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The chemogenetic technology referred to as designer receptors exclusively activated by designer drugs (DREADDs) offers reversible
means to control neuronal activity for investigating its functional correlation with behavioral action. Deschloroclozapine (DCZ), a
recently developed highly potent and selective DREADD actuator, displays a capacity to expand the utility of DREADDs for chronic
manipulation without side effects in nonhuman primates, which has not yet been validated. Here we investigated the pharmacoki-
netics and behavioral effects of orally administered DCZ in female and male macaque monkeys. Pharmacokinetic analysis and PET oc-
cupancy examination demonstrated that oral administration of DCZ yielded slower and prolonged kinetics, and that its bioavailability
was 10%-20% of that in the case of systemic injection. Oral DCZ (300-1000lg/kg) induced significant working memory impairments
for at least 4 h in monkeys with hM4Di expressed in the dorsolateral prefrontal cortex (Brodmann’s area 46). Repeated daily oral
doses of DCZ consistently caused similar impairments over two weeks without discernible desensitization. Our results indicate that
orally delivered DCZ affords a less invasive strategy for chronic but reversible chemogenetic manipulation of neuronal activity in non-
human primates, and this has potential for clinical application.
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Significance Statement

The use of designer receptors exclusively activated by designer drugs (DREADDs) for chronic manipulation of neuronal activity for
days to weeks may be feasible for investigating brain functions and behavior on a long time-scale, and thereby for developing thera-
peutics for brain disorders, such as epilepsy. Here we performed pharmacokinetics and in vivo occupancy study of orally adminis-
tered deschloroclozapine to determine a dose range suitable for DREADDs studies. In monkeys expressing hM4Di in the prefrontal
cortex, single and repeated daily doses significantly induced working-memory impairments for hours and over two weeks, respec-
tively, without discernible desensitization. These results indicate that orally delivered deschloroclozapine produces long-term stable
chemogenetic effects, and holds great promise for the translational use of DREADDs technology.

Introduction
The chemogenetic tool referred to as DREADDs (designer recep-
tors exclusively activated by designer drugs) has been widely
used for controlling neuronal activity and animal behavior in
many species, including rodents and nonhuman primates (Roth,
2016). By combining mutated muscarinic receptors (excitatory
hM3Dq and inhibitory hM4Di) with specific actuators, such as
clozapine-N-oxide (CNO), these chemogenetic techniques offer
a means to remotely manipulate the activity of a specific neuro-
nal population for minutes to hours (Urban and Roth, 2015). In
addition to the acute control, repeated administration of the
actuators enables chronic chemogenetic manipulation of neuro-
nal activity for days to weeks (Grace et al., 2016; Nation et al.,
2016; Wakaizumi et al., 2016; Andreoli et al., 2017; Yu and
Münzberg, 2018; Desloovere et al., 2019; Paretkar and Dimitrov,
2019; Goossens et al., 2021), and thus has potential therapeutic
applications. For example, chronic and reversible inhibition of
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neuronal activity can be an effective means for seizure control
and epilepsy treatment (Lieb et al., 2019). For this purpose, oral
delivery of agonists seems to be suitable, as it typically produces
relatively long-lasting effects compared with systemic (i.e., intra-
muscular and intravenous) injections (Karbwang et al.,
1997). In addition, oral administration is noninvasive and
relieves the subject from stress during chronic treatment. It
is also beneficial for neuroscience research aimed at long-
term control of neuronal activity in freely moving animals
without restraint or stress. However, recent studies have
reported that CNO has low permeability into the brain, and
that its metabolite, clozapine, activates not only DREADDs
but also endogenous receptors and transporters, leading to
potential off-target effects (Gomez et al., 2017; Tran et al., 2020). To
circumvent this issue, alternative selective DREADDs agonists have
been explored and validated (Bonaventura et al., 2019; Weston et
al., 2019; Nagai et al., 2020).

Deschloroclozapine (DCZ) is one of the third-generation ago-
nists for muscarinic DREADDs that represents high permeability
into the brain and is highly potent and selective to DREADDs
compared with prior agonists, such as CNO and C21 (Nagai et
al., 2020). Importantly, low doses of DCZ exert chemogenetic
effects with rapid onset that last several hours in both rodents
and nonhuman primates (Nagai et al., 2020). This indicates that
DCZ is a promising chemogenetic actuator that can be used for a
wide variety of objectives (e.g., Hirabayashi et al., 2021; Hori et
al., 2021; Oyama et al., 2021). In particular, its superior efficacy
and brain permeability permit its use for oral administration.
Indeed, it has been demonstrated that orally delivered DCZ
effectively induces behavioral changes in mice and marmosets
(Krause et al., 2021; Mimura et al., 2021). However, the long-
term chemogenetic action of DCZ remains unclear, specifically
in terms of the duration of a single-dosage effect and the impact
of repetitive doses over several days to weeks. These will provide
knowledge sufficient for designing chronic chemogenetic experi-
ments and, in addition, for developing potential clinical thera-
peutic applications.

Here we investigated the pharmacokinetics and in vivo occu-
pancy of orally administered DCZ to determine a dose range suita-
ble for DREADDs studies in monkeys. We then demonstrated that
oral DCZ administration induced a chemogenetic behavioral effect
lasting at least.4 h in macaque monkeys with hM4Di expressed in
the prefrontal cortex (PFC). We also found that repetitive daily
administrations of DCZ yielded consistent behavioral effects over
weeks without apparent signs of desensitization.

Materials and Methods
Subjects. A total of 12 macaque monkeys [10 Japanese (Macaca fus-

cata) and 2 Rhesus monkeys (Macaca mulatta); 10 males, 2 females; 2.8-
8.0 kg; age 4-10 years at the beginning of experiments] were used (Table
1). All experimental procedures involving animals were conducted in ac-
cordance with the Guide for the Care and Use of Nonhuman primates
in Neuroscience Research (Japan Neuroscience Society; https://www.
jnss.org/en/animal_primates) and were approved by the Animal Ethics
Committee of the National Institutes for Quantum Science and
Technology. The monkeys were kept in individual primate cages in an air-
conditioned room (pair-housing environments are under preparation; see
the preface of the above guideline). A standard diet, supplementary fruits/
vegetables, and a tablet of vitamin C (200mg) were provided daily.

Viral vector production. Adeno-associated virus (AAV) vector
expressing hM4Di (AAV1-hSyn-hM4Di-IRES-AcGFP, 4.7� 1013 par-
ticles/ml) was produced by helper-free triple transfection procedure,
which was purified by affinity chromatography (GE Healthcare). Viral

titer was determined by quantitative PCR using Taq-Man technology
(Invitrogen).

Surgical procedures and viral vector injections. Surgeries were per-
formed under aseptic conditions in a fully equipped operating suite. We
monitored body temperature, heart rate, SpO2, and tidal CO2 through-
out all surgical procedures. Monkeys were immobilized by intramuscular
(i.m.) injection of ketamine (5-10mg/kg) and xylazine (0.2-0.5mg/kg) and
intubated with an endotracheal tube. Anesthesia was maintained with iso-
flurane (1%-3%, to effect). Before surgery, MRI (7 tesla 400 mm/SS system,
NIRS/Kobelco/Brucker) and X-ray CT scans (Accuitomo170, J. Morita)
were performed under anesthesia (continuous intravenous infusion of pro-
pofol 0.2-0.6mg/kg/min). Overlay MR and CT images were created using
PMOD image analysis software (PMOD Technologies) to estimate stereo-
taxic coordinates of target brain structures. After surgery, prophylactic anti-
biotics and analgesics (cefmetazole, 25-50mg/kg/day; ketoprofen, 1-2mg/
kg/day; 7d) were administered.

One monkey (#237) received injections of AAV vector into one side
of the amygdala (2ml � 2 locations). The monkey underwent a surgical
procedure to open burr holes (;8 mm diameter) for the injection nee-
dle. Viruses were pressure-injected using a 10 ml Hamilton syringe
(model 1701 RN, Hamilton) with a 30-gauge injection needle and a
fused silica capillary (Nagai et al., 2016). The Hamilton syringe was
mounted into a motorized microinjector (UMP3T-2, WPI) that was
held by a manipulator (model 1460, David Kopf) on the stereotaxic
frame. After the dura mater was opened ;3 mm, the injection needle
was inserted into the brain and slowly moved down 2 mm beyond the
target and then kept stationary for 5min, after which it was pulled up to
the target location. The injection speed was set at 0.25ml/min. After each
injection, the needle remained in situ for 15min to minimize backflow
along the needle.

Two monkeys (#229 and #245) received injections of AAV vector
into the bilateral PFC (Brodmann’s area 46) as described previously
(Nagai et al., 2020; Oyama et al., 2021). The frontal cortex was exposed
by removing a bone flap and reflecting the dura mater. Handheld injec-
tions at an oblique angle to the brain surface were made under visual
guidance through an operating microscope (Leica M220, Leica
Microsystems). Nine tracks were injected in each hemisphere located at
the caudal tip (1 track) and along the dorsal (4 tracks) and ventral (4
tracks) bank of the principal sulcus. Viral vectors were injected at 3-5ml
per track depending on the depth. A total of 35-44ml of viral aliquots
was injected into each hemisphere.

PET imaging. PET imaging was conducted as previously reported
(Nagai et al., 2020). Briefly, PET scans were performed using a
microPET Focus 220 scanner (Siemens Medical Solutions). Monkeys
were immobilized by ketamine (5-10mg/kg) and xylazine (0.2-0.5mg/
kg) and then maintained under anesthetized condition with isoflurane
(1%-3%) during all PET procedures. Transmission scans were performed
for ;20min with a Ge-68 source. Emission scans were acquired in 3D list

Table 1. Summary of monkeys used in the study

ID Species Sex Age (yr) hM4Di Occupancy PK
DCZ
uptake Behavior

201 R M 10 NA �
221 J M 7 NA �
226 J F 8 NA � �
228 R M 7 NA �
229 R M 5 dlPFC � �
237 J M 7 amygdala �
239 J M 6 NA �
240 J M 6 NA �
245 J F 7 dlPFC � � �
248 J M 4 NA �
249 J M 4 NA �
253 J M 5 NA �
Total 12 (R,2/J,10) F,2; M,10 3 1 4 6 5

A tick indicates the subject was used in the experiment. PK, pharmacokinetics study; J, Japanese; R, Rhesus.
#229 and #245 were used in our previous studies (Nagai et al., 2020; Oyama et al., 2021).
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mode with an energy window of 350-750keV after intravenous bolus injec-
tion of [11C]DCZ (324.9-382.3 MBq). Emission data acquisition lasted for
90min. To estimate the specific binding of [11C]DCZ, regional binding
potential relative to nondisplaceable radioligand (BPND) was calculated by
PMOD with an original multilinear reference tissue model (MRTMo) (Yan
et al., 2021). PET scans were conducted at 45d after injection of vectors for
the two monkeys (#229 and #245) and for one monkey expressing hM4Di
in the amygdala (#237) between 496 and 984d, during which enough
hM4Di expression for the occupancy study was observed after its
introduction.

Drug administration. DCZ (MedChemExpress HY-42 110) was dis-
solved in 2.5% DMSO (Fujifilm Wako Pure Chemical), aliquoted, and
stored at –30°C. For systemic intramuscular injection, this stock solution
was diluted in saline to a final volume of 100mg/kg, and injected intra-
muscularly. For systemic oral administration (p.o.), the DCZ stock solu-
tion was diluted in saline to a final volume of 100, 300, or 1000mg/kg.
The solution was then injected into some pieces of snack or diluted in
drinking water, which were given to the monkeys. It typically took 2-
3min for the monkeys to consume. After each administration, we con-
firmed that there was no food in the monkeys’ mouths. Fresh solution
was prepared on each day of usage.

Occupancy study. An occupancy study was performed using one
monkey expressing hM4Di in the amygdala (#237), because it is ideal for
placing voxels of interest and measuring tracer binding in a large volume
of tissue expressing hM4Di and non-DREADD control on the other
side, as in previous studies (Nagai et al., 2016, 2020). PET procedures
were described above, except for pretreatment of DCZ or vehicle.
Pretreatment of DCZ or vehicle p.o. via a gastric catheter was followed
by anesthesia and emission scans at 30 and 90min, respectively. The
baseline scan data were obtained within 3weeks from the day of PET
scans for occupancy measurement to minimize the effect of hM4Di
expression level changes during this period. To estimate the spe-
cific binding of [11C]DCZ, BPND was calculated by PMOD with
MRTMo. The volume of interest for the hM4Di-positive region
was defined as the area where the BPND value of [11C]DCZ was
higher than 0.5, while that of the control region was placed at the
corresponding contralateral side.

Estimates of fractional occupancy were calculated according to the
previous study (Nagai et al., 2020) by the following equation:

Occ ¼ ðhM4DiBPBL � hM4DiBPPTÞ=ðhM4DiBPBL � CONBPBLÞ

where hM4DiBPBL and CONBPBL indicate BPND at the hM4Di-expressing
amygdala region and contralateral control region under baseline condi-
tions, respectively, while hM4DiBPPT indicates BPND at the hM4Di-
expressing amygdala region under pretreatment condition. The relation-
ship between occupancy (Occ) and agonist dose (DDCZ) was modeled by
the following Hill equation:

Occ ¼ DDCZ
n=ðDDCZ

n 1ED50
nÞ

where ED50 and n indicate the agonist dose achieving 50% occupancy
and the Hill coefficient, respectively.

Pharmacokinetics analysis. Three monkeys (#226, #248, and #249)
were used to assess the concentration of DCZ and its metabolites in
plasma or CSF. First, the monkeys were administered DCZ intramuscu-
larly or orally (100mg/kg for i.m.; 300mg/kg for p.o.). Then they were
immobilized by intramuscular injection of ketamine (5-10mg/kg) and
xylazine (0.2-0.5mg/kg) and intubated with an endotracheal tube.
Anesthesia was maintained with isoflurane (1%-3%, to effect). Then
blood and CSF were collected at 30, 60, 90, 120, 150, 180, 210, and
240min after DCZ administration; and on the next day, monkeys were
again anesthetized, and the samples were collected at 24 h after DCZ
administration. Blood was collected with a heparinized syringe, and
plasma samples were obtained by centrifugation at 3500 � g for 15min.
All samples were stocked at�80°C until analysis.

The pretreatment protocols for CSF and plasma samples were
described previously (Nagai et al., 2020). Quantification of DCZ, and its

metabolites C21 and DCZ-N-oxide, was performed by multiple reaction
monitoring using a Shimadzu UHPLC LC-30AD system (Shimadzu)
coupled to a tandem MS AB Sciex Qtrap 6500 system (AB Sciex). The
following multiple reaction monitoring transitions (Q1/Q3) were used
to monitor each compound: DCZ (293.0/236.0), C21 (279.0/193.0), and
DCZ-N-oxide (309.0/192.9). Other protocols were described previously.

A blood sample was also collected from one monkey (#245) follow-
ing oral administration of 300mg/kg of DCZ along with the daily behav-
ioral testing under awake conditions to quantify the concentration of
DCZ. The collected sample was treated and analyzed as well as those
described above.

Behavioral task. Three monkeys (#226, #229, and #245) were tested
with a spatial delayed response task. The protocol was almost the
same as in our previous study (Oyama et al., 2021). Behavioral testing
was conducted in a sound-attenuated room. Monkeys sat on a mon-
key chair from which they could reach out one hand and take food to
their mouths. A wooden table with two food-wells was placed in front
of the monkeys, and a screen was placed between the monkeys and
the table. First, a piece of food reward (raisin or snack) was placed in
one of the two food-wells, and then both wells were covered with
wooden plates. Then, the screen was placed for 0.5, 10, or 30 s, which
served as delay periods. The position of the baited well (left or right)
and the delay period were determined pseudo-randomly. After the
delay period, the screen was removed and the monkeys were allowed
to select either food-well. The monkeys were allowed to get the food
if they reached for the correct food-well and removed the cover plate.
The intertrial interval was set at 10 s. A daily session lasted ;1 h, and
consisted of three blocks of 30 trials for #229, and two blocks of 30 tri-
als for #226 and #245, which were interleaved with 5 min rest periods.
Behavioral tests began immediately or 0.5, 1, 3, or 24 h after vehicle
or DCZ treatment.

Another monkey without AAV injection (non-DREADD; Monkey
239) was tested with a reward-size task using the same protocol as
applied in a previous study (Minamimoto et al., 2009). The behavioral
testing began 1 h after an oral administration of either vehicle or DCZ.

Statistics. To examine the effect of each treatment on the perform-
ance of the delayed response task, behavioral measurement (correct
rates) was subjected to Welch’s t test or two-way ANOVA using
GraphPad Prism 7.

Histology and immunostaining. For histologic inspection, two mon-
keys (#229 and #245) were deeply anesthetized with an overdose of so-
dium pentobarbital (80mg/kg, i.v.) and transcardially perfused with
saline at 4°C, followed by 4% PFA in 0.1 M PBS, pH 7.4. The brain was
removed from the skull, postfixed in the same fresh fixative overnight,
saturated with 30% sucrose in PB at 4°C, and then cut serially into 50-
mm-thick sections on a freezing microtome. For visualization of immu-
noreactive signals of GFP (coexpressed with hM4Di), a series of every
sixth section was immersed in 1% skim milk for 1 h at room temperature
and incubated overnight at 4°C with rabbit anti-GFP monoclonal anti-
body (1:200-500, G10362, Thermo Fisher Scientific) in PBS containing
0.1% Triton X-100 and 1% normal goat serum for 2 d at 4°C. The sec-
tions were then incubated in the same fresh medium containing biotinyl-
ated goat anti-rabbit IgG antibody (1:1000; Jackson ImmunoResearch
Laboratories) for 2 h at room temperature, followed by avidin-biotin-
peroxidase complex (ABC Elite, Vector Laboratories) for 2 h at room
temperature. For visualization of the antigen, the sections were reacted
in 0.05 M Tris-HCl buffer, pH 7.6, containing 0.04% DAB, 0.04% NiCl2,
and 0.003% H2O2. The sections were mounted on gelatin-coated glass
slides, air-dried, and cover-slipped. A part of other sections was Nissl-
stained with 1% cresyl violet. Images of sections were digitally captured
using an optical microscope equipped with a high-grade charge-coupled
device camera (Biorevo, Keyence).

Results
Pharmacokinetics of orally administered DCZ
We first conducted pharmacokinetic studies in three naive mon-
keys to estimate the time course of the chemogenetic effects of
DCZ via oral administration. In our previous study,
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intramuscular administration of DCZ at 100mg/kg provided a
sufficient level of DCZ concentration in CSF to activate hM4Di
receptors for 2 h, during which it gave rise to behavioral deficits
in monkeys via hM4Di activation (Nagai et al., 2020). Given that
oral administration of clozapine, an analog of DCZ, results in rel-
atively lower bioavailability and slower onset of action compared
with intravenous administration (Sun and Lau, 2000), we first
examined DCZ concentrations in the plasma and CSF for 4 h fol-
lowing oral DCZ administration (300mg/kg), as well as intra-
muscularly (100mg/kg) as reference. Oral DCZ administration
yielded a maximum DCZ concentration in plasma at 60min

after administration, followed by a gradual
decrease (Fig. 1A, orange). By contrast,
intramuscular administration increased
plasma DCZ concentration at 30min,
which then decreased monotonically (Fig.
1A, green). Both oral and intramuscular
administrations produced relatively
stable DCZ concentrations in CSF for
at least 4 h (.2 and .5 nM; Fig. 1B, or-
ange and green, respectively), which
were sufficient concentrations to acti-
vate hM4Di DREADD (EC50 of 0.081
nM) (Nagai et al., 2020). DCZ was not
detected in plasma or CSF 24 h after
administration. We also examined the
concentration of possible metabolites
of DCZ, C21, and DCZ-N-oxide in
plasma; however, metabolites were not
detected (Fig. 1A, light blue and pur-
ple), confirming the metabolic stability
of DCZ (Nagai et al., 2020). Together,
these results suggest that the oral
administration of DCZ produces a rela-
tively long-lasting pharmacokinetic
profile without significant metabolite
production and a lower bioavailability,
;10%-20% of that of intramuscular
administration.

Measuring in vivo occupancy of hM4Di-
DREADD by oral DCZ administration
Next, to determine an effective and safe
dose range for oral DCZ administration,
we measured hM4Di receptor occupancy
by DCZ: the relationship between DCZ
dose and the degree of hM4Di receptor
occupation (Fig. 2A). This was important
because a higher agonist dose will afford a
stronger chemogenetic effect but may risk
higher off-target effects (Upright and
Baxter, 2020). Normally, proportional re-
ceptor occupancy is a generalizable mea-
sure because it reflects the relationship
between target drug concentration and its
receptor affinity, regardless of brain region
or receptor density (Cunningham et al.,
2010; Takano et al., 2016). In our previous
study, a series of PET studies was used to
determine the optimal DCZ dose that
would yield a 50%-80% occupancy of
hM4Di, which was 30-100mg/kg for sys-
temic administration (Fig. 2C) (for details,
see Nagai et al., 2020). Given that the bioa-

vailability of oral administration would be 10%-20% of that of
systemic administration (Fig. 1), we estimated that oral DCZ
doses achieving 50% and 80% hM4Di occupancy would be;300
and 1000mg/kg, respectively. We performed a PET occupancy
study using a monkey that had received injection of a viral vector
encoding an hM4Di gene into the unilateral amygdala (see
Materials and Methods).

Baseline PET imaging with radiolabeled DCZ ([11C]-DCZ)
confirmed that the hM4Di expression at the injected side of the
amygdala was indicated by an increased radioligand binding
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(Fig. 2B, baseline). Subsequent [11C]-DCZ
PET scans were performed after oral
pretreatments (i.e., oral administration of
vehicle, 100, 300, or 1000mg/kg of nonra-
diolabeled DCZ). Consistent with our previ-
ous findings, specific binding of [11C]DCZ
at the hM4Di-expressing amygdala region
was diminished with increasing doses of
DCZ (Fig. 2B). Occupancy was determined
as a reduction of specific radioligand bind-
ing (BPND) at the target region over the con-
trol side relative to baseline (Fig. 2B; for
details, see Materials and Methods). As we
predicted, the hM4Di occupancies with 100,
300, and 1000mg/kg oral administration
were ;35%, 50%, and 70%, respectively
(Fig. 2C). The dose for 50% occupancy
(EC50) was 254mg/kg, which corresponded
to an;10-fold dose of systemic administra-
tion and was roughly consistent with the
bioavailable profile shown in our pharmaco-
kinetic study described above. Based on
these results in pharmacokinetic and occu-
pancy studies, we determined the effective
and safety dose range for oral DCZ adminis-
tration to be 300-1000mg/kg.

Oral DCZ administration selectively
induces longer-lasting behavioral effects
in hM4Di-expressing monkeys
We next examined the efficacy and time
course of the chemogenetic effect of oral
DCZ administration using hM4Di-express-
ing monkeys. We used two monkeys with
hM4Di expressed in the bilateral dlPFC
around the principal sulcus (Brodmann’s
area 46; Fig. 3A,B), a brain region known to
be responsible for spatial working memory
and executive function (Fuster, 2015).
Several weeks after the injections, we per-
formed PET imaging with [11C]DCZ to vis-
ualize hM4Di expression noninvasively.
High levels of [11C]DCZ binding (BPND .
1.0) were localized in the bilateral dlPFC in
both monkeys, specifically from the caudal
end of the principal sulcus to 5-6 mm ante-
rior to it (Fig. 3C,F). These PET signals
reflected hM4Di expression, as postmor-
tem analysis confirmed GFP-positive
zone in dorsal and ventral bank of the
principal sulcus (Fig. 3D–H). When we
compared the time course of [11C]DCZ
uptake in the whole brain of these mon-
keys with that of other monkeys that had
not undergone surgery (Fig. 3I), there
was no marked difference across the sub-
jects. This suggested that the brain per-
meability of DCZ was unaffected by the
dlPFC surgery.

Our previous studies have shown that chemogenetic silencing
of the dlPFC via intramuscular DCZ administration (100mg/kg)
in these monkeys impaired performance in the spatial delayed
response task (Fig. 4A) (Nagai et al., 2020; Oyama et al., 2021).

Before the introduction of hM4Di, intramuscular DCZ adminis-
tration (100mg/kg) per se did not have an impact on working
memory in #245 (Fig. 4B) (Nagai et al., 2020), suggesting that
oral administration of DCZ,1000mg/kg would be expected not
to have any side effects. Then we directly compared the effects of
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oral administration with those of intramuscular injections by
using the same subjects as in our previous studies that showed
similar behavioral deficits (Nagai et al., 2020), which would ena-
ble us to demonstrate that oral DCZ administration can be
adapted to dlPFC, one of the core brain regions specialized for
primates. We examined the behavioral effects of two oral DCZ
doses (300 and 1000mg/kg) and an intramuscular DCZ dose
(100mg/kg) for comparison. Consistent with previous studies
(Nagai et al., 2020; Oyama et al., 2021), intramuscular 100mg/kg
DCZ administration resulted in a delay-dependent decrease in
the task performance for 1-2 h following administration (Fig.
4E). Oral DCZ administration of 300 and 1000mg/kg DCZ also
induced a comparable impairment of the task performance for 1-
2 h after administration (Fig. 4C,D). We further assessed the
time course of the chemogenetic effects by conducting a behav-
ioral examination at 5 different time windows after treatment: 0-
0.5, 0.5-1, 1-2, 3-4, and 24-25 h. We focused on the performance
of the trials with the longest delay period, where the effects were
most prominent (Fig. 4C–E, 30 s). In the first 30 min period,
intramuscular administration significantly decreased the correct
rates (Fig. 4H, green) compared with those after vehicle adminis-
tration (Fig. 4H, cyan), indicating rapid behavioral effects as pre-
viously demonstrated (Nagai et al., 2020). Significant effects were

also observed following oral administration of 300 and 1000mg/
kg (Fig. 4F,G, orange and magenta, respectively). Similarly, all
treatments had significant effects at 0.5-1 and 1-2 h after admin-
istration (Fig. 4F–H). At 3-4 h after administration, intramuscu-
lar administration had no influence on performance (Fig. 4H),
while the oral administrations remained effective (Fig. 4F,G).

To determine the minimum effective dose of DCZ via oral
administration, we also administered 100mg/kg DCZ orally and
examined the monkeys 1-2 and 3-4 h thereafter. The perform-
ance was significantly impaired after 1-2 h (Welch’s t test, t= 4.2,
p= 0.002), but not after 3-4 h (t= 0.48, p=0.65), indicating that
this dose is effective only for a shorter duration compared with
300 and 1000mg/kg.

Importantly, the decrease in task performance was found to
be dependent on delay duration (Fig. 4C), suggesting that the
orally administered DCZ resulted in loss of dlPFC function, but
did not produce side effects on other functions, such as general
attention or motivation. To further confirm that oral administra-
tion had no unwanted side effects, we conducted control experi-
ments with the delayed response task (Fig. 5A) and a simple
instrumental task (Fig. 5B,C) in two monkeys to whom
DREADDs had not been introduced (non-DREADD mon-
keys). Similar to our previous study that tested with 100mg/
kg of intramuscular DCZ administration (Nagai et al.,
2020), oral DCZ administration of 1000mg/kg did not pro-
duce any discernible behavioral changes in either task (Fig.
5A,C), suggesting that oral DCZ administration itself is
behaviorally inert at a dose of �1000mg/kg.

Together, these results suggest that oral DCZ administration
can induce behavioral effects selectively in hM4Di-expressing
monkeys for hours without adverse side effects; specifically, a
dose of 300-1000mg/kg is effective for at least 4 h.

Chronic DCZ administration enables successive induction of
chemogenetic silencing for weeks
Finally, we investigated the efficacy of chronic DCZ administra-
tion across weeks. One monkey expressing hM4Di in the dlPFC
was tested daily with the delayed response task to examine the
chemogenetic effect of repetitive oral DCZ administration.
Chronic oral DCZ administrations for at least twoweeks were
preceded and followed by several days of control vehicle admin-
istration (Fig. 6A,B), and repeated twice with a sufficient interval
of several months. This design allowed us to investigate whether
repetitive DCZ dose would consistently induce behavioral defi-
cits for weeks and how soon task performance would be recov-
ered after withdrawal of DCZ. Daily oral DCZ administrations
(300mg/kg) consistently induced impairment of the performance
of the delayed response task during 1-2 h after administration
compared with that of following vehicle injections throughout
the repetitive oral DCZ period (Fig. 6C), indicating that apparent
desensitization did not occur. Previous studies have shown
that chronic chemogenetic manipulation caused post-treatment
effects, such as rebound excitability (Desloovere et al., 2019;
Goossens et al., 2021), suggesting that it could induce some phys-
iological changes lasting even after agonist withdrawal. That was
not the case in the current study: we found that performance
recovered to a normal level on the first day after withdrawing
from chronic DCZ administration (Fig. 6C), indicating that suc-
cessive behavioral deficits were the outcome of temporal chemo-
genetic silencing rather than because of physiological change,
such as DREADD-induced plasticity.

It has been shown that plasma concentrations of the DCZ
analog clozapine vary within subjects over weeks of treatment
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(Centorrino et al., 1994), especially dropping by an average of
.50% in the first 12weeks (Kurz et al., 1998). We confirmed
that the concentration of DCZ following daily administration was
maintained at a similar level throughout the period of DCZ admin-
istration, indicating that chronic manipulation did not alter the
pharmacokinetics of DCZ for at least twoweeks (Fig. 6D). We also
verified that chronic DCZ administration for a single schedule (16d
for DCZ, and 7 and 3d of vehicle administration; see Fig. 6A) alone
had no significant impact on spontaneous movements in a non-
DREADD monkey (#253; Welch’s t test, t=0.55, p=0.59).
Together, these results suggested that DCZ is suitable for a chronic
and reversible manipulation of neuronal activity, leading to poten-
tial therapeutic applications in the future.

Discussion
Here we demonstrated that oral administration of DCZ is an
effective and noninvasive means for manipulating neuronal ac-
tivity through hM4Di receptors in macaque monkeys. Our phar-
macokinetics and in vivo PET occupancy examination showed
that the bioavailability of orally administered DCZ was ;10%-
20% of that of intramuscular injection; thus, the appropriate dos-
age of oral DCZ to exert hM4Di-mediated chemogenetic effects
was estimated to be 300-1000mg/kg. Indeed, this oral DCZ at
this range of doses caused severe impairments in working mem-
ory performance for several hours in monkeys with hM4Di
expressed in dlPFC but did not induce any discernible behavioral
side effects in control non–DREADD-expressing monkeys.
Furthermore, repetitive daily oral DCZ doses over two weeks
yielded consistent chemogenetic effects without apparent signs
of desensitization. Together, the oral administration of DCZ
affords a minimally invasive strategy for chronic and reversible
chemogenetic control of neuronal activity via muscarinic
DREADDs in nonhuman primates, thereby providing a great
potential for its clinical application.

For DREADDs studies in rodents and nonhuman primates, sys-
temic (intraperitoneal, intramuscular, or intravenous) injections are
the standard approach of agonist administration, as they allow pre-
cise control of dosage and timing. However, such approach forces
the animals to be restrained, which may cause stress responses and
unwanted effects on behavioral actions. Several DREADDs studies
have demonstrated that oral administration seems effective for over-
coming this issue. For example, oral CNO administration induced
changes in ethanol consumption by inhibition of the nucleus
accumbens via hM4Di, in which neuronal activity was remotely
manipulated while the animals were unrestrained (Cassataro et al.,
2014). This is beneficial when wanting to examine the effect on nat-
ural behavior, including social communication (Zou et al., 2016).
Oral CNO administration has also been applied to manipulate the
activity of non-neuronal cells, such as microglia (Grace et al., 2016).
However, recent reports have revealed that the effects of CNO are
partly mediated by its back-conversion to clozapine, which crosses
the blood–brain barrier and acts as a DREADDs actuator (Gomez
et al., 2017). Oral administration of low doses of clozapine and olan-
zapine as agonists has also been attempted (Goossens et al., 2021).
Because of their high affinities for endogenous receptors, however,
possible side effects are always a matter of concern that cannot com-
pletely be ruled out.

In the current study, we evaded these issues by using DCZ, a
novel DREADDs agonist with high brain permeability and high
selectivity. Since the effects of drugs on the CNS depend on mul-
tiple factors, such as brain permeability, drug kinetics, and affin-
ity for target receptors, it is generally difficult to predict the
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experiments. In a series of sessions, after 7 d of vehicle administrations (Veh), DCZ was orally
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by delayed response task over 5, 12, and 3 d, respectively. The series of testing were repeated
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ment in one day. C, Correct rates plotted as a function of days for vehicle (cyan) and DCZ (red)
administrations for the first (circle) and second (triangle) series, respectively. There was significant
difference between vehicle and DCZ administrations (two-way repeated measures ANOVA with
treatment and schedule [first and second schedules], main effect of treatment, F(1,18) = 194,
p=4.4� 10�11). There was no significant difference between performance during the former
and latter periods (two-way repeated measures ANOVA with timing [former vs latter] and sched-
ule, main effect of timing, F(1,10) = 0.03, p=0.87), indicating that the impairment was consistent
during the period of administration. D, Plasma DCZ concentration plotted as a function of days for
vehicle (cyan) and DCZ (red) administrations for the same monkey (#245). Data were collected as
with the behavioral data (D), that is, 1 h after oral administration of 300mg/kg DCZ. The DCZ con-
centration appeared to be relatively higher than those of other monkeys in Figure 1A. This might
be attributable to the difference of sampling conditions (i.e., under anesthesia or awake conditions;
for details, see Materials and Methods). It is also possible that oral administration of DCZ may be
less efficient for crossing the blood–brain barrier in animal #245, since the PET data suggest that
brain uptake of DCZ in #245 was relatively low compared with the other animals (although it was
still within a standard range; Fig. 3I).
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optimal drug dosage. As we have demonstrated in previous stud-
ies (Nagai et al., 2016, 2020), PET occupancy measurements to-
gether with pharmacokinetics analysis are extremely effective ways
for seeking the adequate agonist dose range. We found that the bio-
availability of orally administered DCZ was 10%-20% compared
with systemic injections (Figs. 1 and 2). Based on this estimation,
the dose range suitable for hM4Di activation was determined to be
300-1000mg/kg. In line with the kinetics data, such oral DCZ doses
induced relatively long-lasting effects compared with intramuscular
injections. The DCZ kinetics and behavioral effects were examined
up to 4 h after oral administration, during which the concentration
of DCZ persisted in CSF; thus, the chemogenetic effects may be
maintained longer.

The working-memory impairment following DCZ adminis-
tration cannot be explained by side effects because of action on
endogenous receptors as indicated by other prior DREADDs
agonists for the following reasons. First, one of the two monkeys
(#245) had been tested with the delayed response task before
introducing hM4Di in the dlPFC, showing that DCZ alone had
no impact on the behavior (Fig. 4B). Second, control experiments
using non–DREADD-expressing monkeys confirmed that these
oral DCZ doses alone did not produce any discernible changes in
behavior associated with spatial working memory or reward expec-
tation (Fig. 5). Third, PET and histologic data suggest that two
monkeys consistently express hM4Di, covering the similar region of
dlPFC. Collectively, we concluded that behavioral results consis-
tently observed in these two monkeys were because of the inactiva-
tion of dlPFC neurons via hM4Di activation.

In the present study, we did not examine the effects of oral
DCZ administration on hM3Dq, an excitatory muscarinic
DREADDs that responds to DCZ (Nagai et al., 2020). Our previ-
ous work showed that the lower doses (1-3mg/kg) of DCZ
through intramuscular injection were capable of inducing signifi-
cant neuronal excitation in mice and monkeys expressing
hM3Dq (Nagai et al., 2020). Thus, 3-30mg/kg would be an effec-
tive range for activating hM3Dq via oral administration. Indeed,
we have recently demonstrated that marmosets expressing
hM3Dq produced consistent behavioral changes when fed a diet
containing 10mg/kg of DCZ (Mimura et al., 2021). In any case, it
should be noted that the optimal agonist dose generally depends
on the level of the overexpressed functional protein (Upright et
al., 2018) and the targeted circuit to be manipulated. In addition,
as is usual in studies using genetic methods, control experiments
(e.g., using non-DREADDs animals) are recommended.

It has been shown that chronic administration of DREADDs
agonists induces DREADDs-mediated changes for days to weeks
in rodents (Nation et al., 2016; Desloovere et al., 2019; Paretkar
and Dimitrov, 2019; Goossens et al., 2021). However, some stud-
ies reported that the effects following administrations of agonists
were not consistent during treatments. For example, Goossens et
al. (2021) reported that the administrations of clozapine and
olanzapine caused significant behavioral changes for several
days, but that such effects subsequently diminished, although the
agonist administrations continued. In addition, it has been
reported that inhibition by hM4Di with agonist treatment over
weeks induced post-treatment rebound excitability (Desloovere
et al., 2019; Goossens et al., 2021). In contrast to these studies, we
showed that daily oral DCZ delivery constantly impaired the
monkey’s performance throughout the administration periods
(Fig. 6). Moreover, performance on the day following completion
of repeated doses of DCZ was as high as the baseline, suggesting
that weeks-long inactivation of the PFC did not affect subsequent
behavior. These results suggest that chronic DCZ administration

did not cause desensitization of hM4Di or any long-lasting
change, such as plasticity of neural circuits that govern working
memory. It remains to be clarified whether this is a general capa-
bility of DREADD/DCZ or is because of the characteristics of
neurons and local circuits in the dlPFC as a target. Irrespective of
the mechanism, the present results indicate that it is possible to
investigate the effects of chronic attenuation of PFC activity on vari-
ous cognitive functions. Importantly, it can resolve potential dis-
crepancies that may arise in the behavioral outcomes of different
durations or methods of inactivation. For example, it has been dem-
onstrated that acute and chronic silencing of PFC interneurons had
opposite impacts on anxiety-like behavior in mice (Soumier and
Sibille, 2014), suggesting that short- versus long-termmanipulations
of local circuits may differentially alter PFC network functions. In
addition, long-term abnormalities or imbalances in prefrontal activ-
ity have been suggested as a pathophysiological mechanism for psy-
chiatric disorders, since chronic stress exposure could lead to
anxiety disorder and depression (Zhou et al., 2020). DREADDs sub-
serve to mimic or reverse such long-term circuitry changes that are
beyond the reach of conventional acute blockade and/or irreversible
lesioning. The chemogenetic approach using DCZ as an actuator
introduced in the present study will expand the opportunity of acute
and chronic manipulations of specific circuits in the primate PFC,
thereby leading to a better understanding of higher brain functions
(e.g., working memory, decision-making, and action-planning, in
health and disease conditions). This can be done without causing
pain/stress to monkeys, and thus is also suitable for quantifying the
effects on unrestrained naturalistic, social behavior (e.g., using a
markerless motion tracking system) (Bala et al., 2020; Labuguen et
al., 2021). In addition, it has the potential to be used in therapeutic
applications for symptoms caused by abnormal neuronal activity in
a specific brain region, such as seizures in epilepsy.

Finally, it should be noted that this study did not examine
continuous chemogenetic effects beyond the duration of action
of a single oral dose (;4 h). Continuous silencing may be
achieved with more frequent and repeated administrations. It
should also be noted that the utility of chronic oral administra-
tion and the effect of DCZ in pre-DREADD condition were
examined in a single monkey (#245). Future studies will need to
determine the dosage and interval of administrations to maintain
sufficient DCZ concentration to attain continuous chemogenetic
effects, and to ensure that it does not cause undesirable side
effects, toxicity, or tachyphylaxis, with appropriate within-subject
control using non-DREADD animals.

DREADDs technology is becoming increasingly popular as a
means of controlling neuronal activity remotely, less invasively
and reproducibly in rodents and nonhuman primates. With the
accumulation of numerous successful reports, muscarinic
DREADDs are now under consideration for clinical application.
Given the long-term stable chemogenetic effects with orally
delivered DCZ in macaque monkeys, it holds great promise for
the translational use of DREADDs technology, especially in the
development of therapeutic trials for neurologic and neuro-
psychiatric disorders.
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