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Abstract

Long-term disabilities induced by stroke impose a heavy burden on patients, families, caregivers, and public health systems.
Extensive studies have demonstrated the therapeutic value of neuromodulation in enhancing post-stroke recovery. Among
them, chemogenetic neuromodulation activated by clozapine-N-oxide (CNO) has been proposed as the potential tool of
neuromodulation. However, recent evidence showed that CNO does not cross the blood — brain barrier and may in fact have
low binding affinity for chemogenetic tool. Thus, clozapine (CLZ) has been suggested for use in chemogenetic neuromodu-
lation, in place of CNO, because it readily crosses the blood—brain barrier. Previously we reported that low doses of CLZ
(0.1 mg/kg) successfully induced neural responses without off-target effects. Here, we show that low-dose clozapine (0.1 mg/
kg) can induce prolonged chemogenetic activation while avoiding permeability issues and minimizing off-target effects. In
addition, clozapine-induced excitatory chemogenetic neuromodulation (CLZ-ChemoNM) of sensory-parietal cortex with
hsyn-hM3Dq-YFP-enhanced motor recovery in a chronic capsular infarct model of stroke in rats, improving post-stroke
behavioral scores to 56% of pre-infarct levels. Longitudinal 2-deoxy-2-[18F]-fluoro-D-glucose microPET (FDG-microPET)
scans showed that a reduction in diaschisis volume and activation of corticostriatal circuits were both correlated with post-
stroke recovery. We also found c-Fos increases in bilateral cortices and BDNF increases in the cortices and striatum after
CLZ-ChemoNM, indicating an increase in neural plasticity. These findings suggest the translational feasibility of CLZ-
ChemoNM for augmenting recovery in chronic stroke.
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Introduction

Stroke is a devastating clinical condition and the second
leading cause of death worldwide [1]. As well as high mor-
tality, strokes lead to prolonged disability among post-stroke
survivors, imposing debilitating costs on their families,
caregivers, and public healthcare systems [2, 3]. Despite
substantial advances in the prevention and acute manage-
ment of stroke, there are few options for attenuating pro-
longed neurological deficits; post-stroke neural plasticity
imposes a limited “time window” for functional restoration
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and rehabilitation [4]. Many forms of brain stimulation
have been explored to overcome the limits of conventional
rehabilitation measures beyond this time window in chronic
stroke patients, including repetitive transcranial magnetic
stimulation (TMS), theta burst stimulation, epidural cortical
stimulation, transcranial direct current stimulation (tDCS),
transcranial alternating current stimulation (tACS), stimula-
tion via a laser-based device, and vagal nerve stimulation [5,
6]. However, the results remain controversial [7-9].
Recently, chemogenetic and optogenetic neuromodulation
have revolutionized brain stimulation because these tools
allow selective modulation of neural activity and mapping
of brain circuits. Cortical stimulation using these new tech-
niques has significant potential to treat brain disorders that
require induction of brain plasticity (e.g., stroke) [10-12].
Optogenetic stimulation provides on—off control of neu-
rons or neural circuits with millisecond precision; however,
this technique requires not only the implantation of opti-
cal devices targeting the particular brain area but also the
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delivery of a considerable level of energy during prolonged
stimulation [13]. By contrast, clozapine-N-oxide (CNO)-
activated chemogenetic modulation does not require an
optical implant since it utilizes energy-conserving G-pro-
tein-coupled receptors (designer receptors exclusively acti-
vated by designer drugs, or DREADDs) [14]; rather, CNO
is administered orally or injected through the intravenous
or intraperitoneal routes. Furthermore, CNO-induced acti-
vation persists for several hours, which is critical for the
induction of neural plasticity. Thus, chemogenetic neuro-
modulation is more readily translatable for the treatment of
neurological disorders in humans.

Chemogenetic neuromodulation has been used exten-
sively to study the brain circuits and mechanisms underly-
ing feeding, sleep, anxiety, depression, and movement [14].
However, recent reports have questioned the mechanism
of DREADD activation by CNO, arguing that CNO can-
not directly cross the blood—brain barrier [15]. Such reports
suggest that activation of DREADDs in vivo is likely medi-
ated by the conversion of CNO to clozapine (CLZ) [16].
We previously addressed this issue by showing that chemo-
genetic stimulation with a low dose of clozapine success-
fully induced neural responses with minimal off-target
effects, thanks to the free passage of clozapine across the
blood-brain barrier [17]. Further, low dose of CLZ can
avoid fatal complications such as agranulocytosis and neu-
tropenia [18].

In the current study, we tested the efficacy of clozapine-
induced chemogenetic neuromodulation (CLZ-ChemoNM)
in post-stroke recovery. We used the chronic capsular infarct
model of stroke in rats, as described previously, and con-
firmed that motor deficits persisted for more than 2 weeks
after the infarct [19, 20]. Our main goal was to evaluate the
effect of excitatory CLZ-ChemoNM on recovery outcomes
and to determine its translational feasibility. To this end, as
well as behavior, we measured functional changes in the
brain during chemogenetic neuromodulation using longitu-
dinal 2-deoxy-2-[18F]-fluoro-D-glucose (FDG)-microPET
imaging and identified neuroimaging biomarkers correlated
with functional recovery. We also performed immunohisto-
chemical studies to delineate the possible molecular mecha-
nisms underlying post-stroke recovery. We propose that our
combination of low-dose clozapine and hM3Dq-YFP DRE-
ADDs may be a good choice for translation of chemogenetic
neuromodulation for recovery after stroke in humans.

Materials and Methods
Experimental Animals

Animal care and experimental procedures were approved by
the Gwangju Institute of Science and Technology Animal
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Care and Use Committee. All experiments in the study
were carried out in compliance with the ARRIVE guide-
lines. Experiments were performed on 36 male Sprague
Dawley rats (9 weeks old, ~300 g). Rats were housed two
per cage with ad libitum access to food and water. The ani-
mal care unit was maintained with constant temperature
(21 °C+1 °C) and humidity (50%) and a 12-h light/dark
cycle (07:00-19:00).

For the electrophysiological verification of viral vectors,
eleven rats underwent AAV5-hSyn-hM3Dq-eYFP (N=5)
or AAV5-hSyn-eYFP (N =6) virus injection into the sen-
sory-parietal cortex. For the investigation into the effect of
DREADD-based chemogenetic neuromodulation on capsu-
lar stroke, twenty-five rats underwent AAV5-hSyn-hM3Dg-
eYFP (DREADD group, N=9; sham stimulation group,
N=28) or AAV5-hSyn-eYFP (control group, N=8) virus
injection into sensory-parietal cortex and photothrombotic
capsular lesion of the posterior limb of the internal cap-
sule (PLIC). Animals in the DREADD and control groups
received clozapine (0.1 mg/kg, i.p.) during the stimulation
period, whereas the sham stimulation group received saline
(1 ml/kg, i.p.) (Fig. 1A).

Viral Vector Injection

All animals were anaesthetized with a mixture of ketamine/
xylazine and fixed in a stereotaxic apparatus. We used
excitatory hM3Dq DREADDs (AAV5-hSyn-hM3Dg-e YFP)
for chemogenetic neuromodulation, which is known to be
expressed mainly at the plasma membrane and control virus
(hSyn-hM3Dq-eYFP). A small craniotomy was made, and
1 pl of AAV5-hSyn-hM3Dq-eYFP (KIST virus facility,
Seoul, Korea) or AAV5-hSyn-eYFP (KIST virus facility,
Seoul, Korea) was injected into the sensory-parietal cortex
(coordinates from bregma: AP= —4.0 mm, ML = +3 mm,
DV = — 1 mm) at a rate of 0.1 ml/min using a 33G NanoFil
syringe connected to an UltraMicroPump (WPI, FL, USA).
After injection, the needle was left in place for an additional
10 min before being slowly retracted. After the scalp wound
was sutured, postoperative pain was controlled with keto-
profen (2 mg/kg, i.m.).

Electrophysiological Verification of Viral Vectors

We used electrophysiology to verify changes in spike firing
in neurons where AAV5-hSyn-hM3Dq-eYFP and hSyn-
hM3Dq-eYFP were injected. Animals were fixed in a ste-
reotactic frame under urethane anesthesia (1.5 g/kg, i.p.) A
craniotomy was made over the region of viral expression
(coordinates from bregma: AP= —4.0 mm; ML = +3 mm).
Then, the exposed area was covered with mineral oil to
prevent drying. A 16-channel microelectrode array (Neu-
roNexus, MI, USA; A1 x 16 100 um site spacing) was slowly
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Fig.1 CLZ-ChemoNM of sensory-parietal cortex promotes func-
tional recovery after chronic capsular infarct. A Animal groups
and the experimental timeline. B Representative Nissl- (left) and
GFAP- (right) stained sections of the internal capsule. C Vol-
ume of the infarct for the three different groups (F5),=0.08747,
p=0.9166). D Daily performance in the single pellet reaching
task (Fgp,1012)=12.42, p<0.0001). Yellow shading indicates the

inserted at the target site. Raw signals were band-pass fil-
tered (250 to 6000 Hz), amplified (20 x 1000), and digitized
at 40 kHz by an OmniPlex system with PlexControl soft-
ware (Plexon, Dallas, TX). After 30 min of basal recording,
each rat received a single dose of clozapine (0.1 mg/kg, i.p.).

period of clozapine stimulation. E Behavioral recovery relative to
pre-lesional SPRT performance (F44,=20.11, p<0.0001). Every
point represents one animal. For all panels, data was represented as
mean +S.E.M., analyzed using one-way ANOVA with Tukey test (C)
or RM two-way ANOVA with Bonferroni test (D and E) (*DREADD
vs. control; /DREADD vs. sham; *p <0.05, **%p <0.001; Tp<0.05;
ns, not significant)

Spike detection and sorting were performed in Offline Sorter
(Plexon, Dallas, TX). The spike threshold level was set to
5.5 xthe SD (standard deviation) of each signal. The average
firing rates were calculated as the average frequency of spike
firing during the 30-min periods before and after clozapine
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injection. After recordings were completed, the rats were
perfused transcardially with 0.9% saline solution followed
by 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered
saline (PBS). Then, the brains were sectioned coronally at
40-um thickness to confirm viral expression and the location
of the electrode tract.

Photothrombotic Capsular Infarction

Two weeks after the viral injection, animals underwent
photothrombotic infarct lesioning in the PLIC as described
in previous studies [19, 20]. Briefly, rats were anesthe-
tized with a mixture of ketamine/xylazine and mounted
on a stereotaxic apparatus. After a scalp incision along
the midline, a small craniotomy was made and an optical
fiber (62.5-pm core diameter and 125-pm cladding diam-
eter) was stereotaxically inserted into the PLIC (coor-
dinates from bregma: AP=2.0 mm, ML = + 3.1 mm,
DV =7.8 mm). Rose Bengal dye (20 mg/kg) was injected
through the tail vein. Then, the target was irradiated with
a green laser (3.7 mW) for 1.5 min. After the optical fiber
was removed, the scalp wound was secured and treated
with ketoprofen (2 mg/kg, i.m.) for postoperative pain
control.

Behavioral Testing

The single-pellet reaching task (SPRT) was daily performed
to evaluate skilled motor behavior throughout the experi-
mental period [21, 22]. Rats were food-restricted to 90%
of their initial body weight to motivate food retrieval. Rats
were placed inside a clear Plexiglas (45 cm x40 cm X 13 cm)
box with a 1-cm wide slit and food shelf in the midline of
the front wall. During the pre-training period, the preferred
handedness of each rat was determined by evaluating how
successful the preferred paw was in retrieving sucrose pellets
(Bio-Serve, Frenchtown, NJ) that had been placed obliquely
on the shelf. A reach was considered successful if the rat
extended its preferred forelimb to grasp the pellet on the
shelf and brought the pellet into its mouth without dropping
it. Rats received 20 pellets per session, with each session
lasting for 20 min. The reaching score was calculated as
follows:

Number of successful reaches x 100
20

Ligand Administration for Chemogenetic
Stimulation

Clozapine (Tocris Bioscience, Bristol, UK) was initially

dissolved in DMSO and then diluted to a final concentra-
tion of 0.1 mg/ml clozapine in 3% DMSO solution in saline
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solution. For chemogenetic neuromodulation of the sensory
cortex, rats were injected (i.p.) with 0.1 mg/kg clozapine
(DREADD group and control group) or 1 ml/kg saline (sham
stimulation group) once daily from PL 15 to PL 28 after
capsular infarct surgery.

MicroPET Image Acquisition and Processing

Longitudinal microPET scans were performed to investigate
changes in regional glucose metabolism and cortical diaschi-
sis before and after chemogenetic stimulation. Rats under-
went a total of four scanning sessions: the first scan was
performed prior to the infarct lesioning (baseline scan), the
second scan was performed 2 weeks after the infarct lesion-
ing (PS-1, i.e., just before the start of chemogenetic stimula-
tion), and the third and fourth scans were performed 7 and
14 days after chemogenetic stimulation (PS7 and PS14).

Animals were fasted for 12 h to attain consistency in
blood glucose levels prior to scanning. The rats were
injected with clozapine (0.1 mg/kg) or saline (1 ml/kg) intra-
venously under brief isoflurane anesthesia (1.5%). Thirty
minutes after drug administration, the rats were injected
intravenously with 18F-FDG (0.1 mCi/100 g). After a
thirty-minute uptake period, rats were anesthetized with 2%
isoflurane and placed in a prone position on the microPET
scanner (Siemens Medical Solutions, TN, USA). A 25-min
static PET acquisition and 5-min attenuation-correction CT
scan were performed. During the scanning, vital signs were
monitored (BioVet; m2m Imaging Corp, Newark, NJ, USA),
including respiration (50 + 5 respirations/min), heart rate
(280420 beats/min), and body temperature (37.0+1 °C).
The acquired images were corrected for attenuation and
reconstructed with the 3-dimensional ordered-subsets expec-
tation maximum (3D-OSEM) algorithm with scatter correc-
tion and random correction.

Image analysis was performed with the Analysis of Func-
tional NeuroImages (AFNI) package [23]. All acquired PET
images were co-registered and spatially normalized to the
MRI template [24]. Then, each image was normalized to the
mean value of the whole brain and spatially smoothed with
an isotropic Gaussian kernel with 1.2 mm full width at half
maximum. The MRIcroGL program was used to create the
3-D rendered images (https://www.nitrc.org/projects/mricr
ogl/).

Histological Examination

After the last microPET/CT scan was complete, animals
received clozapine (0.1 mg/kg) or saline (1 ml/kg). Ninety
minutes later, animals were perfused with 0.9% saline fol-
lowed by 4% paraformaldehyde (PFA) under ketamine anes-
thesia (100 mg/kg body weight). Brains were post-fixed
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overnight in 4% PFA and cryoprotected in 30% sucrose in
phosphate buffered saline. Then the brains were serially
sectioned into 40-um sections at 200-um intervals. Nissl
and anti-GFAP staining (1:300, Millipore, AB5541) was
used to confirm the circumscribed capsular infarct and to
measure infarct volume. c-Fos staining (1:1000, Cell Sign-
aling, 2250S) was used as a marker of neuronal activity.
Images were acquired on an Olympus VS200 slide scan-
ner (SLIDEVIEW VS200, Olympus, Tokyo, Japan) with
20 x (UPLXAPO20X, NA =0.8) air objective lens.

Fluorescent immunohistochemistry was performed on
the brain sections. Anti-GFP (1:1000, Abcam, ab1218)
and anti-NeulN (1:1000, Millipore, ABN9OP) staining was
performed to confirm viral expression. Anti-BDNF (1:500,
Alomone Labs, ANT-010) was used to detect this activity-
dependent neurotrophic factor. Fluorescent secondary anti-
bodies were purchased from Invitrogen and used in 1:200
dilutions. Fluorescence images (1024 X 1024) were acquired
on an Olympus FV3000 confocal laser scanning micro-
scope (FLUOVIEW FV3000, Olympus, Tokyo, Japan) with
20 x (UPLXAPO20X, NA =0.8) and 40 X (UPLXAPO40X,
NA =0.95) air objectives equipped with solid state lasers
(488, 555, and 647 nm) at an exposure of 8 ps/pixel and a
numerical zoom of 1X.

For c-Fos quantification, each image was converted to
an 8-bit image, and the despeckle function was applied to
reduce noise. Next, images were thresholded with ImageJ
(https://imagej.nih.gov/ij/) so that only c-Fos-positive cells
remained. A custom MATLAB-based program (MathWorks,
Natick, MA, USA) was used to create c-Fos density maps
from the thresholded images. The number of c-Fos-positive
cells was counted in eight ROIs (1 mm X 1 mm), including
bilateral motor cortex, cingulate gyrus, sensory cortex, and
striatum, that showed marked changes in c-Fos expression
after chemogenetic stimulation.

To analyze BDNF intensity in NeuN-positive cells, each
image was first converted to an 8-bit image, and NeuN-pos-
itive images were converted into binary images. The binary
NeuN-positive images and BDNF-positive image were mul-
tiplied so that the BDNF signal remained only in pixels that
were also positive for NeuN. In the multiplied images, the
mean intensity value of BDNF was measured in each ROI.

Statistical Analysis

For the FDG-microPET statistical mapping, a group-
level linear mixed-effect model was performed with the
3dLME program in AFNI. The image analysis compared
pre-lesional (base) and post-lesional images (PS-1, PS7
and PS14) to assess time-dependent changes in cortical
diaschisis and regional glucose metabolism. Statistical
maps were thresholded at the significance level (p <0.001,
false discovery rate g <0.05). To measure the longitudinal

changes in normalized mean activity (NMA) of cortical
diaschisis area, ROI mask was created based on statistically
thresholded maps of PS-1 (p <0.001) in each group.
Additional image analysis compared the pre-stimulation
(PS-1) and post-stimulation (PS7 and PS14) images to
assess the effects of clozapine-induced chemogenetic
stimulation. Statistical maps were thresholded at the
significance level (p <0.01), and the results were corrected
for multiple comparisons with the 3dClustSim program in
AFNI (@=0.05, p<0.01, k< 39). Six regions of interest
were also defined manually in bilateral motor cortices,
sensory cortices, and the striatum. All statistical maps were
overlaid on the MRI template to show regions of significant
metabolic change.

Data were analyzed in Prism 7 (GraphPad). Electrophysi-
ology, time-dependent changes in cortical diaschisis volume,
NMA, and SPRT performance data were analyzed with a
repeated-measures two-way ANOVA with Bonferroni post
hoc test. In addition, c-Fos data was analyzed with two-way
ANOVA with Bonferroni post hoc test. Infarct volume and
BDNF data were analyzed with a one-way ANOVA with
Tukey test. Linear regression (p <0.05) was used to meas-
ure the correlations between NMA and SPRT scores and
between the changes in NMA or diaschisis volume and
SPRT scores. All data are represented as the mean =+ stand-
ard error of the mean (S.E.M.). The significance level is rep-
resented by asterisks (*p <0.05, **p <0.01, ***¥p <0.001;
ns, not significant).

Results
CLZ-ChemoNM Induces a Neural Response

First, we used electrophysiology to test whether CLZ-
ChemoNM could provoke a neuronal response sufficient
to influence the relevant neural circuits. We transfected
AAVS5-hSyn-eYFP (control) or the Gg-coupled excitatory
DREADD virus, AAV5-hSyn-hM3D(Gq)-eYFP in rat
somatosensory cortex (Fig. 2A). We performed extracellu-
lar recordings using a 16-channel electrode introduced into
the virus-expressing area under urethane anesthesia. CLZ
(0.1 mg/kg, i.p.) injected had no detectable effect on firing
in the control group; however, it elicited a marked increase
in firing rate in the DREADD group (Fig. 2B). In DREADD-
expressing animals, the spike firing rate in individual cells
doubled between 6 and 20 min after CLZ injection, and the
increase persisted for at least 89 min (Fig. 2C). When fir-
ing rates were compared before (pre) and 30 min after CLZ
injection, only neurons recorded from DREADD-expressing
animals showed a significant increase (p <0.001) in firing
rate (Fig. 2D). These results demonstrate that CLZ-Chem-
oNM elicited a prolonged neural response.
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Fig.2 CLZ-ChemoNM induces a prolonged neural response. A Sche-
matic diagram of the viral injection and representative images of
viral expression in the sensory-parietal cortex (SPC). Brain sections
were co-stained for GFP and NeuN. B Representative extracellular
trace and spike waveform before (pre) and 30 min after (post) clo-
zapine administration (0.1 mg/kg, i.p.). C Spike raster plots of neu-
ronal responses from the virus-injected region after clozapine admin-

CLZ-ChemoNM Enhances Post-stroke Recovery
in a Chronic Capsular Infarct Model

We asked whether CLZ-ChemoNM could promote behav-
ioral recovery following capsular infarct. All animals
underwent stereotactic photothrombotic lesioning to model
capsular infarct, as described in our previously established
protocol [19, 20]. This technique generates a circumscribed
infarct lesion in the internal capsule, leading to persistent
motor impairment of the forelimb. Animals were divided
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istration. Numbers on the Y-axis indicate individual recorded units
(N=12 and 11 for hSyn-eYFP and hSyn-hM3Dgq, respectively). The
scale bar indicates the frequency of neuronal firing (Hz). D Compari-
son of firing rates before and 30 min after clozapine administration
(F121y=42.49, p<0.0001). Individual points in D represent each
recorded unit. Data was analyzed using RM two-way ANOVA with
Bonferroni test (d) (***p <0.001; ns, not significant)

into three groups: (1) the experimental DREADD group,
which received injection of the Gq-coupled excitatory DRE-
ADD virus AAV5-hSyn-hM3D(Gq)-eYFP in the sensory-
parietal area and subsequent CLZ injection (0.1 mg/kg) to
activate the transfected neurons; (2) a control group, which
received injection of a control virus (AAV5-hSyn-eYFP)
and CLZ injection (0.1 mg/kg, i.p.); and (3) a sham-oper-
ated group, which received injection of the DREADD virus
AAV5-hSyn-hM3D(Gq)-e YFP but saline injection instead
of CLZ. For all animals, the virus injection was performed
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2 weeks before infarct lesioning, to guarantee sufficient time
for viral expression (see Fig. 1A for the full experimental
time line). Animals in all of the experimental groups had
lesions with similar infarct volumes (Fig. 1B and C). Rats
performed the single-pellet reaching task (SPRT) for 20 min
daily [22]. All groups showed an immediate, persistent
decline in reaching performance following infarct lesion-
ing. After confirming that the motor impairment persisted
for at least for 2 weeks, we administered CLZ-ChemoNM
and found that the SPRT scores improved significantly in
the experimental DREADD group after 4 days of neuro-
modulation, eventually reaching 56% of the pre-infarct score
(Fig. 1D and E). By contrast, there was no improvement
in either the control or sham-operated groups, despite all
groups receiving the same amount of daily SPRT training.
These results suggest a causal relationship between CLZ-
ChemoNM and post-infarct behavioral recovery.

CLZ-ChemoNM Induces Functional Changes
in Regional Glucose Metabolism After Chronic
Capsular Infarct

Though CLZ-ChemoNM provides cell-specific stimulation,
it is unclear how specific brain circuits or areas are recruited
to promote behavioral recovery. After a stroke, functional
changes occur in brain regions remote from the focal lesion.
These changes are known as diaschisis and can be used as
a marker of post-stroke recovery after capsular infarct [25,
26]. Previously, we reported that electrical stimulation and
intensive rehabilitative training reduced the volume of dia-
schisis and were significantly correlated with improvements
in post-stroke motor impairments [26, 27]. We also showed
that diaschisis after capsular infarct is caused by GABA-
synthesizing reactive astrocytes in cortical areas distant to
the lesion, leading to tonic inhibition of the neighboring
neurons [25].

To identify the circuits and regions responsible for neu-
romodulation-induced behavioral recovery, we measured
the effects of CLZ-ChemoNM on diaschisis using longi-
tudinal FDG-microPET scans. All animals were scanned
a total of four times: a baseline scan after preoperative
training and viral injection but before infarct lesioning
(base), a scan 14 days post-lesion, just prior to the start of
CLZ-ChemoNM (PS-1), and two scans 7 and 14 days after
the start of CLZ-ChemoNM (PS7 and PS14, respectively).
To delineate the diaschisis clearly, we performed an image
analysis, comparing the pre-lesional and post-lesional lon-
gitudinal images. The volume of cortical diaschisis was
significantly reduced in the DREADD group at PS7 and
PS14, and this reduction was significantly correlated with
the improved SPRT scores, in agreement with previous
findings (Fig. 3A-C). The control group did not show a sig-
nificant reduction in the volume of cortical diaschisis, and

the sham-operated group showed an increase in the vol-
ume of diaschisis between PS7 and PS14 (Fig. 3A-C and
Fig. S1). The normalized mean activity (NMA) decreased
significantly relative to baseline in both the control and
sham-operated groups, indicating the strength of the dia-
schisis, but the NMA increased progressively and signifi-
cantly in the experimental DREADD group over the stimu-
lation period (Fig. 3D). The increased NMA was positively
correlated with improved SPRT scores (Fig. 3E). These
data suggest that CLZ-ChemoNM played a causal role in
reducing the volume of diaschisis and increasing the NMA
and that this may have contributed to the reversal of the
post-stroke motor deficit.

To further probe the effect of chemogenetic stimulation,
we performed image analysis of the FDG-microPET scans
taken pre- and post-stimulation. When comparing the exper-
imental group with the control and sham-operated groups,
increased NMA was significantly prominent in bilateral cor-
tices, including motor, cingulate, and contralesional sensory
cortex, and in the striatum (Fig. 4A). Interestingly, activa-
tion was more prominent on the contralesional side than on
the ipsilesional side, where stimulation was applied. The
increased NMA was positively correlated with SPRT scores
(Fig. 4B-F). In the ipsilesional sensory cortex, however, we
could not observe neither alteration of NMA nor the correla-
tion between NMA and SPRT scores (Fig. 4G). As shown in
our previous work, activation of DREADD:s by clozapine did
not produce an increase in regional glucose metabolism in
the ipsilesional sensory cortex [17]. These data indicate that
CLZ-ChemoNM in the sensory-parietal cortex mainly acti-
vates bilateral areas in the corticostriatal circuit, contribut-
ing to an increase in reaching performance in the DREADD
group compared with the control and sham-operated groups.

CLZ-ChemoNM Induces Widespread c-Fos Expression

Because long-term brain stimulation can influence distrib-
uted brain areas [28], we mapped the expression of c-Fos
protein, a marker of neuronal depolarization, to determine
the extent of brain activation at the cellular level follow-
ing long-term CLZ-ChemoNM. Although CLZ-ChemoNM
was performed in unilateral sensory-parietal cortex, c-Fos
expression extended bilaterally, including motor, sensory,
and cingulate cortices and the striatum (Fig. 5). This pattern
is similar to that seen after chronic unilateral electrical stim-
ulation of the cortex, which increases c-Fos expression con-
tralaterally as well as ipsilaterally [28]. Given that increased
spontaneous firing in somatosensory cortex leads to the
expression of immediate early genes (e.g., c-fos) and is a
prime candidate mechanism for modulating and maintaining
neural connectivity [29-31], our results suggest that unilat-
eral cortical stimulation can enforce stimulation-dependent
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Fig.3 CLZ-ChemoNM reverses A |
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neural connectivity in both hemispheres, ultimately contrib-
uting to the enhancement of post-stroke recovery.

ChemoNM Enhances Neural Plasticity After Chronic
Capsular Infarct

Next, we sought to determine whether CLZ-ChemoNM
enhances expression of brain-derived neurotrophic factor
(BDNF), which plays a role in activity-dependent neural
plasticity, including upregulation of synaptic proteins

@ Springer
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and alteration of synaptic properties [31-33]. We meas-
ured BDNF expression in bilateral motor cortex and the
striatum, the regions that showed a prominent increase
in regional glucose metabolism in the FDG-microPET
experiment. The DREADD group, but not the control or
sham-operated groups, showed a significant increase in
BDNF expression intensity (Fig. 6). In addition, Increased
BDNF expression in the DREADD-expressing neurons
was observed after CLZ-ChemoNM (Fig. S2). These data
suggest that BDNF-mediated neural plasticity is a major
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Fig.4 Distinct involvement

of corticostriatal circuits in
post-stroke recovery follow-

ing chemogenetic stimulation.
A Color-coded maps show

the activated and deacti-

vated regions in each group
(N=38, 8, and 9 for control,
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respectively). Image analysis
comparing the pre-stimulation
(PS-1) and post-stimulation

(PS 7 or PS 14) images was
performed to assess the effect of
CLZ-ChemoNM (3dClustSim
in AFNI p<0.01, a=0.05,
k<39). CG, cingulate gyrus;
ST, striatum; MC, motor cortex;
SC, sensory cortex; IC, internal
capsule; TH, thalamus; SPC,
sensory-parietal cortex; Hippo,
hippocampus; C, contralesional;
I, ipsilesional. B-G Linear
regression between SPRT score
and normalized mean activity
(NMA) in each ROI. At PS14,
NMA in bilateral motor cortex
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driver of the neuronal plasticity that leads to post-stroke
recovery with CLZ-ChemoNM.

Discussion

Our results demonstrate that a low dose of clozapine suc-
cessfully activates DREADD receptors, leading to prolonged
stimulation of the target brain area with minimal off-target
effects [17]. Importantly, CLZ-ChemoNM enabled recovery
from a chronic motor deficit (i.e., a deficit that persisted for
more than 14 days after the infarct); such deficits tend not to

NMA (%)

NMA (%)

165 140
PS 14 : C. Striatum PS14:C. Sensory
155 130
g 0o
145 8 8o oog o < 12040 O O Control
o 2 O Sham
138 8°°° R?=0.3375 1o R?= 02308 o DREADD
p =0.0023 p=0.0151
125 T T T 1 100 T T T 1
0 20 40 60 80 0 20 40 60 80
SPRT score (%) SPRT score (%)
G
160 PS 14 : |. Striatum 125 PS14:1. Sensor&
150 ° o 11540y  ©
8 g |o] o o
< O Control
1404 o o o < 105 ) ° o
= o o O Sham
1309600°  R2= 05576 95-(© R2=0.0298
o A O DREADD
go p < 0.0001 p = 0.4095
120 T T T T I 85 T T T T I
0 20 40 60 80 0 20 40 60 80

SPRT score (%) SPRT score (%)

respond easily to other neuromodulatory methods [7]. The
effect of CLZ-ChemoNM was consistent with the effects of
other neuromodulatory methods used in our previous stud-
ies to restore post-stroke function [25, 27]. Furthermore,
CLZ-ChemoNM produced functional changes in microPET
images of the brain, in agreement with our previous findings
that behavioral recovery is correlated with a reduction in
diaschisis volume and activation of a corticostriatal recovery
circuit [25, 26]. We thus suggest that CLZ-ChemoNM has
the potential to replace conventional electrical stimulation
and other neuromodulatory methods to reverse post-stroke
deficits [12].
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Fig.5 CLZ-ChemoNM induces A
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Despite the promising potential of chemogenetic
neuromodulation, there are two critical factors that need
to be considered before the technique can be translated to
humans: the safety and transduction efficiency of the virus
and the pharmacodynamics of the DREADD agonist. First,
although the use of rAAV gene therapy is increasing, there
are limitations of this gene delivery platform including
rAAV manufacturing and immunological barriers [34].
Secondly, it is ideal to make the DREADDs that are
expressed in the plasma membrane of the targeted cells,
where G-protein-coupled receptors are functionally linked
to their intracellular signaling pathways and can respond to
exogenous ligands [14, 15]. A recent ultrastructural study
revealed structural differences between the inhibitory hM4Di
and excitatory hM3Dq DREADDs, leading to discrepant
patterns of receptor localization in the plasma membrane
versus the intracellular compartment: hM4Di is poorly
transported to plasma membrane in monkeys despite being
abundantly expressed in the membrane in mice, whereas
hM3Dq is expressed mainly at the plasma membrane in both

@ Springer

-2 mm -6 mm

Sensory Visual

G @ €3 T

15 . THEEN)

No. of c-Fos* cell

Hl Control (N = 8)
Bl Sham (N =8)
B DREADD (N =9)

monkeys and mice [35]. In this regard, we used hM3Dq-YFP
for neuromodulation because it is expressed in the plasma
membrane, leading to greater potential to facilitate a robust
and consistent effect.

Regarding agonist pharmacodynamics, we chose to use
a low dose of clozapine to evoke chemogenetic activation
over a prolonged duration. In our previous study, we
confirmed that clozapine elicits a neural response within
30 min of administration in DREADD-expressing rats. We
also demonstrated that a low dose of clozapine (0.1 mg/
kg) is sufficient to elicit a neural response and reduces oft-
target effects [17]. If a more prolonged period of excitability
is needed, the frequency of administration of CLZ can be
increased. Clozapine is also an FDA-approved drug and is
currently prescribed to treat drug-resistant schizophrenia
[36]. Therefore, despite recent reports of chemogenetic
perturbation of inhibitory or glutamatergic neurons with
CNO in rodents [37, 38], our results provide a road-map for
overcoming the major hurdles in translating chemogenetic
neuromodulation to human patients.
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Fig.6 CLZ-ChemoNM A

Contralesional motor cortex B

Ipsilesional motor cortex

increases BDNF expression. | Sham
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A-D Representative confocal
images of NeuN and BDNF
staining in bilateral motor
cortex and striatum. E-H Quan-
tification of BDNF intensity

for each ROI (one image from
one animal, N=4, 4, and 5 for
control, sham, and DREADD
groups, respectively). Ani-

mals in the DREADD group
exhibit significantly higher
BDNF expression in bilateral
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F250)=24.78, p<0.0001; F,
Fp156=14.89, p<0.0001; G,
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When a new treatment strategy is applied to manage
stroke disorders, it is critical to have a sensitive and
specific biomarker to predict the outcome and progress
of that treatment. Our results demonstrate that functional
brain imaging, such as microPET, can help elucidate
neuromodulation-induced functional changes in brain
regions and circuits and link these changes to the final
outcome. Previous reports have consistently demonstrated
a time-dependent increase in diaschisis in the cortical
areas remote to the site of injury, linked to ultrastructural
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dendritic changes [39]. In addition, we reported that
GABA-synthesizing reactive astrocytes in distant cortical
areas cause glucose hypometabolism via tonic inhibition of
neighboring neurons, leading to a diaschisis [25]. MAO-B
inhibition causes a significant reduction of diaschisis and
an enhanced post-stroke recovery when combined with a
rehabilitation regimen. In line with such findings, we found
that CLZ-ChemoNM reduced the volume of diaschisis and
activated a corticostriatal circuit. We also investigated the
effect of CLZ-ChemoNM on plasticity by examining the
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expression of the activity-dependent neurotrophin, BDNF.
Animals in DREADD group exhibit significantly higher
BDNF expression than control and sham group, suggesting
brain plasticity is contributing to post-stroke recovery
[31-33]. Our results suggest that these changes may serve
as a useful imaging biomarker to predict stroke recovery
outcomes after rehabilitation, electrical cortical stimulation,
and/or pharmacological treatments [25-27]. Notably, the
neuromodulation-induced effects were more prominent in
the hemisphere contralateral to DREADD expression than in
the ipsilateral hemisphere. Clozapine is known to influence
metabolic activity in multiple areas of the brain, including
the motor and sensory cortices [40, 41]. Although we used
a low dose of clozapine, we cannot rule out the possibility
that clozapine depressed cortical metabolism directly,
which could lead to a decreased reduction in diaschisis
and reduced activation of the corticostriatal circuit. Future
studies are needed to further elucidate the role of clozapine
in CLZ-ChemoNM.

There is concern that the window of opportunity for
rehabilitation may not be substantially longer in humans
than in smaller species [42], and rehabilitation beyond this
standard therapeutic time window remains a major challenge
in post-stroke survivors [3, 43]. Most stroke research has
focused on therapeutic improvements in acute models of
stroke. However, in this study, we used our chronic capsular
infarct model, which produces motor deficits that persist
for more than 3 months, and performed chemogenetic
neuromodulation at least 2 weeks after infarct lesioning.
Our results demonstrate that CLZ-ChemoNM successfully
induced a variety of stroke recovery signals during the
chronic stage of stroke. Nonetheless, the time window of
therapeutic opportunity in animal models is limited and not
consistent between species [44, 45]; thus, the mechanism by
which CLZ-ChemoNM operates beyond this time window
needs to be further elucidated.

The plethora of new treatment methods for stroke
disorders that have failed during clinical trials has raised
concerns about how best to perform preclinical studies to
assess the translational feasibility of such interventions.
Stroke research in small animals may not translate well to
humans because of the barriers imposed by anatomical and
physiological differences between the species [46]. Non-
human primates have similar gyrencephalic structures as
humans and can help bridge this gap [47]. Although we
have demonstrated the efficacy of CLZ-ChemoNM for
rescuing post-stroke deficits in rats, our results should be
replicated in non-human primates before translation to
humans.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12975-022-01059-8.
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