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enhanced foot representation. This study

reveals how local inactivation affects the

network operation within and

across areas.
c.
ll

mailto:hirabayashi.toshiyuki@qst.go.�jp
https://doi.org/10.1016/j.neuron.2021.08.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2021.08.032&domain=pdf


OPEN ACCESS

ll
Article

Chemogenetic sensory fMRI reveals
behaviorally relevant bidirectional changes
in primate somatosensory network
Toshiyuki Hirabayashi,1,5,* Yuji Nagai,1 Yukiko Hori,1 Ken-ichi Inoue,2,3 Ichio Aoki,4 Masahiko Takada,2 Tetsuya Suhara,1

Makoto Higuchi,1 and Takafumi Minamimoto1

1Department of Functional Brain Imaging, National Institutes for Quantum and Radiological Sciences and Technology, Anagawa 4-9-1,

Inage-ku, Chiba, Japan
2Systems Neuroscience Section, Primate Research Institute, Kyoto University, Inuyama, Aichi 484-8506, Japan
3PRESTO, Japan Science and Technology Agency, Kawaguchi, Saitama, Japan
4Department of Molecular Imaging and Theranostics, National Institutes for Quantum and Radiological Sciences and Technology, Anagawa

4-9-1, Inage-ku, Chiba, Japan
5Lead contact
*Correspondence: hirabayashi.toshiyuki@qst.go.jp

https://doi.org/10.1016/j.neuron.2021.08.032
SUMMARY
Concurrent genetic neuromodulation and functional magnetic resonance imaging (fMRI) in primates has pro-
vided a valuable opportunity to assess the modified brain-wide operation in the resting state. However, its
application to link the network operation with behavior still remains challenging. Here, we combined chemo-
genetic silencing of the primary somatosensory cortex (SI) with tactile fMRI and related behaviors in ma-
caques. Focal chemogenetic silencing of functionally identified SI hand region impaired grasping behavior.
The same silencing also attenuated hand stimulation-evoked fMRI signal at both the local silencing site and
the anatomically and/or functionally connected downstream grasping network, suggesting altered network
operation underlying the induced behavioral impairment. Furthermore, the hand region silencing unexpect-
edly disinhibited foot representation with accompanying behavioral hypersensitization. These results
demonstrate that focal chemogenetic silencing with sensory fMRI in macaques unveils bidirectional network
changes to generate multifaceted behavioral impairments, thereby opening a pivotal window toward eluci-
dating the causal network operation underpinning higher brain functions in primates.
INTRODUCTION

The functional magnetic resonance imaging (fMRI) has been

widely used to examine brain-wide network operation underlying

a variety of cognitive, affective, and motor functions in non-hu-

man primates, providing opportunities for a profound under-

standing of the corresponding functions in humans in health

and disease (Vanduffel et al., 2014). Combining neuromodulation

including electrical stimulation or muscimol injection with the

monkey fMRI has shown to be a powerful approach for causally

linking neural activity to behavior or testing neural coupling

across brain regions (Bogadhi et al., 2019; Ekstrom et al.,

2008; Klink et al., 2021; Miyamoto et al., 2017; Moeller et al.,

2008; Rocchi et al., 2021; Schmid et al., 2010; Tolias et al.,

2005; Van Dromme et al., 2016; Verhagen et al., 2019; Wilke

et al., 2012; Xu et al., 2019; Yang et al., 2018). Compared with

conventional neuromodulation approaches, genetic intervention

has certain advantages, including anatomical and/or cell-type

specificity of the manipulation target, which has been applied

to non-human primates to change behavior and/or local

neuronal activity at the manipulated region (Deffains et al.,
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2021; El-Shamayleh and Horwitz, 2019; Eldridge et al., 2016; Na-

gai et al., 2016; Raper et al., 2019; Upright et al., 2018). Given that

the impact of focal neuromodulation is not necessarily localized

to the manipulation target but extends to anatomically and/or

functionally connected remote regions, induced behavioral

changes would reflect the altered network operation (Bergmann

and Hartwigsen, 2021; Carrera and Tononi, 2014). A few recent

studies in non-human primates have shown the effect of genetic

neuromodulation on the fMRI signal (Gerits et al., 2012; Grayson

et al., 2016; Ohayon et al., 2013; Vancraeyenest et al., 2020).

However, all those studies were conducted in the resting state,

and thus whether and how genetic neuromodulation affects

task- or sensory-evoked network fMRI signal to change behavior

has not been examined. Although the network effect of focal

manipulation is largely predictable from anatomical connections

in the resting state (Grayson et al., 2016), it would be more

complicated when the perturbation interacts with task- or sen-

sory-evoked activity. Indeed, the impact of neuromodulation

drastically differs depending on the brain state (Bestmann

et al., 2008; Blankenburg et al., 2008; Davare et al., 2010; Ek-

strom et al., 2008; Silvanto et al., 2008; Yang et al., 2021).
). Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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Such a difference becomesmore critical in silencing because the

effects would be obscured in the resting state without explicit

brain activity to be suppressed (Davare et al., 2010). Moreover,

considering the difficulty in applying genetic neuromodulation

to primates (Galvan et al., 2018; Tremblay et al., 2020), it would

not be trivial whether and how genetic silencing affects robustly

evoked blood-oxygenation-level-dependent (BOLD) signal in

primates, which would be a pivotal step toward elucidating the

causal network operation underlying higher brain functions in

primates.

Furthermore, the effect of silencing at remote regions would

not necessarily be deactivation because silencing of a given

network node can result in disinhibition of another node (Blan-

kenburg et al., 2008), where such between-node relationships

would be difficult to predict only from their anatomical connectiv-

ity. Mutually inhibitory nodes are ubiquitous in the brain including

lateral inhibition in the sensory cortices (Chernov et al., 2018;

Shmuel et al., 2006; Tal et al., 2017). Such neuromodulation-

induced unpredictable bidirectional changes in network activity

could be unveiled via concurrent neuromodulation and fMRI.

This provides a profound understanding of the complex interac-

tive operation of the brain network, which would predict a previ-

ously overlooked behavioral impact as well.

To address these issues, we examined the effects of fMRI-

guided chemogenetic silencing on both sensory-evoked

network operation and its relevant behaviors in macaques. We

identified the hand index finger (D2) region of the primary so-

matosensory cortex (SID2) via somatosensory fMRI and focally

injected adeno-associated virus (AAV) vector encoding an inhib-

itory designer receptor exclusively activated by designer drug

(inhibitory DREADD, hM4Di) (Roth, 2016). Administration of

recently developed, highly selective and stable DREADD actu-

ator (Nagai et al., 2020) specifically impaired fine grasping

behavior with the contralateral D2 and attenuated hand D2-

mediated sensory-evoked BOLD signal at both SID2 and the

grasping-related downstream network. The same manipulation

further induced unexpected disinhibition of a distant body part

representation, which resulted in behavioral hypersensitization.

Together, these results demonstrate that focal chemogenetic

silencing concurrent with sensory fMRI unveils bidirectional

changes in the network operation underlying the induced multi-

faceted behavioral impairments in macaques.

RESULTS

In order to functionally identify SID2 as the target of focal chemo-

genetic silencing, we measured BOLD signal in response to sen-

sory stimulation using 7T-MRI under light sedation with propofol

(Figures 1A and S1A–S1C; STARMethods). Consistent with pre-

vious studies (Arcaro et al., 2019; Chen et al., 2007; Cléry et al.,

2020; Dutta et al., 2014; Hayashi et al., 1999; Lipton et al., 2006;

Nagasaka et al., 2020; Sharma et al., 2018; Wang et al., 2013),

cutaneous tactile stimulation of hand D2 evoked a significant

BOLD response at the contralateral SI (p < 0.05, FWE-corrected)

(Figure 1B; STAR Methods). We then injected an AAV vector for

the neuron-specific expression of inhibitory DREADD (hM4Di)

with GFP as a marker protein into the identified SID2 (Figure 1A).

To precisely inject the virus vector into SID2, we prepared a 3D
printed brain model constructed from computed tomography

(CT) images of the skull on which MR images of the brain struc-

ture and coregistered SID2 activation map were overlaid. We

mounted the brain model on the stereotaxic frame and deter-

mined injection coordinates of four points with 1- to 1.5-mm

intervals that approximately spanned the identified SID2 (Fig-

ure S1D; STAR Methods). Seven weeks after the injection,

DREADD expression was visualized via in vivo positron emission

tomography (PET) imaging with a DREADD-selective probe 11C-

labeled deschloroclozapine (DCZ) (Nagai et al., 2020). The

results revealed prominent DREADD expression at the virus vec-

tor-injected region (Figures 1C and S1F), which overlapped with

SID2 (Figures 1B and 1C). The results were consistent between

two monkeys that received DREADD transduction (Figures S1E

and S1F). Consistent with a previous study (Nagai et al., 2020),

postmortem immunohistochemical analysis verified the PET re-

sults (Figure 1D).

Previous studies in both humans and macaques have sug-

gested that intact somatosensory processing is essential for

grasping behavior with the contralateral hand (Brochier et al.,

1999; Hikosaka et al., 1985; Jeannerod et al., 1984; Thompson

et al., 2017). To examine the behavioral impact of DREADD-

induced focal SID2 silencing, we thus trained the two monkeys

to perform a modified Brinkman board task (Brinkman, 1984;

Brinkman and Kuypers, 1973; Rouiller et al., 1998). Briefly, a

plastic board with rectangular slots was placed in front of a mon-

key chair. Monkeys picked up small food pellets from the slots

using D1 (thumb) and D2 of either the contralateral or ipsilateral

hand (precision grip) (Nishimura et al., 2007; Sawada et al., 2015)

to the DREADD-expressing SID2 (Figure 2A). The time duration

for correctly picking up all the pellets was measured as an index

of manual dexterity using hand D2. Systemic administration of

the highly selective, potent, and metabolically stable DREADD

agonist DCZ (Nagai et al., 2020) significantly prolonged the dura-

tion in the contralateral hand condition (p < 0.004 for each of two

monkeys, paired t test) (Figure 2B, red), suggesting deteriorated

fine-grasping behavior. By contrast, the task performance in the

ipsilateral hand condition was not significantly affected by DCZ

administration in the same experimental sessions in either mon-

key (p > 0.1) (Figure 2B, blue), leading to a significant difference

in the DCZ-induced performance change between the contralat-

eral and ipsilateral hand conditions in the two monkeys (p <

0.002, paired t test) (Figure 2B, blue versus red). These results

suggest that the effect of DCZ was specific to the hemisphere

into which the DREADD was transduced and thus was not due

to a side effect such as off-target action to endogenous recep-

tors (Eldridge et al., 2016; Nagai et al., 2020; Upright and Baxter,

2020) (see Discussion). DCZ administration did not significantly

affect the number of correctly picked objects for either the ipsi-

lateral or contralateral hand in either monkey (p > 0.05, paired t

test) (Figure S2A). In order to assess the specificity of the

observed behavioral impairment more closely, we also exam-

ined the performance of coarse grasping of larger objects placed

on a flat plate (Figure S2B). This task similarly required hand

reaching, but the grasping was performed with the whole hand

(Figure S2B, left), and manual dexterity was only minimally

required. In contrast to the fine grasping task, performance of

the coarse grasping with the contralateral hand did not
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Figure 1. FMRI-guided transduction of hM4Di into the macaque SID2
(A) Experimental design and procedure.

(B) BOLD response in the SI of monkey 1 to cutaneous right hand stimulation for targeting hM4Di transduction. Right and bottom: axial and sagittal slices,

respectively. cs, central sulcus; ips, intraparietal sulcus; ls, lateral sulcus; L, left; A, anterior.

(C) In vivo [11C]DCZ PET image of hM4Di expression at the viral vector injection site in monkey 1.

(D) Histologically verified expression of co-transduced GFP at the viral vector injection site in monkey 1. Bottom: magnified view of the top panel, showing single

neurons expressing GFP. Scale bar, 2 mm (top) and 50 mm (bottom).

See also Figure S1.
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significantly change following DCZ administration with the same

dose (monkey 2, p > 0.4, paired t test) (Figure S2B, right), sug-

gesting that the observed behavioral impairment was specific

to precision grasping, for which intact D2 representation would

be essential. These results demonstrate that fMRI-guided focal

chemogenetic silencing of SID2 exerted an impact specifically

on fine grasping behavior with the contralateral hand D2 in

macaques.

To assess whether and how the DREADD-induced, behavior-

ally effective SID2 silencing affects the relevant fMRI signal, we

next conducted somatosensory-evoked fMRI concurrent with

the same SID2 silencing. First, we confirmed that significant

and robust BOLD activity of the DREADD-expressing SID2 was

elicited by cutaneous tactile stimulation of the contralateral

hand D2 in the control condition with systemic vehicle adminis-

tration (p < 0.05, FWE-corrected) (Figure 3A, left top). The result

indicates the intact function of SID2 following the virus vector in-

jection and DREADD expression, at least in generating sensory-

evoked BOLD signal. As a result of systemic DCZ administration,

SID2 activation evoked by the same sensory stimulation was

largely attenuated in the DREADD-expressing hemisphere (Fig-
3314 Neuron 109, 3312–3322, October 20, 2021
ure 3A, left middle), leading to a significantly reduced activity

compared to the vehicle control condition (vehicle versus DCZ,

p < 0.001, uncorrected) (Figure 3A, left bottom). A region of inter-

est (ROI) analysis revealed consistency and stability of the re-

sults from the following three different points of view. First,

DCZ-induced reduction of the sensory-evoked BOLD signal in

the contralateral SID2 was consistently observed in both mon-

keys (p < 0.001, unpaired t test) (Figure 3B, left). Second, in the

paired alternation design of scanning sessions with vehicle/

DCZ administration (STAR Methods), signal reduction in the

DCZ session compared with the previous vehicle session was

consistently observed across different pairs of successive ses-

sions in both monkeys (Figure S3, left). Third, consistent with

the reported time course of the silencing effect of DCZ in vivo

(Nagai et al., 2020), DCZ-induced BOLD signal reduction was

significant from the first run (18 min long) in a scanning session,

which started 10 min following systemic intravenous DCZ

administration, and remained stable across repeated runs within

a session lasting for �2 h (Figure S3, right; STAR Methods). In

contrast to the DREADD-expressing hemisphere, SID2 activity

in the intact hemisphere via contralateral D2 stimulation in the



Figure 2. Behavioral impact of DREADD-induced SID2 silencing

(A) Modified Brinkman board task for testing the performance of fine grasping

with each hand. Monkeys used thumb and index fingers to pick up small food

pellets.

(B) Task performance of each monkey. Positive values represent delayed task

performance following DCZ administration. Ipsi and contra depict ipsilateral

and contralateral hand to the DREADD-expressing SID2, respectively. Gray line

depicts the performance in each session. Error bars, SEM. *p < 0.002, paired t

test. +p < 0.004, paired t test for difference between pre- and post-adminis-

tration of DCZ, corrected for multiple comparisons.

See also Figure S2.

ll
OPEN ACCESSArticle
same scanning session was not significantly different between

vehicle and DCZ conditions in either monkey (p > 0.4) (Figures

3A and 3B, right). This interhemispheric difference in the effect

of DCZ accords with the aforementioned behavioral results on

fine grasping in the same animals (Figure 2B). As a result, two-

way ANOVA on the sensory-evoked SID2 activation revealed sig-

nificant interaction between the factors of condition (vehicle and

DCZ conditions) and hemisphere (DREADD and intact hemi-

spheres) (p < 0.001), indicating that the DCZ-induced attenua-

tion of the sensory-evoked SID2 activation was specific to the

DREADD-expressing hemisphere and thuswas not due to a gen-

eral effect across hemispheres resulting from off-target action of

DCZ. Together, these results demonstrate that sensory-evoked

robust BOLD signal in macaques can be reliably and specifically

attenuated via inhibitory DREADD.

The DREADD-induced focal SI silencing might also affect the

sensory-evoked activity in the downstream network. DCZ

administration indeed significantly attenuated hand D2 stimula-

tion-evoked activation of the contralateral posterior parietal cor-

tex (areas 5 and 7) and the secondary somatosensory area (SII) in

the DREADD-expressing hemisphere (p < 0.001, uncorrected)

(Figures 4A and S4A), which were confirmed by ROI analysis

(p < 0.001, p < 0.001, and p < 0.03, for areas 5, 7, and SII, respec-

tively, unpaired t test, corrected for multiple comparisons) (Fig-

ure 4B). BOLD signal reductions in these remote areas were

consistently observed in each of the two monkeys (Figure S4C).

These results demonstrate that the effect of focal SI silencing

was not local, but extended to the downstream areas in the

grasping-related network (Borra et al., 2017; Castiello, 2005; Da-

vare et al., 2011; Jeannerod et al., 1995; Nelissen and Vanduffel,

2011; Rizzolatti and Luppino, 2001; Sharma et al., 2018). In order

to examine anatomical and functional connectivity between

these affected downstream areas with the SI silencing site, we
next conducted the following two different connectivity ana-

lyses. First, immunohistochemical analysis showed the expres-

sion of co-transduced GFP in the axon terminals of the virus-in-

fected SID2 neurons at the remote-silencing sites in area 5 andSII

or their proximity (Figures 4C, top, and S4D), indicating that

these regions receive direct anatomical projection from the

DREADD-expressing SID2 in the same hemisphere, which was

consistent with previous anatomical studies (Burton and Fabri,

1995; Burton et al., 1995). These results suggest that the DCZ-

induced activity reduction in these remote areas was, at least

in part, due to direct anatomical projection from the DREADD-

expressing SID2. Second, psycho-physiological interaction

(PPI) analysis (Friston et al., 1997) with the SID2 activation site

of the DREADD hemisphere as a seed region (STARMethods) re-

vealed that during the contralateral hand D2 stimulation, the

DREADD-expressing SID2 was functionally connected with the

remote-silencing regions in areas 5, 7, and SII or their proximity

in the same hemisphere (p < 0.05, FWE-corrected) (Figures 4C,

middle, and S4B). These results suggest that the inhibitory effect

of DREADD-induced focal SI silencing on the sensory-evoked

BOLD signal was not locally restricted to the SI silencing site

but extended to the functionally and/or anatomically connected

downstream network for grasping behavior (Figure 4C, bottom).

Because the inhibitory DREADD was focally transduced into

SID2, representations of distant body parts, such as the foot,

were expected to be unaffected. To assess this prediction,

we next examined the BOLD signal in response to sensory

stimulation of the foot sole (Figure 5A, left) contralateral to

the DREADD hemisphere. Compared with the hand D2 stimu-

lation, cutaneous tactile stimulation of the foot sole significantly

activated the contralateral SI at more postero-medial part

along the central sulcus (p < 0.05, FWE-corrected) (Figure 5A,

top middle), which was consistent with the well-known body

representation map in the primate SI (Arcaro et al., 2019; Cléry

et al., 2020; Kaas, 1983; Krubitzer et al., 2004; Merzenich et al.,

1978). In contrast to the DREADD-expressing SID2, sensory-

evoked activity of the SI foot sole region in the same hemi-

sphere was not attenuated following DCZ administration, but

rather unexpectedly augmented as compared to the vehicle

control condition (Figure 5A, bottom middle). PET analysis re-

vealed that DREADD expression could not be detected within

the SI foot sole region even at a lower threshold, where the

DREADD at the axon terminal of the SID2 neurons was

observed in other cortical and subcortical regions (Figure S5B)

(Nagai et al., 2020; Oyama et al., 2021). This result was histo-

logically confirmed as well (data not shown). The DCZ-induced

upregulation of the foot sole representation was also observed

in the downstream area SII (Figure 5A, right). Subsequent ROI

analysis revealed significant increase in the BOLD signal at the

foot sole region in both SI and SII following DCZ administration

(p < 0.01, unpaired t test, corrected for multiple comparisons)

(Figure 5B), which was consistently observed in each animal

(Figure S5A). These results suggest bidirectional effects of che-

mogenetic silencing on the operation of the somatosensory

network: in addition to the downregulation of the silencing

site and its downstream network, focal SID2 silencing also

induced upregulation of the network representing distant

body parts.
Neuron 109, 3312–3322, October 20, 2021 3315



Figure 3. Local attenuation of sensory-

evoked BOLD signal in DREADD-expressing

SID2
(A) SI activation in monkey 1 evoked by cutaneous

tactile stimulation of the index finger of each hand

contralateral (left) and ipsilateral (right) to the

DREADD-expressing hemisphere, respectively. SI

activations for vehicle (top) and DCZ (middle)

conditions, and the difference between them

(bottom) were depicted.

(B) Percent signal change calculated for SI ROIs in

the contralateral hemisphere to the stimulated

hand for each monkey. Results for DREADD-ex-

pressing (left) and the opposite (right) hemispheres

were depicted. Blue and red columns depict the

results in vehicle andDCZ conditions, respectively.

Error bars, SEM. *p < 0.001, unpaired t test, cor-

rected for multiple comparisons. +p < 0.001,

paired t test for difference from baseline, corrected

for multiple comparisons.

See also Figure S3.
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The upregulated foot sole representation raised the possibility

that the samemanipulationmight also increase behavioral sensi-

tivity to sensory stimulation of the contralateral foot (Nagasaka

et al., 2017, 2020). To test this prediction, we applied a cold

(10�C) stimulation, which is known to activate SI in both humans

and macaques (Egan et al., 2005; Nagasaka et al., 2017), to the

foot sole contralateral to the DREADD-expressing hemisphere,

and examined whether focal silencing of the SI hand region

behaviorally affects the withdrawal latency of the foot sole from

the cold stimulation (Nagasaka et al., 2017, 2020). We found

that the withdrawal latency of the contralateral foot sole from

the cold stimulation was significantly shortened following DCZ

administration (p < 0.001, paired t test) (Figure 5C, middle,

magenta), suggesting that the inhibitory DREADD-induced upre-

gulation of a distant body part representation indeed was

accompanied by a corresponding behavioral hypersensitivity.

The specificity of the observed behavioral change was

confirmed via the following three different approaches. First,

the same DCZ administration in the same experimental session

did not induce a significant change in the withdrawal latency

when the stimulation temperature was moderate (30�C), for

which monkeys were not expected to exhibit withdrawal (Naga-

saka et al., 2017, 2020) (p > 0.6) (Figure 5C, middle, cyan). As a

result, the DCZ-induced change in withdrawal latency was

significantly different between the stimulus temperatures (30�C
versus 10�C, p < 0.001, paired t test). Therefore, the observed

behavioral impact was not due to general motor facilitation

caused by DCZ itself. Second, we tested whether the ipsilateral

foot also shows the DCZ-induced hypersensitivity. In contrast to
3316 Neuron 109, 3312–3322, October 20, 2021
the contralateral foot, the withdrawal la-

tency of the ipsilateral foot did not signifi-

cantly change following DCZ administra-

tion for either temperature tested (30�C
and 10�C) (p > 0.4, paired t test), and the

changes in the withdrawal latency were

not significantly different between the

two temperatures (p > 0.8) (Figure 5C,
right). The results indicate that the hypersensitivity was specific

for the contralateral foot. Third, the same DCZ administration

did not significantly affect the withdrawal latency for either tem-

perature in a naivemonkey (monkey 3, p > 0.6), and temperature-

dependence of the DCZ-induced latency change was not

observed (p > 0.6) (Figure S5C). The results again confirmed

that the DCZ-induced hypersensitization was not due to DCZ

alone, but was exerted via transduced DREADD. Together, con-

current focal SID2 silencing and sensory fMRI revealed DREADD-

induced bidirectional changes in the somatosensory network

operation underlying the multifaceted behavioral impairments

in primates.

DISCUSSION

To elucidate whether and how genetic silencing suppresses and

facilitates sensory-evoked network fMRI signal to change rele-

vant behaviors in macaques, we examined the effects of focal

SI silencing via inhibitory DREADD on the operation of the so-

matosensory network and its related behaviors. FMRI-guided

DREADD-induced focal silencing of SID2 specifically impaired

fine grasping behavior with the contralateral hand D2. The

same silencing also attenuated hand D2-mediated sensory-

evoked BOLD signal both locally at the DREADD-expressing

SID2 and remotely at anatomically and/or functionally connected

downstream grasping network. Moreover, the hand region

silencing unexpectedly disinhibited foot sole representation in

the same hemisphere, which resulted in the corresponding

behavioral hypersensitization of the contralateral foot sole.



Figure 4. Remote attenuation of sensory-evoked BOLD signal in the downstream grasping network anatomically and/or functionally con-

nected with DREADD-expressing SID2
(A) DREADD-induced attenuation of the sensory-evoked BOLD signal in the downstream cortical areas of the DREADD-expressed SI in monkey 1. Top,

schematic brain with vertical lines depicting approximate AP level of the coronal sections below.

(B) ROI analysis of the sensory-evoked BOLD signal in the regions shown in (A). Data from two monkeys (monkeys 1 and 2) were merged. Error bars, SEM. *p <

0.03, unpaired t test, corrected for multiple comparisons. +p < 0.02, paired t test for difference from baseline, corrected for multiple comparisons.

(C) Top and middle: anatomical projection from DREADD-expressing SID2 (top) and functional connectivity (PPI) with SID2 (middle) in monkey 1. The projection

from SID2 was assessed with immunostaining of the co-transduced GFP at the axon terminals of the virus-infected SID2 neurons. The functional connectivity was

assessed using the increased interaction with the ipsilateral SID2 during tactile stimulation of the contralateral hand D2. Bottom: schematic brain showing

anatomical/functional connectivity with SID2.

See also Figure S4.
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Together, concurrent chemogenetic silencing and sensory-

evoked fMRI unveiled bidirectional network changes underlying

the induced behavioral impairments in primates.

To date, a few studies of concurrent genetic neuromodulation

and fMRI have been conducted in macaques to investigate

changes in BOLD signal or functional connectivity in the resting

state (Gerits et al., 2012; Grayson et al., 2016; Ohayon et al.,

2013; Vancraeyenest et al., 2020). However, the effect of genetic

neuromodulation on task- or sensory-evoked BOLD signal has

not been examined despite its importance. Here, we demon-

strated that fMRI-guided focal chemogenetics was effective in

terms of affecting both the sensory-evoked network BOLD signal

and its relevant behaviors in macaques. This is not trivial in pri-

mates, as a previous study has reported, only an auxiliary effect

of optogenetic stimulation on eliciting BOLD signal in the resting

state of macaques (Ohayon et al., 2013), suggesting the difficulty

in robustly manipulating BOLD signal reflecting activities of a

large population of neurons with genetic tools in macaques (Ger-

its et al., 2012). This could be a more serious issue in silencing a

robustly evoked BOLD signal compared to excitation in the

resting state, and indeed no previous study has demonstrated
the former in primates. We have overcome this issue by utilizing

chemogenetics, with which activities of a given population of

neurons can be simultaneously manipulated irrespective of the

size of the target region, and thus would be suitable for ma-

caques with much larger brain region involved in a given function

compared to other species (Gerits et al., 2012). Although several

studies have reported behavioral effects of chemogenetic

silencing in macaques (Eldridge et al., 2016; Hayashi et al.,

2020; Nagai et al., 2016, 2020; Raper et al., 2019; Upright

et al., 2018), only one of these studies performed a physiological

assessment of chemogenetic silencing in vivo, where the

neuronal activity was examined locally at themanipulation target

outside the behavioral task context (Hayashi et al., 2020). The

present study demonstrated the effect of the same chemoge-

netic silencing on behavior and its relevant fMRI signal at both

local manipulation target and remote regions, thus providing sig-

nificant advancement in the macaque chemogenetics toward its

application to cognitive and/or translational research.

When using a neuromodulation technique, it is critical to verify

the specificity of the effect of the modulators: agonists for acti-

vating transduced DREADD in the case of chemogenetics
Neuron 109, 3312–3322, October 20, 2021 3317



Figure 5. Focal silencing of SID2 upregulated

foot representations in the somatosensory

network in associationwith a corresponding

behavioral change

(A) Foot sole stimulation-evoked BOLD response

in the contralateral SI (middle) and SII (right, white

arrow) of the DREADD hemisphere in vehicle (top)

and DCZ (bottom) conditions in monkey 2.

(B) Tactile stimulation-induced percent signal

change in foot sole region in SI (left) and SII (right) in

vehicle (blue) and DCZ (red) conditions. Data from

two monkeys (monkeys 1 and 2) were merged.

Error bars, SEM. *p < 0.01, unpaired t test, cor-

rected for multiple comparisons. +p < 0.001,

paired t test for difference from baseline, corrected

for multiple comparisons.

(C) DCZ-induced change in the withdrawal latency

of the contralateral (left) and ipsilateral (right) foot

sole from cold (magenta) or control (cyan) stimu-

lation in monkey 2. Negative value represents

shortened withdrawal latency following DCZ

administration. Gray line depicts the performance

in each session. Error bars, SEM. *p < 0.001,

paired t test. +p < 0.001, for difference between

pre and post DCZ administration.

See also Figure S5.
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(Eldridge et al., 2016; Gomez et al., 2017; Nagai et al., 2020; Up-

right and Baxter, 2020). In the present study, we used the

recently developed DREADD agonist DCZ, which we demon-

strated as being more specific, metabolically stable, and fast-

acting agonist in vivo compared to the previously used ones (Na-

gai et al., 2020; see also Bonaventura et al., 2019). The dose of

DCZ used for DREADD activation was fixed at 0.1 mg/kg in the

present study, as we have shown in a previous study that this

dose of DCZ occupied �80% of the expressed DREADD in vivo

and was effective in specifically inducing behavioral changes of

DREADD-expressing macaques without unwanted changes of

behavior or brain activity in naive monkeys (Nagai et al., 2020).

Furthermore, our experimental design of unilateral DREADD

transduction offered within-animal control condition in the

same experimental session for both behavior and fMRI, in which

the intact hemisphere and its contralateral hand were involved.

DCZ administration with the above dose indeed did not affect

the results in the control condition in either behavior (Figure 2B,

blue) or fMRI (Figures 3A and 3B, right), ruling out the possibility

that the present results were due to side effects of DCZ such as

off-target actions via endogenous receptors. Collectively,

administration of the highly selective agonist at an adequate

dose, unilateral DREADD transduction, and the obtained results

in the control conditions thus strongly suggest that the present

results indeed reflected specific neuromodulation via trans-

duced DREADD.

In the present study, DREADD-induced silencing of unilateral

SID2 impaired fine grasping with the contralateral hand D2,

which is consistent with previous behavioral studies with more

conventional approaches including permanent lesion or tran-

sient pharmacological inactivation of themacaque SI (Asanuma

and Arissian, 1984; Brochier et al., 1999; Hikosaka et al., 1985).

However, the impact of behaviorally efficacious focal SI inacti-
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vation on the relevant sensory-evoked network signal has not

been examined. The cortical somatosensory system involved

in object grasping is not restricted to SI, but also a broader

network including SII and posterior parietal regions such as

areas 5 and 7 (Borra et al., 2017; Castiello, 2005; Davare et al.,

2011; Jeannerod et al., 1995; Nelissen and Vanduffel, 2011;

Padberg et al., 2010; Rizzolatti and Luppino, 2001; Sharma

et al., 2018). Indeed, inactivation of these areas leads to

impaired grasping and/or other tactile deficiencies (Brochier

et al., 1999; Carlson andBurton, 1988; Gallese et al., 1994;Mur-

ray andMishkin, 1984; Padberg et al., 2010). The present results

that focal SI silencing led to the extended downregulation of the

above-mentioned grasping network would thus suggest the

neural underpinnings of the observed behavioral impairment

of fine grasping caused by the same silencing in the same ani-

mals. It has long been postulated that manual dexterity impair-

ment following SI inactivation is simply due to local dysfunction

of SI itself or SI-MI interaction (Brochier et al., 1999; Hikosaka

et al., 1985). The present results thus suggest a novel possibility

that the impact of SI inactivation on fine grasping behaviormight

be, at least in part, due to more extended downregulation of the

anatomically and/or functionally connected grasping network.

Combining behavioral testing with fMRI under the same neuro-

modulation is thus critical to themanifestation of changes in the

network operation underlying the induced behavioral impair-

ment. However, because the present study was designed to

combine fMRI for passive hand stimulation under light sedation

and behavioral assessment of active grasping in awake condi-

tion, the fMRI results would have provided only a portion of

the functional network used in the behavior (Sharma et al.,

2018). Awake fMRI during object grasping task (Nelissen and

Vanduffel, 2011; Sharma et al., 2018) concurrent with neuromo-

dulation would thus be required for more direct comparison
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between the effects of focal SI silencing on behavior and

network operation in future studies. Furthermore, because we

defined SID2 without subtraction of the activation in response

to other digits, the silenced regionmight have included their rep-

resentations as well. Spatially more precise neuromodulation

confined to a single digit representation (Xu et al., 2019) and in-

vestigations of its effect on both behavior and network function

would also be important issues in future studies.

We also demonstrated that focal silencing of the SI hand re-

gion resulted in unexpected upregulation of foot sole representa-

tion in the same hemisphere and corresponding behavioral

hypersensitivity to cold stimulus on the contralateral foot sole

(Figure 5). A previous human fMRI study showed that sensory-

evoked activation of a given body-part representation in SI

was associated with suppression of regions representing distant

body parts in SI of the same hemisphere (Tal et al., 2017). This

suggests that representations of different body parts in SI are

not independent of each other, but exert mutually inhibitory inter-

action, leading to an increased signal-to-noise ratio of the sen-

sory representation in response to tactile stimulation of a given

body part (Tal et al., 2017). Inhibitory interdependence between

the SI representations of different body parts has also been

observed at the level of single neurons in macaques (Lipton

et al., 2010). However, causal evidence on such interaction

and its behavioral impact has remained lacking. Therefore, the

present results would provide, although partial, the first causal

evidence on the inhibitory interaction between different body

part representations in terms of both physiology and behavior

in primates. Similar mutual inhibition within area has also been

reported in the primary visual cortex in macaques (Chernov

et al., 2018; Shmuel et al., 2006) and thus might be a general

mechanism especially in primary sensory cortices acrossmodal-

ities (Tal et al., 2017). The observed effects could not be attribut-

able to spatially less confined DREADD expression extended to

the foot sole region (Figure S5B). Although the result would not

rule out the possibility of a weak expression of DREADD at the

axon terminal of SID2 neurons projecting to the foot sole region,

the effect would more likely be due to indirect interaction via

other cortical or subcortical regions (Blankenburg et al., 2008).

From another point of view, previous studies on concurrent

inhibitory neuromodulation and fMRI have revealed not only sup-

pression but also facilitation of remote network communications

in the resting state (Chen et al., 2013; Grayson et al., 2016; Van-

craeyenest et al., 2020). However, behavioral effects corre-

sponding to both of the bidirectional neural changes caused by

a single manipulation have not been examined. Although further

studies would be required to elucidate the whole picture

including the DCZ-induced change in the sensitivity of hands

and specific circuit mechanisms underlying the mutual inhibition

between representations of different body parts (Tal et al., 2017),

the present results demonstrate that focal chemogenetic

silencing in macaques can induce behaviorally relevant bidirec-

tional changes of neuronal activity in remote regions, which

could be identified via concurrent silencing and sensory-evoked

fMRI.

In summary, we demonstrated here that fMRI-guided focal

chemogenetic silencing bidirectionally changes sensory-evoked

network signal with accompanying impairment of corresponding
behaviors inmacaques. In contrast to conventional perturbation,

chemogenetic silencing offers minimally invasive repetitive ma-

nipulations of virtually the same and genetically characterized

neuronal population without physical damage to the manipula-

tion target tissue or non-negligible fMRI signal loss/distortion

due to additional device/implantation. These advantages would

also allow for repetitive and reproducible silencing in an fMRI and

its follow-up electrophysiological investigation at a remote

silencing site to elucidate its neuronal underpinning in the

same animal. Such an approach would lead to a multi-scale un-

derstanding of the causal network operation underlying various

higher brain functions in non-human primates, translationally

providing deeper insights into the corresponding human brain

functions in health and disease.
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Data and code availability
All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In total, three Japanese macaque monkeys (Macaca fuscata, one male and two females, weight: 5 to 8 kg, Age: 5 to 10 years) were

used for experiments. Inhibitory DREADD (hM4Di) was expressed in the unilateral SID2 in two monkeys (left for monkey 1, right for

monkey 2) via injections of AAV vectors encoding hM4Di. These twomonkeys participated in SID2 localizer fMRI, DCZ-PET for in vivo

visualization of the expressed DREADD (Nagai et al., 2020), and chemogenetic SID2 silencing concurrent with fMRI and behavioral

tests. One monkey without DREADD gene induction (monkey 3) participated in behavioral tests of cold stimulus sensitivity applied

to the foot sole as a naive control monkey. All experimental protocols were in full compliance with the Guide for the Care and Use of

Laboratory Animals (National Research Council of the US National Academy of Sciences) and were approved by the Animal Ethics

Committee of the National Institutes of Quantum and Radiological Science and Technology.

METHOD DETAILS

Viral vector production
Viral vectors (AAV2.1-hSyn-hM4Di-IRES2-AcGFP (Kimura et al., 2021), AAV2-CMV-hM4Di, and AAV2-CMV-AcGFP) were produced

using a helper-free triple transfection procedure andwere purified by affinity chromatography (GEHealthcare). Viral titers were deter-

mined by quantitative PCR using Taq-Man technology (Life Technologies). The transfer plasmid was constructed by inserting a com-

plementary DNA fragment and the WPRE sequence into an AAV backbone plasmid (pAAV-CMV, Stratagene).

AAV vector injection into fMRI-defined SID2

AAV vectors for neuron-specific expression of hM4Di and GFP were injected into SID2. AAV2.1-hSyn-hM4Di-IRES2-AcGFP

(3.8x1013 genome copy/ml) was for monkey 2, and a mixture of AAV2-CMV-hM4Di and AAV2-CMV-AcGFP (1.9x1013 and

3.3x1013 genome copy/ml, respectively) for monkey 1. Note that both AAV2.1 (Kimura et al., 2021) and the combination of

AAV2 and CMV promoter (Lerchner et al., 2014) have been reported to enable neuron-specific expression of target protein in ma-

caques. Since the AAV vectors suitable for chemogenetic application have continuously been developed and improved by chang-

ing the serotype, promoter, and so on, we indeed selected the injected vectors that were considered the best available at the time

of the injection to each animal. As a result, the AAV vectors used for individual animals differed, because monkeys 1 and 2 were

subjected to vector injections separately at different time periods. The AAV vectors employed in these monkeys were indeed the

same as those used in Nagai et al. (2016) and Nagai et al. (2020), respectively. To inject AAV vectors precisely into the functionally

identified SID2 (monkeys 1 and 2), we conducted fMRI-guided localization of injection sites as follows. For each monkey, we pre-

pared a 3D plastic replica of the monkey brain of the same size as an actual brain made by using a 3D printer from data of a CT-

scanned skull (acquired using Accuitomo170, J. MORITA CO., Kyoto, Japan), structural MRI, and fMRI activation map obtained by

sensory stimulation of the contralateral hand D2 (Figure S1D, top). MR and CT images were overlaid using PMOD image analysis

software (PMOD Technologies Ltd, Zurich, Switzerland). On the day of AAV vector injection surgery, the above replica brain was set

to a stereotaxic instrument to obtain an approximate coordinate of the target of virus injections to cover the fMRI activation site

using the same manipulator, injector, and syringe as those used in the subsequent actual injection (Figure S1D, top). The monkeys

were initially anesthetized using ketamine (5-10 mg/kg) and xylazine (0.2-0.5 mg/kg), complemented with atropine, and the anes-

thesia was then maintained with approximately 1 to 2% isoflurane. Vital measures (heart rate, SpO2, rectal temperature, and end-

tidal CO2) were continuously monitored throughout the surgery. Actual injection into the monkey brain (Figure S1D, bottom) was

performed on the basis of the stereotaxic coordinate obtained using the replica with some fine (< 1 mm) tuning of the injection

location during the surgery. Injections were conducted via a 10 mL syringe with a 33-gauge needle (NanoFil Syringe, MPI). The sy-

ringe was mounted into a motorized microinjector (Legato130, KD Scientific or UMP3T-2, WPI), which was held by a manipulator

(model 1460, David Kopf) on the stereotaxic frame. After retracing the skin and galea, the parietal cortex was exposed by removing

a bone flap and reflecting the dura matter. The injection needle was then inserted into the brain under an operating microscope

(Leica M220, Leica Microsystems) and moved down 2.5 mm from the surface. The needle was then pulled up 0.5 mm, and the

injection was started at 0.1 ml/min. Following each injection (1 ml), the needle was slowly pulled up following a 15-min wait to prevent

backflow. In total, virus vector injections were conducted at four sites with an inter-site distance of approximately 1 to 1.5 mm, and

their locations were set to cover the SID2 identified by fMRI.

Histology and immunostaining
For histological inspection, monkeys were immobilized with ketamine (10 mg/kg, i.m.), and then deeply anesthetized with an over-

dose of sodium pentobarbital (80 mg/kg, i.v.) and transcardially perfused with saline at 4�C, followed by 4% paraformaldehyde

in 0.1 M phosphate-buffered saline (PBS), pH 7.4. The brains were removed from the skull, postfixed in the same fresh fixative
e2 Neuron 109, 3312–3322.e1–e5, October 20, 2021
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overnight, saturated with 30% sucrose in phosphate buffer (PB) at 4�C, and then cut serially into 50-mm-thick sections on a freezing

microtome. For visualization of immunoreactive signals of GFP, a series of every 6th section was immersed in 1% skim milk for 1 h

at room temperature and incubated overnight at 4�C with rabbit anti-GFP monoclonal antibody (1:500; Thermo Fisher Scientific,

MA, USA) in PBS containing 0.1% Triton X-100 and 1% normal goat serum for 2 days at 4�C. The sections were then incubated

in the same fresh medium containing biotinylated goat anti-rabbit IgG antibody (1:1,000; Jackson ImmunoResearch, West Grove,

PA, USA) for 2 h at room temperature, followed by avidin-biotin-peroxidase complex (ABC Elite, Vector Laboratories, Burlingame,

CA, USA) for 1.5 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% diaminobenzidine (DAB), 0.04% NiCl2, and 0.003% H2O2. The sections were mounted on gelatin-coated glass

slides, air-dried, and coverslipped. A part of the 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 (CCD) camera (Biorevo, Key-

ence, Osaka, Japan).

In vivo PET visualization of DREADD expression
Before functional investigations of hM4Di, seven weeks following the virus injection surgery, the expression level and spatial dis-

tribution of the transduced hM4Di were first examined in vivo using PET with radio-labeled DREADD agonist ([11C]DCZ) as tracer

which specifically binds to the expressed DREADD (Nagai et al., 2020). PET scans were conducted using a microPET Focus 220

scanner (Siemens Medical Solutions USA, Malvern, USA). Anesthesia and vital monitoring were conducted as described above

for the virus vector injection surgery. Transmission scans were performed for approximately 20 min with a Ge-68 source. Emis-

sion scans were acquired in 3D list mode with an energy window of 350–750 keV after intravenous bolus injection of [11C]DCZ

(344.8-369.6 MBq). Emission data acquisition lasted 90 min. PET images were reconstructed with filtered back-projection using

a Hanning filter cut-off at a Nyquist frequency (0.5 mm-1). To estimate the expression level of transduced DREADD in vivo, the

specific binding of [11C]DCZ was calculated as regional binding potential relative to nondisplaceable radioligand (BPND) using

PMOD with an original multilinear reference tissue model (MRTMo) (Nagai et al., 2020). Since the signal in the BPND image of

[11C]DCZ reflects both DREADD expression and background tracer binding (i.e., noise) (Yan et al., 2021), we removed the back-

ground noise by subtracting the BPND value obtained with the control data of the same individual in which DREADD was not

expressed (Oyama et al., 2021). The control data was obtained before AAV injection for monkey 2. Due to the lack of data of

before AAV injection in monkey 1, signals in the BPND image of monkey 1 in the right and left hemispheres were flipped to

each other to create the control image which does not contain the signal reflecting DREADD expression in the AAV-injected

hemisphere. Both the original and control data of monkey 1 was then spatially normalized to the template structural MR image

(McLaren et al., 2009) to calculate the background-subtracted BPND image, which was finally inverse transformed to the original

image space. The resultant subtracted BPND images of both monkeys were spatially smoothed with an isotropic Gaussian kernel

(full width at half maximum, 3 mm).

Behavioral tests
Manual dexterity of monkeys expressing hM4Di in SID2 was tested using a modified Brinkman board task (Brinkman and Kuypers,

1973; Rouiller et al., 1998) as follows. A plastic board with 20 rectangular slots (53 10 mm with 5-mm depth for each) was placed in

front of a monkey chair. Monkeys picked up a small object (a piece of chocolate flake, approximate diameter 4 mm) from each slot.

Monkeys consistently used their thumb and index fingers to pick up the object (i.e., precision grip) (Nishimura et al., 2007; Sawada

et al., 2015; Brinkman, 1984) (Figure 2A). In each trial, monkeys picked up objects from ten slots in total with either contralateral or

ipsilateral hand to the hM4Di-expressing hemisphere, and the amount of time needed to pick up all the ten objects was measured.

The time to complete each trial was normalized with the number of objects correctly picked up to obtain the value that reflected the

manual dexterity. In a single experimental session, monkeys performed five to ten trials with each of contralateral or ipsilateral hand

both before and after intravenous systemic administration of DCZ (MedChemExpress) at the same dose as that used for behavioral

experiments with hM4Di in previous studies (0.1 mg/kg) (Nagai et al., 2020; Oyama et al., 2021). The behavioral test in the DCZ con-

dition began 10 min after the administration. To examine the effect of DCZ on hand reaching, we also conducted a control task for

monkey 2, in which the time consumed for more course grasping of larger objects (with whole hand) placed on a flat plate without

slots was measured. This task included similar hand reaching as that in the modified Brinkman board task described above, but

manual dexterity was only minimally required. The amount of time required to pick up five pieces of a large object (square-shaped

sweet potato with 15 3 15 3 15 mm in size for each) using the hand contralateral to the hM4Di-expressing SI was measured, and

normalized with the number of correctly picked up objects. Five to ten trials were conducted both before and after intravenous sys-

temic administration of DCZ (0.1 mg/kg). The time interval between the administration and trial restart was the same as that for the

Brinkman board task described above.

Sensitivity to cold stimulation applied to the foot sole was tested in monkeys 2 and 3. The monkeys were trained to place the foot

sole on ametal plate in front of amonkey chair. The surface temperature of the plate could bemanipulated with the precision of 0.1�C
(Cool Plate SCP-85, AS ONE). Themonkeys’ foot withdrawal from the plate was not physically restricted. The foot withdrawal latency

from the plate wasmeasured as an index of sensitivity to a cutaneous (cold) stimulus. If themonkey did not withdraw the foot within 60

s, the trial was terminated and the withdraw latency of 60 s was assigned for that trial. The monkeys performed five to ten trials for

each of two temperature conditions (30�C for control and 10�C for cold stimulation) both before and after intravenous administration
Neuron 109, 3312–3322.e1–e5, October 20, 2021 e3
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of DCZ (0.1 mg/kg). The time interval between the administration and trial restart was the same as that for the modified Brinkman

board task described above.

MRI scanning
Monkeys were first lightly sedated with ketamine (5-10 mg/kg), complemented with xylazine (0.2-0.5 mg/kg), and then transferred

to a 7T MRI scanner (Magnet: KOBELCO/JASTEC, Japan; Spectrometer and console: AVANCE-I, Bruker Biospin, Ettlingen, Ger-

many) from their home cage. Each monkey was then placed into the scanner with a bore diameter of 40 cm, in which the head was

immobilized. A 20-cm inner-diameter volume resonator (Takashima, Tokyo, Japan) was used for transmission. In the scanner, the

monkey was maintained under light sedation with propofol (0.2-0.6 mg/kg) throughout the scanning session while continuously be-

ing monitored for SPO2, heart rate, and rectal temperature (FOT-M and FTI-10, FISO Technologies, Quebec, Canada and E5CN,

Omron, Kyoto, Japan). Following the setup, functional images were acquired via gradient-echo echo-planer imaging (EPI)

sequence using a 4-ch phased array receiver coil (Rapid Biomedical, Rimpar, Germany) with the following scan parameters: repe-

tition time (TR), 4 s; 4-shot; echo time (TE), 15 ms; flip angle, 60�; field of view (FOV), 120 3 120 mm; matrix size, 64 3 64; slice

thickness, 1.1 mm; no spatial gap between slices; 23 horizontal slices (Figures S1A and S1B). BOLD signal in response to cuta-

neous tactile stimulation was obtained with a block-design fMRI (Chen et al., 2007; Cléry et al., 2020; Dutta et al., 2014; Hayashi

et al., 1999; Lipton et al., 2006; Nagasaka et al., 2020; Sharma et al., 2018; Wang et al., 2013; Yang et al., 2021). All EPIs for the

following analyses were obtained at least 1 h following the ketamine administration to minimize its influence on the BOLD signal

intensity. A scanning run began with a 2-min blank period before starting the first stimulation block for both stabilization of the

MR signal and the preparation for stimulation. In the scanner, gentle cutaneous stimulation was manually applied to the index finger

(D2) of either right or left hand of the monkey for 1 min using a small brush with a stroke frequency of approximately 4 Hz. The

stimulation block was then followed by a 1-min rest period without stimulation (baseline) and subsequent stimulation of the oppo-

site hand in the same manner (Figure S1C). A scanning run was ended after four cycles of stimulation and rest blocks for both

hands, and as a result, the total time of a single run was 18 minutes (2 + 4 3 4 minutes, 270 volumes). A single scanning session

was composed of five to six runs in total. Prior to functional scans, structural image of the monkey brain was obtained using a fast

low-angle shot (FLASH) sequence (Frahm et al., 1986) with the same slice configuration and spatial resolution as that for obtaining

EPIs. High-resolution structural image of the whole brain was separately acquired for the same animal using the FLASH sequence

with the following scan parameters: TR, 660 ms; TE, 13.37 ms; flip angle, 20�; FOV, 150 3 150 mm; matrix size, 512 3 512; slice

thickness, 1 mm; no spatial gap between slices; four sets of 24 coronal slices covering the whole brain. A scanning session with

vehicle [2% dimethyl sulfoxide (DMSO) in a total 1 mL saline, without DCZ] administration was followed by the next session with

DCZ administration with a session-to-session interval of at least two weeks for recovery from anesthesia, which was then followed

by the next cycle of vehicle and DCZ sessions. In total, EPIs during hand D2 stimulation in monkey 1 were acquired in eight scan-

ning sessions including 17 and 20 runs for vehicle and DCZ condition, respectively (four sessions each). EPIs during hand D2 stim-

ulation in monkey 2 were acquired in six scanning sessions including 17 and 18 runs for vehicle and DCZ condition, respectively

(three sessions each). Similarly, EPIs during foot sole stimulation in monkey 1 were acquired in two sessions including five runs for

both vehicle and DCZ conditions. EPIs with foot sole stimulation in monkey 2 were acquired in four sessions including 11 and 10

runs for vehicle and DCZ condition, respectively (two sessions each). DCZ (0.1 mg/kg) or its corresponding vehicle was system-

ically injected intravenously 10 min before the first run of the session. A single scanning session without vehicle or DCZ adminis-

tration was conducted before the virus vector injection to functionally localize SI activation in response to cutaneous tactile

stimulation of the contralateral hand D2.

MRI data analyses
MRI data analyses were conducted using statistical parametrical mapping (SPM12) software on MATLAB (MathWorks). EPIs ob-

tained during the blank period in each run were not included in the following analyses. Functional images obtained across

different scanning runs for each animal were realigned and unwarped for correcting for magnetic field inhomogeneities due to

animal motion (minimal due to anesthesia, if any), and they were coregistered to the structural image of the same monkey.

The resultant functional images were further coregistered to the high-resolution structural image of the whole brain obtained

from the same animal. The functional images were then spatially smoothed with an isotropic Gaussian kernel (full width at half

maximum, 3 mm). Data were high-pass filtered with a cut-off of 480 s for detrending. Brain activation for cutaneous stimulation

was then calculated for each condition for each animal as the contrast between the BOLD signals obtained during stimulation and

rest blocks via voxel-wise general linear model analysis with default hemodynamic response function implemented in SPM 12.

Activity difference between vehicle and DCZ conditions was calculated as the condition-dependent difference in the contrast be-

tween stimulation and baseline (Nagasaka et al., 2017). The threshold for statistical significance was set at p < 0.05 familywise

error (FWE) corrected for multiple comparisons or p < 0.001 uncorrected. For ROI analysis of sensory-evoked BOLD signal,

percent signal change from baseline was calculated for each functional ROI for each scanning run using MarsBaR region of in-

terest toolbox for SPM (Cléry et al., 2020; Nelissen et al., 2011; Nelissen and Vanduffel, 2011; Sani et al., 2021; Sharma et al.,

2018). Functional ROI in SID2 was calculated using thresholded (p < 0.05, FWE-corrected) SPM t-maps obtained for control

(vehicle) condition, as continuous voxels within a 2-mm radius centered at the local maximum (Bogadhi et al., 2019). Functional

ROIs for the hand region in areas 5, 7, and SII were calculated using thresholded (p < 0.001, uncorrected) t-maps obtained for the
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contrast between vehicle and DCZ conditions (see above) as all voxels within the corresponding clusters (i.e., clusters in areas 5,

7, and SII), and the ROIs for the foot region in SI and SII were calculated using the thresholded (p < 0.001, uncorrected) t-map

obtained in the DCZ condition as all voxels within the corresponding clusters (SI and SII). Psycho-physiological interaction (PPI)

analysis (Friston et al., 1997) was conducted using SPM12 with the functional ROI in the SID2 described above as a seed region to

examine the functional connectivity with SID2 during sensory stimulation of the contralateral hand D2. The activity of remote brain

regions was regressed on a voxel-wise basis against the product of time series of the seed region and the vector of the psycho-

logical variable of interest (hand stimulation contralateral to the DREADD-expressing hemisphere minus baseline), while the phys-

iological and the psychological variables themselves were included as regressors of no interest. Statistical threshold was set at

p < 0.05, FWE-corrected.
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