful tool,
one that can elucidate the mysteries of pathological brain circuitry
and fit the therapeutic needs of each individual.
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