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INTRODUCTION: Localized control of neuron
activity is important for both brain research and
therapy. Chemogenetics is amethod to control
cellular activity by targeting defined cell pop-
ulations with an exogenous receptor that is
engineered to respond selectively to a small-
molecule agonist. The approach is general-
izable because a receptor-agonist combination
can be used to activate or inhibit different
neural populations in any brain region. More-
over, using agonists that are selective for the
chemogenetic receptor allows cell type–specific
modulation, in contrast to traditional phar-
macology. Chemogenetic tools have achieved
widespread utility in animalmodels, and there

is growing interest in developing chemo-
genetic systems that are suitable for human
therapeutic applications.

RATIONALE: Optimally, a chemogenetic sys-
tem should have several characteristics for
use in the nervous system: (i) The introduced
receptor should be activated by low agonist
doses; (ii) human use would be facilitated by
a chemogenetic agonist that is already a safe
and well-tolerated clinically approved drug
that crosses the blood-brain barrier, whereas
for research applications the agonist should
be highly selective for the chemogenetic re-
ceptor over endogenous targets; (iii) chemo-

genetic receptors should be inert in the absence
of the drug, lacking constitutive activity or
responsiveness to endogenous ligands; (iv) the
receptors should activate or inhibit neurons
efficaciously, durably, and reversibly; and (v)
the site and level of expression of the chemo-
genetic receptor should be measurable non-
invasively. Existing chemogenetic systems did
not fulfill all these criteria.

RESULTS: We identified mutations of the
ligand-binding domain of the a7 nicotinic ace-
tylcholine receptor that conferred potent activity
to the FDA-approved smoking cessation drug
varenicline. We created chimeric ligand-gated
ion channels by combining these modified
ligand-bindingdomainswith ionpore domains
from either the glycine receptor or the serotonin

3 receptor, which conduct
chloride or cations, respec-
tively. These two types of
chemogenetic channels in-
hibit or activate neurons
upon binding varenicline
at concentrations below

those used clinically to treat nicotine addic-
tion. Varenicline is especially attractive for
potential therapeutic applications because it
shows limited metabolism, durable pharma-
cokinetics, andhighoral andbrainbioavailability.
Chemogenetic inhibition or activationwas sus-
tained for at least 2 to 3 weeks of continual
exposure to varenicline, indicating suitability
for chronic use. Expression of the chemogenetic
ion channels was visualized in animals by
positron emission tomography, enabling non-
invasive measurement of the expression and
anatomic site of chemogenetic receptors. We
showed robust responses to chemogenetic si-
lencing of neurons using low doses of vareni-
cline in mice and one monkey. Finally, we
synthesized brain-penetrant analogs of vareni-
cline with subnanomolar potency and with
greatly enhanced selectivity for the chemo-
genetic receptors that were effective for mod-
ulation of neural activity in mice.

CONCLUSION: We developed a toolbox of
modular ion channels and selective, ultra-
potent agonists that can be used for targeted
control of brain activity in rodent and primate
models. Additional studies will be needed to
establish long-term safety and efficacy with
chemogenetic receptors for therapeutic appli-
cations, but this is facilitated by using vareni-
cline. These chemogenetic technologies can
advance research into neural circuit disorders
while enabling extension to human therapies.▪
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Chemogenetics for mice, monkeys, and potential therapy in humans. Modular ion
channels were engineered to be activated by ultrapotent agonists, which selectively
inhibit or excite activity in neurons expressing the chemogenetic receptors (blue). Neuron
modulation was characterized by calcium imaging, electrophysiology, and behavior in
mice and a monkey. These chemogenetic receptors and their FDA-approved agonists may
facilitate translation of chemogenetics to therapies for human neurological diseases.
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Chemogenetics enables noninvasive chemical control over cell populations in behaving
animals. However, existing small-molecule agonists show insufficient potency or
selectivity. There is also a need for chemogenetic systems compatible with both research
and human therapeutic applications. We developed a new ion channel–based platform
for cell activation and silencing that is controlled by low doses of the smoking cessation
drug varenicline. We then synthesized subnanomolar-potency agonists, called uPSEMs,
with high selectivity for the chemogenetic receptors. uPSEMs and their receptors were
characterized in brains of mice and a rhesus monkey by in vivo electrophysiology, calcium
imaging, positron emission tomography, behavioral efficacy testing, and receptor
counterscreening. This platform of receptors and selective ultrapotent agonists enables
potential research and clinical applications of chemogenetics.

C
hemogenetics (1) targets an exogenous re-
ceptor to a specific cell population to con-
trol cellular activity only when engaged by
a selective agonist. The approach is gener-
alizable because the same receptor and

agonist combination is used for different cell
types. Chemogenetic tools have widespread utility
in animal models (2) and for therapeutic ap-
plications (3, 4). However, there are fundamental
shortcomings of the small-molecule agonists for
research purposes (5–7). Moreover, human thera-
pies would be facilitated by chemogenetic re-
ceptors that are potently activated by existing
clinically approved drugs.
Chemogenetic systems (table S1) based on

engineered G protein–coupled receptors (GPCRs)
calledDREADDs have been usedwith the agonist
clozapine-N-oxide (CNO) (8, 9), but CNO is a
substrate for the P-glycoprotein efflux pump (PgP)
and ismetabolically converted to clozapine, which
is the active agent in the brain (5, 6, 10). Clozapine
binds with high affinity to many receptors and
has side effects such as behavioral inhibition (7)

and potentially fatal agranulocytosis (11). Chemo-
genetic GPCR tools often rely on GPCR over-
expression (12) to achieve high-potency responses,
and effects on cell electrical activity are variable
as a result of indirect coupling to ion channels.
Engineered ligand-gated ion channels (LGICs) en-
able direct control over cellular activity by a small
molecule. However, despite decades of develop-
ment, chemogenetic tools have been hindered by
limitations of the small-molecule agonists.
Pharmacologically selective actuator modules

(PSAMs) are a modular chemogenetic platform
based on modified a7 nicotinic acetylcholine
receptor (nAChR) ligand-binding domains that
are engineered to selectively interact with brain-
penetrating synthetic agonists called pharmaco-
logically selective effector molecules (PSEMs).
PSAMs can be combined with various ion pore
domains (IPDs) from different ion channels, such
as serotonin receptor 3 (5HT3) or glycine receptor
(GlyR), to produce chimeric LGICs with common
pharmacology but distinct functional properties
(Fig. 1A). PSAM-5HT3 chimeric channels are
cation-selective and PSAM-GlyR channels are
chloride-selective, leading to neuron activation
or silencing, respectively, in response to PSEM
agonists (Fig. 1A) (13). Engineered chimeric chan-
nels have been used to investigate the involve-
ment of specific neuron populations in multiple
functions (2). The primary limitations of PSEMs
are short clearance times (30 to 60min) and low-
micromolar potency (13), which are not ideal for
in vivo applications. In addition, the sensitivity of
PSAMs to clinically approved drugs is unknown.
We combined structure-guided ion channel engi-
neering with synthetic chemistry and testing by

in vivo imaging, electrophysiology, and behavioral
perturbation to develop an ultrapotent chemo-
genetic system for research and potential clinical
applications.

Engineering channel sensitivity to
clinically used drugs

We examined 44 clinically used drugs with
chemical similarity to nicotinic receptor agonists
in amembrane potential screen against a panel
of 41 chimeric channels with mutant a7 nAChR
ligand-binding domains spliced onto the 5HT3
IPD (a7-5HT3) (13) (Fig. 1B). The membrane po-
tential assay yields dose responses that reflect
sustained channel activation, which is most rel-
evant for chemogenetic applications (fig. S1) (13).
The anti-emetic drug granisetron (Fig. 1C),

which has no agonist activity at a7 nAChR, ac-
tivated a7W77F-5HT3 [membrane potentialmedian
effective concentration (EC50MP) = 1.2 mM] and
a7W77Y-5HT3 (EC50MP = 1.1 mM) as well as the
a7W77F-GlyR chloride-selective chimeric channel
(EC50MP = 0.60 ± 0.07 mM; mean ± SEM) (Fig.
1D). Thus, Trp77 in the ligand-binding domain
controls off-target selectivity of granisetron at
a7 nAChR.
Another anti-emetic drug, tropisetron, and

the smoking cessation drug varenicline activated
many of themutant channels (Fig. 1, B and C, and
fig. S2, A and B), consistent with the established
a7 nAChR agonist activity of these molecules
(14, 15). Mutation at Gln79 → Gly (Q79G) en-
hanced the activity of tropisetron by a factor of 4
(EC50MP = 38 ± 3 nM) (Fig. 1E) as well as the
potency of additional a7 nAChR agonists (fig. S2).
Varenicline agonist activity was slightly improved
relative to a7-5HT3 with mutations at Gln79 →
Ser (EC50MP = 470 ± 70 nM) or Gln139 → Leu
(EC50MP = 300 nM) (fig. S2B).

Ultrapotent chemogenetic receptor
for varenicline

Varenicline is an especially attractive molecule
for chemogenetic applications in the central ner-
vous system because (i) it is well-tolerated by
patients at low doses (16, 17), (ii) it has excellent
brain penetrance (18), (iii) it is not a PgP sub-
strate (19), (iv) it has low binding to plasma pro-
teins, and (v) it has long-lived pharmacology in
monkeys and humans (half-life t1/2 >17 hours)
and acceptable half-life in mice and rats (t1/2 =
1.4 hours and 4 hours, respectively) (20). Anti-
smoking activity is reportedly due to a4b2 nAChR
partial agonism, but varenicline has off-target
agonist activity at 5HT3-R (21) and at a7 nAChR
(15), and it is the latter activity that we exploited
for chemogenetic applications. Comparison of
crystal structures of ACh-binding proteins com-
plexed with varenicline or tropisetron showed
distinct binding poses of the two molecules (Fig.
2A) (22, 23). The tropisetron indole substituent
is positioned at the binding pocket entrance, near
Gln79, consistent with the potency-enhancing ef-
fect of mutating Gln79 to smaller amino acid
residues for tropisetron and other tropane and
quinuclidine a7 nAChR agonists (fig. S2, C andD).
In contrast, varenicline binds in an orientation
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that directs its quinoxaline ring system toward
the interior of the ligand-binding domain, near
Val106, which is equivalent to amino acid Leu131

in the a7 nAChR ligand-binding domain (Fig. 2A),
and this binding pose may explain the limited
potency enhancement of varenicline observed for
our initial panel of 41 mutant channels (fig. S2B).
This amino acid residue had not been investigated
previously, so we examined the influence of
mutations at Leu131 on agonist potency.
Replacement of Leu131 with smaller amino

acid residues markedly increased the potency of
varenicline, tropisetron, and several other syn-
thetic agonists while reducing the potency of the
canonical agonists ACh and nicotine (Fig. 2B and
fig. S3A). a7L131G-GlyR showed a factor of 17
potency enhancement for varenicline (EC50MP =
37 ± 26 nM) but only a factor of 3 improvement
for tropisetron (Fig. 2B), which is consistent with
their orthogonal binding orientations (Fig. 2A).
On the basis of secondary screening results (fig.
S2B), we combined additional mutations with
Leu131 → Gly to further improve varenicline po-
tency. In most cases, better varenicline potency
was accompanied by an unwanted increase in
ACh sensitivity (fig. S3, B and C). Nonetheless,
for varenicline but not for tropisetron, some
combinations were selective for agonist type:
Gln139 → Leu and Tyr217 → Phe reduced ACh
potency and enhanced varenicline potency (fig.
S3D). The triple mutant a7L131G,Q139L,Y217F-GlyR
markedly improved varenicline potency (EC50MP=

1.6 ± 0.1 nM), which is more potent than at the
parent a7-GlyR channel by a factor of 390 (Fig.
2C). Competition binding by displacement of the
selective a7 nAChR antagonist [3H]-ASEM (24)
with varenicline showed inhibitory binding con-
stant Ki = 1.3 ± 0.4 nM at a7L131G,Q139L,Y217F-GlyR
(fig. S4A), which is lower than the reported Ki

of varenicline at a7 nAChR by a factor of 475
(25). In electrophysiological recordings fromhuman
embryonic kidney (HEK)–293 cells expressing
a7L131G,Q139L,Y217F-GlyR, varenicline was a strong
agonist (fig. S4, BandC, IVAR/IACh= 1.9±0.2,n=13)
that produced a slowly activating response, with
a sustained window current balancing channel
activation and inactivation, as well as a slow
ligand off-rate due to the high-affinity interac-
tion (Fig. 2D and fig. S4D). Similar response
properties were also observed in an immune
cell line (fig. S4, E and F), demonstrating that
channel function is comparable in another cell
type. The agonist selectivity of varenicline at
a7L131G,Q139L,Y217F-GlyR over the drug’s clinical
target, a4b2 nAChR, was greater by a factor of
160 (fig. S4G), and it was more potent than at
5HT3-R by a factor of 880 (fig. S4H), indicating
a good window for selective chemogenetic ago-
nism with this drug.
The ACh potency of the a7L131G,Q139L,Y217F-GlyR

chimeric channel was also reduced by a factor of
13 (EC50MP = 83 ± 20 mM), which is higher than
basal mouse brain ACh levels (0.9 nM) by nearly
five orders of magnitude (26). This is higher than

measurements of transient ACh rises in the
brain, which reach 1 to 2 mM (27) and do not ac-
tivate the channel (fig. S4, I and J). The remark-
ably slow activation of a7-GlyR chimeric channels
(28) (fig. S4I) serves as a temporal filter for fast
ACh transients. Choline responsiveness was also
low (EC50MP = 128 ± 32 mM) (fig. S4, K to M),
requiring concentrations substantially higher
than brain or circulating plasma levels (0.54 to
7.8 mM) (29, 30).
The agonist potency of a7L131G,Q139L,Y217F-GlyR

was enhanced for only a subset of a7 nAChR
agonists but was reduced for others (Fig. 2B),
indicating that the ligand-binding domain mod-
ifications are selective for particular chemical
structures, instead of displaying a nonspecific
reduction in channel activation energy. Blocking
a7L131G,Q139L,Y217F-GlyR with the noncompetitive
ion pore antagonist picrotoxin (PTX) did not
affect the voltage clamp holding current (fig. S5A),
demonstrating the absence of ligand-independent
leak conductance (fig. S5B). This contrasts with
other channel variants that we made based on
different designs that showed enhanced potency
but also constitutive conductance (fig. S6). In
addition, a7L131G,Q139L,Y217F-GlyR did not respond
to glycine, nor did it inhibit endogenous glycine-
gated GlyR currents (fig. S5, C to E). Because of
its high potency, selectivity, and lack of consti-
tutive activity, the a7L131G,Q139L,Y217F ligand-binding
domain was selected as a chemogenetic tool that
is activated by varenicline and is named PSAM4.
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Fig. 1. Screen of mutant a7 nAChR ligand-binding domain ion
channel activity against clinically used drugs. (A) Schematic
of modular PSAM-IPD chimeric channels for cell activation
and inhibition. (B) Screen of 41 a7-5HT3 channels with mutant

ligand-binding domains against 44 clinically used drugs. (C) Key
molecules. (D) Granisetron sensitivity conferred by Trp77 → Phe
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Neuron silencing and activation ex vivo
To test PSAM4-GlyR as a neuronal silencer, we
used in utero electroporation in mice to co-
express the chemogenetic channel and en-
hanced green fluorescent protein (EGFP) in

layer 2/3 cortical neurons (Fig. 2E). PSAM4-
GlyR–expressing neuron properties in acute
brain slices were similar to those of nearby
untransfected control cells (fig. S4M). Vare-
nicline (10 to 16 nM) strongly suppressed firing

(Fig. 2F) as a result of electrical shunting that, on
average, reduced the input resistance by a factor
of 3 (Fig. 2G) and increased the current amp-
litude required to fire an action potential by a
factor of 6 (rheobase) (Fig. 2H), with multiple
neurons not firing even with 500 pA depolariz-
ing current. Silencing was reversible upon ligand
washout, although not all cells fully recovered
during the recording because of the slow off-rate
of varenicline from PSAM4-GlyR (Fig. 2D). We
examined the durability of continuous silencing
in cultured hippocampal neurons expressing
PSAM4-GlyR under constant exposure to 15 nM
varenicline for 3 to 18 days, which maintained
elevated rheobase that reversed on washout and
could be resilenced by reapplication of vareni-
cline (fig. S5, F to I). These low concentrations
of varenicline for silencing are less than the
estimated range of steady-state brain concentra-
tions of varenicline in humans from a twice-daily
1-mg dose by a factor of 2 to 13 (18). This raises
the possibility that varenicline can be used for
chemogenetic applications at doses below those
that are effective for anti-nicotine therapy.
For chemogenetic activation, we generated

PSAM4-5HT3 (13), which has the cation-selective
conductance properties of the 5HT3 receptor.
Varenicline was a partial agonist (fig. S7, A and B,
IVAR/IACh = 0.17 ± 0.08) that activated long-lasting
currents (Fig. 2I)with high potency (EC50MP= 4±
2 nM; Fig. 2I and fig. S7C) and slow off-rates
(t-off1/2 = 3.2 ± 1.3min). In contrast, the endogenous
ligands ACh and choline had low potencies at
PSAM4-5HT3 (fig. S7, D and E). This ion channel–
ligand combination can be used to gate a constant
depolarizing current in cells. Sustained depolariza-
tion of cultured hippocampal neurons by PSAM4-
5HT3 was durable for at least 14 to 22 days of
continuous varenicline (15 nM) exposure (fig.
S7, F and G). We also made a high-conductance
channel variant, PSAM4-5HT3 HC (13), and layer
2/3 cortical neurons expressing the channel (Fig.
2J) showedmembrane properties similar to those
of intermingled nontransfected neurons (fig.
S7H). Varenicline depolarized PSAM4-5HT3 HC–
expressing cells (+17.2 ± 2.4 mV) (Fig. 2K) and led
to action potential firing (Fig. 2L).

Chemogenetic silencing in mice
and monkey

In vivo chemogenetic efficacy was tested with
PSAM4-GlyR inmice by targeting Slc32a1 (vesicular
GABA transporter)-expressing GABAergic neu-
rons in the substantia nigra reticulata (SNr)
(Fig. 3A). Unilateral silencing of SNr neurons by
intracranialmicroinjection of the GABA receptor
agonist muscimol results in rotation contraversive
to the inhibited side (31). Forchemogenetic silencing,
the SNr was transduced with PSAM4-GlyR by in-
jection of recombinant adeno-associated virus
rAAV1-Syn::FLEX-rev-PSAM4-GlyR–IRES–EGFP.
The dose response of varenicline-mediatedPSAM4-
GlyR silencing was established by monitoring
mouse rotation in the presence of low-dose
amphetamine (3 mg/kg) to increase overall ac-
tivity. The lowest effective dose (LED) for onset
of rotation activity in PSAM4-GlyR mice after
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clamp response at a7L131G,Q139L,Y217F-GlyR. Baseline shifts reflect slow washout (dashed lines).
(E) Cortical layer 2/3 neurons expressing EGFP and PSAM4-GlyR with nonpermeabilized cell surface
labeling by a-bungarotoxin–Alexa594 (aBgt-594). (F to H) Action potential firing was strongly
suppressed by varenicline in neurons expressing PSAM4-GlyR (F) as a result of reduced input resistance
(G) and elevated rheobase (H). (I) Varenicline binding to PSAM4-5HT3 elicits a weakly desensitizing
current with high potency. Baseline shifts reflect slow washout. (J) aBgt-594 labeling of PSAM4-5HT3 HC
(red) on cell surface of a cortical layer 2/3 neuron coexpressing EGFP. (K and L) Varenicline (15 nM)
depolarizes (K) and elicits action potentials (L) in neurons expressing PSAM4-5HT3 HC. Error bars are
SEM. ***P < 0.001 (Mann-Whitney U test); n.s., not significant (P > 0.05).
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intraperitoneal varenicline delivery was 0.1 mg/kg
(Fig. 3B and movie S1). Subsequent varenicline
readministration after 5 hours reactivated rota-
tion activity without tachyphylaxis of the chemo-
genetic response (Fig. 3C). Behavioral effects of
silencing were evident within 20 min, and ro-
tation activity returned nearly to baseline after
4 hours (Fig. 3D), consistentwith reported varen-
icline half-life (20). These low doses of varen-
icline are an order of magnitude lower than
those required for mice to recognize varenicline
as a replacement for nicotine (32, 33) or for other
reported behavioral consequences in mice (34).
In addition, oral delivery of varenicline (5 mg/ml)
also elicited circling (fig. S5K).
We also tested PSAM4-GlyR for silencing ac-

tivity in a rhesus monkey in the globus pallidus
internal region (GPi) (Fig. 3E). GPi was trans-
duced with PSAM4-GlyR by electrophysiologically
guided injection of rAAV8-Syn::PSAM4-GlyR–
IRES–EGFP (Fig. 3, F to H). The GPi neuron
firing rate and burst firing rate were signif-
icantly inhibited by subcutaneous varenicline
(0.1 mg/kg) delivery relative to GPi activity in

the presence of varenicline prior to AAV transduc-
tion (Fig. 3, I and J). Neither the regularity of
firing (coefficient of variation for interspike
interval) nor burst probability was affected by
chemogenetic silencing (Fig. 3, K and L). This
dose is lower than the dose required for vareni-
cline to serve as a nicotine-substituting discrimi-
native stimulus in monkeys by a factor of 5 (35).

Highly potent and selective
chemogenetic agonists

Chemogenetic agonists for research applications
should balance requirements for high potency,
selectivity, and brain bioavailability along with
pharmacodynamic responses of hours. We set
out to make molecules that retained the high
potency of varenicline at PSAM4 but improved
selectivity over varenicline’s endogenous targets.
We synthesized 30 varenicline analogs (Fig. 4A
and table S2) modified at the quinoxaline por-
tion of the molecule because of its proximity to
the “hole” predicted by the Leu131→Glymutation
(Fig. 2A). We chose modifications that kept struc-
tural elements and physicochemical properties

within ranges associated with brain bioavailabi-
lity and low PgP substrate activity (36). Thirteen
molecules had potency below 10 nM at PSAM4-
GlyR or PSAM4-5HT3 and had high selectivity
for PSAM4-GlyR with reduced agonist activity at
the three endogenous targets of varenicline (a4b2
nAChR, a7 nAChR, and 5HT3-R) (table S2).
We focused on four molecules that had high

potency in mice (Fig. 4B, table S2, and below).
Quinoxalone derivative 792 (Fig. 4A, pathway e)
had subnanomolar affinity for PSAM4-GlyR (Ki =
0.7 ± 0.1 nM) (Fig. 4, C and D) and was an
ultrapotent PSEM (uPSEM) agonist for PSAM4-
GlyR and PSAM4-5HT3 (Fig. 4, B and E, and fig.
S8, A and B). uPSEM792 showed agonist selectivity
for PSAM4-GlyR and PSAM4-5HT3 relative to
a7-GlyR, a7-5HT3, and 5HT3-R by more than
four orders of magnitude (Fig. 4, B and E, and
fig. S8C). At a4b2 nAChRs, uPSEM792 was a very
weak partial agonist (10 ± 0.4%) (figs. S8D and
S9A) with selectivity for PSAM4-GlyR by a factor
of 230 (Fig. 4, B and E). Thus, uPSEM792 retained
the potency of varenicline for PSAM4-GlyR with
enhanced chemogenetic selectivity.
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Fig. 3. PSAM4-GlyR neuron silencing in mice and a monkey. (A) PSAM4-
GlyR–IRES–EGFP targeted unilaterally to the SNr. Inset: Schematic of
unilateral SNr transduction and contralateral rotation. Asterisk denotes
nonspecific immunofluorescence. (B) Low doses of intraperitoneal varenicline
elicit contraversive rotation for mice expressing PSAM4-GlyR (n = 9 mice)
but not mice that were sham-operated or expressed EGFP alone (n = 6 mice).
(C) Two doses of varenicline separated by 5 hours gave similar proportions
of total rotation (n = 4 mice). (D) Time course of rotation response
normalized to maximum rotation for each mouse (n = 4 mice). Magenta
arrows, amphetamine injections; cyan arrow, varenicline injection. (E) Coronal
diagram of rhesus macaque brain showing location of GPi targeted for AAV

injection and in vivo electrophysiological recordings along trajectory shown
by dashed line. Box denotes area of interest for (F). OT, optic tract; GPe,
external globus pallidus. (F to H) EGFP marker gene expression near injection
site. Boxes denote area of interest for subsequent panel; arrowheads (H)
indicate EGFP-positive neuronal profiles visualized by 3,3′-diaminobenzidine
polymerization. (I to L) In one monkey, electrophysiological reduction of
overall neuronal firing rate (I) and burst firing rate (J) in GPi after peripheral
varenicline injection. Coefficient of variation of interspike interval (CV of ISI)
(K) and percent time in burst firing (L) were not affected (pre-AAV, n =
8 neurons; post-PSAM4-GlyR AAV, n = 10 neurons). Error bars are SEM.
**P < 0.01 (Mann-Whitney U test).
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Alkoxy substitution of varenicline (Fig. 4A,
pathway d) resulted in subnanomolar PSAM4-
GlyR and PSAM4-5HT3 affinities and potencies
(Fig. 4B and fig. S8, E, G, and I). The highest-
affinity PSAM4-GlyR agonist, uPSEM817 (Ki =
0.15 ± 0.02 nM) (Fig. 4C), was generated by pro-
poxy substitution of varenicline and had remark-
able potency (EC50MP = 0.3 ± 0.4 nM), which
makes uPSEM817 one of the most potent LGIC
agonists ever reported. uPSEM817 agonist selec-
tivitywas also excellent,with selectivity for PSAM4-
GlyR over a7-GlyR, a7-5HT3, and 5HT3-R by fac-
tors of 5000 to 10,000 (Fig. 4B). uPSEM815 and
uPSEM817 did not show evident a4b2 nAChR
agonism up to 30 mM(fig. S9B), and uPSEMs 793
and 815 had selectivity for PSAM4-GlyR over
5HT3-R by a factor of >2000 (Fig. 4B and fig. S8,
F and H). a7 nAChR agonism was not detected
for any of the uPSEMs at 1000 times their PSAM4-
GlyR EC50 values (fig. S9, C and D).
To test for binding to a larger range of mo-

lecular targets, we used radioligand displacement
against functionally important endogenous recep-
tors and transporters (37). This showed no sig-
nificant binding at 30 to 100 times thePSAM4-GlyR
EC50 values of the uPSEMs at 48 of 52 targets,
including serotonin, GABA, adrenergic, musca-
rinic, dopamine, and histamine receptors (tables
S3 and S4). [3H]-ASEM radioligand displacement
from rat forebrain tissue a7 nAChRs by uPSEMs
showed high Ki values of 0.3 to 8 mM (fig. S9E).
Themolecules retained binding to b2-containing
nAChRs, with highest affinity for a4b2 nAChR
(fig. S9E and tables S3 and S4). However, for
uPSEM792, functional measurements of a4b2
channel activation by 1 mM ACh (a low but
physiologically relevant concentration) did not
show inhibitory consequences of uPSEM792 be-
fore the higher concentrations atwhich uPSEM792

elicited weak a4b2 agonist activity (fig. S9A), and
the IC50 for uPSEM817 at a4b2 nAChRs was
higher than its EC50 for PSAM4-GlyR by two
orders of magnitude (Fig. 4, B and F).
uPSEMs 792, 793, 815, and 817 strongly sup-

pressed layer 2/3 cortical neurons expressing
PSAM4-GlyR in brain slices at low concentrations
ranging from 1 to 15 nM (Fig. 4G and fig. S9, G to
K). In addition, all uPSEMs were soluble in water.
We tested the most selective uPSEMs 792 and
817 for P-glycoprotein pump efflux. They were
not PgP substrates (efflux ratio < 2; Fig. 4I and
table S5), indicating that they are suitable can-
didates for in vivo applications in the brain.

Imaging chemogenetic receptors in vivo

Delivery of chemogenetic receptors to the brain
can be variable; thus, it is desirable to non-
invasively monitor chemogenetic receptor expres-
sion and anatomical distribution in the brain. To
noninvasivelymeasure the distribution of PSAM4-
GlyR in vivo as well as accessibility and binding
of uPSEMs in the mouse brain, we used positron
emission tomography (PET). PSAM4-GlyR ex-
pressed unilaterally in the cortex potently bound
the radiolabeled a7 nAChR antagonist [18F]-ASEM
(38) at this location in vivo (Fig. 4, J and K). Re-
ceptor localization could be readily visualized

against endogenous ligand binding, even with
extremely low doses of the tracer. The distribu-
tion of PSAM4-GlyR can thus be determined non-
invasively with a PET ligand that has been used
in humans and is suitable for both research and
clinical applications.
To establish uPSEM binding to PSAM4-GlyR

in brain tissue, we used radioligand displacement.
PSAM4-GlyR–IRES–EGFP was expressed in the
left dorsal striatumandEGFP alonewas expressed
in the right striatum. We performed auto-
radiography with [3H]-ASEM bound to PSAM4-
GlyR in striatal brain slices to confirm ligand
displacement ex vivo (fig. S9, M to O), and the
radioactivity corresponded to the location of
PSAM4-GlyR–IRES–EGFP expression (fig. S9P).
Next, we established brain penetrance and re-
ceptor binding of uPSEMs in vivo using PET by
competition of [18F]-ASEM binding with intra-
peritoneal (i.p.) injection of uPSEMagonists (Fig.
4L). [18F]-ASEMbinding in the left dorsal striatum
(Fig. 4M) was eliminated by injection of these
agonists (Fig. 4N). The in vivo [18F]-ASEM localiza-
tion matched ex vivo expression of PSAM4-GlyR–
IRES–EGFP established by post hoc fluorescence
microscopy (Fig. 4O) as well as [3H]-ASEM auto-
radiography (Fig. 4P) in the same tissue sections,
but bindingwas not observed in the right striatum,
which expressed EGFP alone.

Potent uPSEM neuron silencing in vivo

To directlymonitor uPSEM792-mediated neuronal
silencing in vivo, we recorded calcium dynamics
of hippocampal neurons in area CA1 by two-
photon imaging in head-fixed mice running on
a treadmill marked with texture cues (Fig. 5A).
In a Thy1::GCaMP6f transgenic mouse, PSAM4-
GlyR was expressed in hippocampal pyramidal
cells by injection of rAAV1-CamkII::PSAM4-
GlyR–IRES–EGFP (Fig. 5A). The field of view
contained distinct domains of neurons densely
and sparsely transduced with PSAM4-GlyR–IRES–
EGFP (Fig. 5B). In stationary and running be-
havioral epochs, which elicit different levels of
CA1 activity, both domains showed similar base-
line activity, indicating that expression of PSAM4-
GlyR did not perturb basal activity (Fig. 5, C and
D). After intraperitoneal injection of uPSEM792

(3 mg/kg), the densely transduced CA1 hippo-
campal domains were strongly silenced, while
the sparsely transduced domain showed amodest
reduction in activity (Fig. 5, C and D). In mice not
expressing PSAM4-GlyR, we found no significant
difference in calcium activity of CA1 pyramidal
neurons after administration of uPSEM792 at
3mg/kg (P=0.9515,n=265neurons, 3mice, 93.5%
of median baseline activity, signed rank test).
Place cells, which fire as a result of powerful circuit
and cell-autonomous conductances, were also si-
lenced by PSAM4-GlyR and uPSEM792 (Fig. 5E).
Finally, to determine dose responses for

uPSEMs in vivo, we used behavioral assays by
measuring contralateral rotation in mice with
the unilateral SNr silencing assay. The potency
in mice was exceptional for uPSEM793 (LED =
0.03 mg/kg) (Fig. 5, F and G), which is an im-
provement on first-generation PSEMs by three

orders of magnitude (movie S2). One of the
most selective agonists, uPSEM792, was active at
a LED of 1 mg/kg in vivo (Fig. 5, H and I, and
movie S2). uPSEM817 also has a favorable sel-
ectivity profile and the same LED (0.1 mg/kg)
as varenicline (fig. S10 and movie S2). These
low doses reflect the most selective silencing
regime for these molecules. All molecules elicited
durable responses of 3 to 4 hours in mice with
acute intraperitoneal dosing (Fig. 5, G and I, and
fig. S10), which was comparable to varenicline.
To examine potential off-target behavioral effects
of uPSEMs, we monitored food intake, which is
sensitive to off-target 5HT3-R activation. Food
consumption was not significantly altered by
uPSEMs at 3 times the lowest effective doses
determined in the SNr silencing assay, although
food intake was reduced with elevated vareni-
cline doses, highlighting the superior selectivity
of uPSEMs (fig. S11).

Discussion

Chemogenetics permits targeted, noninvasive,
and reversible perturbations of cellular function.
Here, we developed a set of modular ion channels
and selective, exceptionally potent agonists that
are effective in the brain for rodent and primate
models. Chemogenetic agonists were derived
from the clinically approved drug varenicline and
required optimization to balance competing
needs for potency, selectivity, brain penetrance,
and response times of hours. We determined the
lowest effective doses of the uPSEMs and vareni-
cline in vivo to achieve the optimal balance of
efficacy and selectivity. Note that varenicline
can also be used for chemogenetics at lower
concentrations than those associated with anti-
nicotine clinical applications (18).
The effectiveness, ease of use, and targeted

nature of chemogenetics have made clinical ap-
plications attractive (3, 4, 39). Chemogenetics
uses a limited repertoire of drug/receptor pairs
but achieves diverse therapeutic effects by target-
ing the receptors via gene transfer to distinct
regions. This offers a model for therapy that
circumvents the pharmacological complexity of
protein target identification followed by drug
development for each new target. Our engineered
ion channel technology facilitates chemogenetic
therapies because it uses a well-tolerated ap-
proved drug that can potentially be used at or
below doses for which it is currently approved.
Clinical applications of chemogenetics are well
suited for conditions that can be ameliorated by
modulating cellular activity at localized sites to
which the chemogenetic receptor can be delivered
in the course of standard surgical procedures,
such as pharmacotherapy-refractory localized
pain, focal epilepsy, and some movement dis-
orders (4, 39, 40). Our own work has revealed
chemogenetic perturbations in two nodes of
the basal ganglia that are associated with in-
vasive Parkinson’s disease deep brain stimula-
tion therapies. Additional studies will be needed
to establish long-term safety and efficacy with
chemogenetic receptors for therapeutic applica-
tions, but this is facilitated by the current clinical
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Fig. 4. Highly selective chemogenetic agonists. (A) Synthetic
pathways (letters) for uPSEM agonists (see supplementary materials).
(B) Comparison of uPSEM agonist EC50s at PSAM4 channels and
endogenous varenicline targets, as well as IC50 for a4b2 nAChR with
1 mM ACh. LED, lowest effective dose for mice in SNr rotation assay.
Units are nM; parentheses denote SEM. Selectivity relative to PSAM4-GlyR
is shown in boldface. (C and D) Displacement of [3H]-ASEM at
PSAM4-GlyR by uPSEMs (C) and Ki values (D). Parentheses denote SEM.
(E and F) Dose response curves for PSAM4-GlyR, a4b2 nAChR, and
5HT3-R. uPSEM792 (E) is a 10% partial agonist of a4b2 nAChR; uPSEM817

(F) inhibits a4b2 nAChR. (G and H) uPSEM792 (G) and uPSEM817 (H)
strongly suppress firing in neurons expressing PSAM4-GlyR. (I) Efflux
ratio < 2, indicating that uPSEM792 and uPSEM817 are not PgP substrates.
PB-A and PA-B are basal and apical permeability, respectively, across

the Caco-2 cell line monolayer (n = 2 replicates). (J and K) In vivo PET
imaging after [18F]-ASEM injection, showing cortical localization of
PSAM4-GlyR in horizontal view through head and upper torso (J) and
coronal view of the head (K). Arrow shows site of PSAM4-GlyR expression;
asterisks show accumulation of [18F] outside the brain. (L) [18F]-ASEM
binding to PSAM4-GlyR under baseline conditions and with competition by
uPSEMs (uPSEM792, 1 mg/kg; uPSEM793, uPSEM815, and uPSEM817,
0.3 mg/kg) and varenicline (0.3 mg/kg). (M) Tomographic plane showing
[18F]-ASEM binding to PSAM4-GlyR in vivo. (N) Competition of [18F]-ASEM
binding by intraperitoneally administered uPSEM792. (O and P) Ex vivo
fluorescence image (O) and autoradiographic image of [3H]-ASEM binding
(P) of corresponding brain slice expressing PSAM4-GlyR–IRES–EGFP in
left dorsal striatum. Right striatum was injected with virus expressing
EGFP alone. Error bars are SEM.
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Fig. 5. Neuron silencing with
uPSEMs and PSAM4-GlyR
in vivo. (A) Experimental design
for monitoring hippocampal
CA1 neuron silencing with
PSAM4-GlyR and uPSEM792

using in vivo two-photon
Ca2+ imaging in head-fixed
mice running on a treadmill with
textural landmarks. PSAM4-
GlyR–IRES–EGFP was virally
expressed in hippocampal
CA1 pyramidal neurons in
Thy1-GCaMP6f mice. Neurons
coexpressing GCaMP6f and viral
PSAM4-GlyR–IRES–EGFP are
solid green; neurons expressing
only GCaMP6f are green outline.
(B) Z-stack projections (green)
overlaid with maximum-intensity
projections of GCaMP6f
fluorescence in time (magenta).
Example images from a saline-
treated (top) and uPSEM792-
treated (bottom) mouse. Red
outline encloses densely trans-
duced region, which also shows
strong uPSEM792-mediated
reduction of neuron activity
(reduced magenta signals).
Outside the red boundary is the
sparsely transduced region.
Neurons depicted in (C) are
circled [dashed, PSAM4-
GlyR(−); solid, PSAM4-GlyR(+)].
(C) Representative regions of
interest (ROIs, left) and somatic
Ca2+ traces (right). Transduced
PSAM4-GlyR(+) pyramidal
neurons are identified by
EGFP-filled somata, whereas
PSAM4-GlyR(–) cells have only
cytoplasmic GCaMP6f fluores-
cence. (D) Activity rate [area
under DF/F trace of Ca2+ tran-
sients divided by epoch duration
(AUC/min)] for episodes in
which mice were running and
not running on the treadmill.
Densely transduced: run,
n = 68 neurons, no-run,
n = 58 neurons from 2 mice;
sparsely transduced: run,
n = 103 neurons, no-run,
n = 96 neurons from 2 mice.
**P < 0.01, ***P < 0.001
(Mann-Whitney U test and signed
rank test with Holm-Sidak correc-
tion). (E) Place field activity
after uPSEM792 administration.
Shown are somatic ROI outlines
before and after treatment (left), DF/Factivity (center top) with associated
position of the mouse on the belt (center bottom), and raster plots
with mean DF/F activity in each 2-cm spatial bin across laps (right).
Asterisks denote the location of significant running calcium transients
along the belt. (F to I) In vivo uPSEM dose responses for mice (n = 4)

expressing PSAM4-GlyR unilaterally in SNr. Behavioral response and
time course for uPSEM793 [(F) and (G)] and uPSEM792 [(H) and (I)] are
shown.Time course of rotation response is normalized to maximum
rotation for each mouse. Magenta arrows, amphetamine injections; cyan
arrows, uPSEM injection. Error bars are SEM.
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use of varenicline. These chemogenetic technol-
ogies offer opportunities in basic research and
the capability for extending findings to potential
therapeutic applications.
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