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ABSTRACT

Background: Social deficit is a core symptom in autism spectrum disorder (ASD). Although deep brain
stimulation (DBS) has been proposed as a potential treatment for ASD, an ideal target nucleus is yet to be
identified. DBS at the central thalamic nucleus (CTN) is known to alter corticostriatal and limbic circuits,
and subsequently increase the exploratory motor behaviors, cognitive performance, and skill learning in
neuropsychiatric and neurodegenerative disorders.
Objective: We first investigated the ability of CTN-DBS to selectively engage distinct brain circuits and
compared the spatial distribution of evoked network activity and modulation. Second, we investigated
whether CTN-DBS intervention improves social interaction in a valproic acid—exposed ASD rat offspring
model.
Methods: Brain regions activated through CTN-DBS by using a magnetic resonance (MR)-compatible
neural probe, which is capable of inducing site-selective microstimulations during functional MRI (fMRI),
were investigated. We then performed functional connectivity MRI, the three-chamber social interaction
test, and Western blotting analyses to evaluate the therapeutic efficacy of CTN-DBS in an ASD rat
offspring model.
Results: The DBS-evoked fMRI results indicated that the activated brain regions were mainly located in
cortical areas, limbic-related areas, and the dorsal striatum. We observed restoration of brain functional
connectivity (FC) in corticostriatal and corticolimbic circuits after CTN-DBS, accompanied with increased
social interaction and decreased social avoidance in the three-chamber social interaction test. The
dopamine D2 receptor decreased significantly after CTN-DBS treatment, suggesting changes in synaptic
plasticity and alterations in the brain circuits.
Conclusions: Applying CTN-DBS to ASD rat offspring increased FC and altered the synaptic plasticity in
the corticolimbic and the corticostriatal circuits. This suggests that CTN-DBS could be an effective
treatment for improving the social behaviors of individuals with ASD.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental dis-
order characterized by social deficits and repetitive and
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stereotyped behaviors [1]. Various factors, such as alterations in the
brain structure or functions, genetic mutations, environmental
factors including toxins, pesticides, infection, neuroinflammation,
and drugs, especially exposure to valproic acid (VPA) during ma-
ternity [2], are involved in the etiopathogenesis of ASD. Studies
have proven that the severity of ASD and the affected brain circuits
are with high heterogeneity, which indicates that finding a specific
treatment is difficult [3]. Pharmacological treatments have mainly
focused on managing explicit symptoms such as irritability, aber-
rant social behavior, hyperactivity, repetitive behaviors, and
cognitive disorders [4]. A direct and etiological pharmacological
treatment that aims at addressing the fundamental problem in the
brain of a person with ASD has not been established yet [5,6].

Transcranial magnetic stimulation (TMS), transcranial direct
current stimulation (tDCS), and deep brain stimulation (DBS) have
been proposed as alternative treatments for ASD. Repetitive TMS
(rTMS) at bilateral dorsomedial prefrontal cortices has been shown
to alleviate socially related impairment of ASD [7]. Individuals with
ASD who received tDCS over the temporoparietal junction exhibi-
ted favorable clinical outcomes in social functioning [8]. Despite the
known benefits of rTMS and tDCS in ASD, several limitations have
prevented their wide applicability. The affected region can only
reach the surface structures of the brain, which limits the explo-
ration of optimal treatment targets [9]. Additionally, the spatial
resolution of these modulations are limited, which increases the
complexity in mechanistic precise identification of the affected
cortical areas [10]. The effect duration appeared to be relatively
short and symptoms usually reverted [11].

DBS has been proposed as an alternative treatment, which is a
well-established neurosurgical technique that is feasible for
chronic, repetitive stimulation of a defined brain area [12]. DBS
alters neural activity by electrically stimulating the efferent and
afferent fibers and extends modulatory effects on brain networks.
Among different ASD symptoms, DBS has been demonstrated to
alleviate self-injurious behavior (SIB). Bilateral globus pallidus DBS
on two ASD patients reduced SIB [13]. Additionally, bilateral nu-
cleus accumbens DBS was performed in an ASD patient with SIB,
and the clinical outcome demonstrated not only a decrease in SIB
but also a considerable decrease in metabolism and cortical vol-
umes [14]. In an animal study, DBS at the subthalamic nucleus on an
autism-like mouse model has been reported to inhibit repetitive
stereotyped behaviors; however, the method did not inhibit social
impairment [15]. The efficacy of DBS in improving social interaction
deficits, one of the most prominent symptoms of ASD patients, is
yet to be demonstrated. This prompted us to determine an ideal
treatment target to improve social interaction through DBS.

Central thalamic nucleus (CTN) is a complex thalamic structure,
which includes the central lateral (Cl), reuniens (Re), rhomboid
(Rh), central medial (Cm), and parafascicular nucleus (Pf). CTN has
been reported to play a key role in forebrain arousal regulation and
has widespread connections with the cortex and striatum [16,17].
In clinical application, CTN-DBS has been effective in restoring
consciousness of patients in coma from the vegetative state to the
arousal state by regulating broad network activations, including
cortical, basal ganglia, and thalamic networks [18—21]. Moreover,
use of CTN-DBS on healthy nonhuman primates was reported to
regulate endogenous arousal and enhance cognitive performance
[22]. In a rodent study, high-frequency electrical stimulation of the
CTN increased exploratory motor behaviors and enhanced cogni-
tive performance in the novel object recognition task related to
learning, memory, and preference for novelty [23]. According to our
previous findings, CTN-DBS improved skill learning [24,25]. The
ability of exploring novel objects, memory, and learning are
essential for social interaction [26—28]. Vertes et al. demonstrated
projections of CTN to the limbic-related structure, striatum, and

cortex [29]; thus, CTN-DBS was likely to modulate largescale neural
networks. Alteration the corticostriatal circuit [30] and limbic cir-
cuit [31] through CTN-DBS has been reported. The coricostriatal
circuit has been linked to social, cognitive, and motor functions,
which are known to be affected in ASD [32], and the corticolimbic
circuit has been linked to the social behavior deficit [29,33].

In previous studies, DBS was demonstrated to have the ability to
affect the stimulation site and distal distributed networks and
promote synapse plastic circuit reorganization [34]. Dopamine has
been reported to play a crucial role in regulating the synapse plastic
of corticostriatal and corticolimbic circuits [35,36]. Dopamine D1
receptor (DRD1) and dopamine D2 receptor (DRD2) are two sub-
types of dopamine receptors, which play contrasting roles in
regulating the release of dopamine [37]. Dopamine release can
promote or enhance the plasticity at corticolimbic and cortico-
striatal synapses [38] and alter social behaviors [39]. Moreover,
several lines of evidence for the restoration of functional connec-
tivity (FC) in brain circuits after DBS were reported [40,41].
Collectively, we hypothesized that CTN-DBS can be a potential
treatment method to improve the social impairment in ASD
through alteration of corticolimbic and corticostriatal circuits.

Functional MRI (fMRI) [42] and diffusion tensor imaging [43] are
preferred tools for brain-wide circuit mapping studies in ASD.
Although observation of the brain network through MRI has several
advantages, most of the DBS electrodes are not MR-compatible, and
the condition of applying MRI with DBS is restricted by the imaging
distortion. Because of the severe susceptibility artifacts in DBS-MRI
studies, collection of fMRI data at the stimulation site and proper
interpretation of the findings is a challenge [44]. In this study, our
lab-designed MR-compatible neural probes were used to perform
the DBS-MRI experiment, which could reduce obstructive imaging
artifacts [45—47]. To our knowledge, studies investigating the
therapeutic potential of DBS applied to CTN have been limited.
Therefore, we first investigated the capability of CTN-DBS to
selectively engage distinct brain circuits and compared the spatial
distribution of evoked network activity and modulation. Early
intervention positively affected ASD symptoms in other clinical and
animal studies [48,49]. In this study, the therapeutic effect of CTN-
DBS on a VPA-exposed ASD model for the early-age stage, postnatal
day (PND) 35, was investigated. Here, we conducted functional
connectivity MRI (fcMRI) to explore the therapeutic potential of
CTN-DBS applied to a VPA animal model of ASD, which delineated
alterations of social-relevant circuits and demonstrated behavioral
changes with circuit-targeted stimulation. Furthermore, Western
blotting analysis was performed to assess the underlying mecha-
nism of synapse plasticity alteration at the protein level.

Materials and methods
Animals

In this study, all the animals were maintained in a 12-h light-
dark cycle at a room temperature of 20+ 3 °C and had access to
food and water in the laboratory animal center of the National Yang
Ming University. The experiments were performed in accordance
with approved guidelines and regulations of the Institutional Ani-
mal Care and Use Committee of the National Yang Ming University.

Experiment #1: Using MRI data to validate the effect of CTN-DBS on
brain regions in adult Sprague Dawley (SD) rats (N=15)

Implantation surgery of neural probe in adult SD rats

Five adult male rats weighing 280—300 g were used to investi-
gate activated brain regions induced by CTN-DBS. Two lab-
designed MR-compatible neural probes (Fig. S1) were implanted



1412 T-C. Lin et al. / Brain Stimulation 12 (2019) 1410—1420

into the bilateral CTN (AP: — 3.5 mm, ML: + 1.4 mm, DV: — 5 mm) as
shown in Fig. 1A. The schematic diagram of implantation surgery
was shown in Fig. 1B, and the detailed implantation surgery process
was described in Supplemental Note 1. Following 7-day recovery,
the implanted rats were ready for evaluation of the CTN-DBS effect
under fMRIL

fMRI acquisition and analysis while applying CTN-DBS in adult SD
rats

fMRI acquisition and analysis of blood oxygen level dependent
(BOLD) signal in response to block-design CTN-DBS paradigm. MRI
was acquired using a 7-T scanner with a 30-cm diameter bore
(Bruker Biospec 70/30 USR, Bruker Corp., Ettlingen, Germany), and
a linear volume coil was used to transmit the radio frequency
pulses. To receive the radio frequency signal, a planar surface coil
(T7399V3, Bruker Corp., Billerica, MA, USA) was placed directly over
the head. In the beginning of MRI experiments, each rat inhaled 3%
isoflurane (Attane, Minrad Inc., Bethlehem, PA, USA) mixed with
20% 04, 75% N, and 5% CO, for 5 min, then 0.03 mg/kg Dexdomitor
was subcutaneously injected under anesthesia. Thirty minutes after
the sedation, isoflurane was stopped, but the mixed air was
maintained. Rats were fastened to a custom animal holder. To
prevent the body temperature reduction caused by Dexdomitor
[50], a heating pad, surrounding the abdomen of the rats, was
adjusted to 36.5—37.5°C. A life monitoring system and pressure

(A)

Bregma -3.48 mm

Fig. 1. (A) MR-compatible neural probes were implanted into bilateral CTN (3.5 mm
posterior to the bregma, 1.4 mm lateral to the midline, and 4.5 mm ventral from the
cortex surface). (B) Schematic of neural probe implantation surgery; rats were lying in
the prone position on a stereotaxic device, and ear bars were fixed between their ears.
Lab-designed neural probes were implanted into bilateral CTN and bended 90°, then it
was fixed to the rat skull by using dental cement.

sensor (SA Instruments, Inc., New York, NY, USA) were placed under
the abdomen of the animals to monitor their respiratory condition.
Respiration rate was maintained in the range of 45—55 breaths per
minute during anatomical scans and between 65 and 75 breaths
per minute during the fMRI acquiring phase.

Magnetic field homogeneity was optimized using standard
localized shimming with first-order shims on an isotropic voxel of
7x 7 x 7mm° encompassing the imaging slices. First, rapid acqui-
sition with refocused echoes T2-weighted images were acquired
(TR=2500ms, TE = 33 ms, matrix size =256 x 256, field of view
(FOV) = 25 x 25 mm?, 10 coronal slices, thickness = 1 mm, number
of excitations = 4), and uniform slice positioning was maintained to
obtain anatomical images. Furthermore, fMRI images were ac-
quired using gradient-echo planar imaging (GE-EPI) sequence
(TR = 2000 ms, TE =20 ms, FOV =25 x 25 mm?, matrix
size = 80 x 80, bandwidth =200 kHz, 10 coronal slices, and thick-
ness=1mm) and CTN-DBS was performed bilaterally for five
stimulation blocks and interlaced with six blocks without stimu-
lation (block duration: 20 s). Collectively, fMRI data were collected
with 10 dummy scans followed by a total of 110 vol

During stimulation, a biphasic electrical current with a pulse
width of 25 ps was delivered across channels #1 and #3 on the
implanted neural probe to the CTN by using an isolated stimulator
(S48, Grass Technologies, West Warwick, RI, USA) with an isolated
constant-current unit (PSIU6, Grass Technologies, West Warwick,
RI, USA). The intensity and frequency of the electrical stimulation
were 260 pA and 100 Hz, respectively.

Moreover, fMRI data was first reconstructed into 3D volume
images, and then data across time were collected and recon-
structed. Preprocessing analysis was performed using the FMRIB
Software Library v5.0 (FSL 5.0; http://www.fmrib.ox.ac.uk/fsl) and
the analysis of functional neuroimages (AFNI) software (http://afni.
nimh.nih.gov/afni). The process included skull stripping, motion
correction, and slice timing correction. Then, fMRI data were
registered to the T2-weighted images, and linear detrending was
performed to correct signal drift. Lastly, spatial smoothing with a
0.6-mm full-width half maximum (FWHM) Gaussian kernel was
performed. Block design fMRI activation maps were generated us-
ing the 3dDeconvolve (general linear model function) with the
given CTN-DBS stimulation paradigm. The percent BOLD signal
change was calculated by normalizing data during stimulation
blocks to the first nonstimulation block. To investigate the pattern
among the activated brain areas, region of interests (ROIs) were
selected based on clusters of functional activations. Motor cortex
(M1), primary and secondary somatosensory cortices (S1 and S2
areas in SC), anterior cingulate cortex (ACC), dorsal striatum
(caudate putamen, CPu), thalamus (TH), and hippocampus (Hip)
were identified according to a standard brain atlas [51].

Experiment #2: fcMRI to validate the therapeutic effect of CTN-DBS
on ASD model (N=15)

Animal grouping and experimental design

To investigate the CTN-DBS therapeutic effect, rat offspring were
produced and then divided into three experimental groups: (1)
healthy control rat offspring (N = 5) with neural probes implanted
but without CTN-DBS; (2) ASD DBS-OFF group (N = 5) with neural
probes implanted in VPA-rat offspring but without CTN-DBS, and
(3) ASD DBS-ON group (N=5) with neural probes implanted in
VPA-rat offspring and with CTN-DBS.

The experimental design and time line are depicted in Fig. 2.
After a 7-day recovery period from the neural probe implantation
surgery, CTN-DBS was performed on the ASD DBS-ON group for 3
days. The three-chambers test was performed on all three groups.
Then, the scanned MRIs were used to investigate the FC alteration
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Fig. 2. Experimental protocols for CTN-DBS treatment. The rats were divided into a healthy control group, ASD DBS-ON group, and ASD DBS-OFF group. All experiments were
conducted after a 1-week period of recovery from neural surgery and were followed by a daily session for the experimental procedure in all three groups. Only the ASD DBS-ON
group received 30-min CTN-DBS treatment from Day 1 to Day 3. Following CTN-DBS, all animals in these three groups were sequentially subjected to a behavior test on Day 4, an
MRI scan on Day 5, and Western blot analysis on Day 6. The timetable for the experiment was consistent across the groups.

after the CTN-DBS treatment. At the end of the experiments,
Western blotting analysis was conducted on all rats to evaluate the
dopamine receptor expression.

ASD model design

VPA is a well-known antiepileptic drug with broad applications
that is commonly characterized by the mood-stabilizing properties
it exhibits through regulation of gamma-aminobutyric acid (GABA)
levels [52]. Several studies have suggested that VPA has a role, in
combination with genetic susceptibility, in the etiology of ASD
[53—56]. Because children exposed to VPA in utero demonstrate
behavioral and neuroanatomical ASD features, the neuro-
developmental effects of VPA were examined in rodents following
prenatal or postnatal administration [57]. Studies have demon-
strated that VPA exposure in rodents during embryonic develop-
ment, through implantation of a single intraperitoneal VPA
injection in pregnant rats, is sufficient to induce neuro-
developmental and morphological features that resemble autism in
humans [58—60]. These results have featured in data published on
impairments in cognitive, motor, attention-related, and social
development for different rodent strains, induced doses, and times
of exposure. Locomotive problems were commonly observed in
VPA-induced Wistar rats, and excessive self-grooming behavior
was observed mostly in VPA-induced mouse strains, such as C57BL/
6Hsd mice and C57BL/6] mice [61—63]. However, in VPA-induced
SD rats, the strain was associated only with sociability problems
but not locomotive problems or repetitive behavior [2].

In this study, an animal model for prenatal VPA administration
in SD rats was used. Adult female SD rats weighing between 280
and 300g were used to establish an ASD-like model as were
healthy control offspring from the rats’ pregnancies. To produce a
VPA rat model for ASD, we prepared sodium salt of valproic acid
(NaVPA, Sigma-Aldrich, St. Louis, MO, USA) in 0.9% saline (100 mg/
ml, pH 7.3). VPA dams at the 12th or 13th day of pregnancy received
a single intraperitoneal (IP) injection of NaVPA (500 mg/kg);
healthy control dams received a single injection of saline (IP, 0.9%,
3.3 ml/kg). Their male offspring were weaned on the 21st postnatal
day (PND) and separated from dams.

Implantation surgery of neural probe in rat offspring

Fifteen rat offspring weighing between 180 and 200 g received
the neural probe implantation surgery on PND 35 (for detailed
anesthesia and surgery process, see Supplemental Note 1). The
neural probes were implanted into the bilateral CTN (AP: — 2.5 mm,
ML: + 1.4mm, DV: — 4.5 mm) in the reference of the atlas of the
developing rat brain [64,65] as shown in Fig. S2. Following 7-day
recovery, only animals in ASD DBS-ON group were assigned to
the CTN-DBS treatment.

CTN-DBS treatment

Bilateral CTN-DBS was applied to the ASD DBS-ON group in a
plastic cage of diameter 30 cm and height 38 cm for 30 min once a
day for 3 days. Electrical current was delivered across channel #1
(anode) to channel #3 (cathode) microelectrodes with a distance of
300 um, which electrocuted by an isolated stimulator with an
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isolated constant-current unit. The parameters of bilateral CTN-DBS
were same as those described in Section 2.2.2. Although healthy
controls and the ASD DBS-OFF group did not receive CTN-DBS, they
were placed in the same plastic cage for 30 min. In this study, we
performed a finite element method (FEM) simulation to evaluate
the volume of effectively stimulated brain tissue (VTA) [45,47]. The
VTA was calculated using a multicompartment cable model of a
thalamocortical relay neuron [66,67]. We subsequently integrated
3D MRI and a finite element model of the neural probe to identify
the intersection between the VTA and surrounding brain areas (for
detailed in vivo impedance measurement and VTA results, see
Supplemental Note 2). Supplemental Fig. S4 shows that for chan-
nels #1 and #3, microelectrodes on the neural probe placed in the
CTN produced a lower volume of VTAs than did the 3D CTN, rep-
resenting a full overlap of the VTAs with the local CTN area from
using our proposed stimulation parameters.

Three-chambered social interaction test

For further comparison of CTN-DBS effect on the social inter-
action among three rat groups, three-chambered test was used to
evaluate the sociability determined by measuring the amount time
the experimental rat spent approaching the chamber containing an
unfamiliar rat according to Crawley's study [68]. The social inter-
action test was performed on each rat during the light cycle in a
60 x 30 x 30cm® behavioral box divided into three chambers,
namely empty, central, and social chambers, by using two fictitious
lines. Each experimental rat was arranged in the central chamber
for 5min to acquire its tropism, and was then moved out of the
behavioral box. A stranger rat with matching species, sex, and age
to the experimental rat was randomly selected from healthy con-
trols and was placed into the social chamber to avoid direct contact
with the experimental rats. The experimental rat was placed into
the behavioral box again for 5 min. Behavioral tests were recorded
using a camera positioned above the behavioral box and the time
spent in each chamber of each rat were analyzed by an open-source
toolbox [69]. The tracking data were visualized to measure social
behaviors among the healthy controls, ASD DBS-OFF group, and
ASD DBS-ON group. The time spent in each chamber was recorded
and calculated using the following equation:

chamber time

Chamber Duration Rate (%) = total time

x 100 % (1)
where chamber time was the time that a rat spent in the empty,
central, and social chambers, and the total time was the overall
time a rat spent in a trial.

fcMRI acquisition and analysis

fcMRI scans were applied to each group to investigate the
treatment effect of bilateral CTN-DBS. The protocol of animal
anesthesia during MRI scanning and acquisition parameters were
the same as that described in Section 2.2.2. The fcMRI data were
acquired through 260 GE-EPI scans comprising first 10 dummy
scans and 250 vol in succession. Preprocessing of fcMRI raw data
was performed identically using the FSL 5.0 and AFNI software
(detailed procedures also are described in Section 2.2.2) with an
extra ideal band-pass filter of 0.01—0.08 Hz. GE-EPI datasets were
registered to an in-house rat brain MRI template, which has which
has firstly performed plane spatial smoothing (FWHM
0.6 x 0.6 mm?).

To conduct an ROI-based analysis to examine FCs between seed
regions, four bilateral ROIs from the result of experiment #1 (related
to social behaviors) were chosen: M1, ACC, CPu, and Hip (Fig. S3).
Seed ROIs were defined on the in-house template by using an in-
house atlas, which was manually delineated based on the

developing rat brain [64,65]. Cross-correlation coefficient maps
between each ROI were acquired by correlating the average time
course from the ROIs with the time course against whole-brain
voxels. The absolute value of Pearson's correlation coefficient (r)
was transformed to z-scores by using Fisher's transformation and
then converted back to r values to derive group-level analysis. In
this study, the normalized FC (FAC) between two distinct ROIs in ASD
DBS-ON or ASD DBS-OFF group compared with healthy controls at
baseline was calculated using the following equation:

j
FCysp ro1a-B

TN i

~2_i = 1FCeir rOI A—B

where the numerator of FC{L‘SD rol A_p 1S the j™ rat FC between ROI A
and ROI B in ASD DBS-ON or ASD DBS-OFF group. The denominator
is the mean of FC between ROI A and ROI B in healthy controls as the
baseline. FCL,.; 0 o_p is the i rat FCs between ROI A and ROI B. N is
the total animal numbers in healthy controls.

—

FCIROIA—B =

x 100 % )

Western blotting analysis

To demonstrate the alteration of synaptic neurotransmitter
mechanisms after CTN-DBS in the ASD rat offspring, Western
blotting was used to investigate the changes in the dopaminergic
system including DRD1 and the DRD2 in the striatum. The striatum
was dissected from the brain tissues of the healthy controls, ASD
DBS-OFF group, and ASD DBS-ON group. Protein samples were
extracted in ice-cold lysis buffer (50 mM Tris-HCl, pH=7.5, 0.3 M
sucrose, 5 mM EDTA, 2 mM sodium pyrophosphate, 1 mM sodium
orthovanadate, 1mM PMSF, 20 pg/ml leupeptin, and 4 pg/ml
aprotinin) and then separated (30 pg) using sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred onto poly-
vinylidene difluoride membranes (Millipore, Billerica, MA, USA).
The membranes were hybridized with antidopamine D2 receptor
(1:1000 dilution; ADR-002-50UL, Alomone Labs, Jerusalem, Israel)
or antidopamine D1 receptor (1 : 1000 dilution; ANC-004-50UL,
Alomone Labs, Jerusalem, Israel) antibodies. Next, the membranes
were washed and incubated with HRP-conjugated goat antirabbit
IgG antibody (1 : 1000 dilution; Jackson ImmunoResearch Inc.,
West Grove, PA, USA) and developed on Luminata Forte Western
HRP substrate (Millipore, Billerica, MA, USA). The images were
recorded using the luminescence imaging system (LAS-4000,
Fujifilm, Tokyo, Japan). A gel analysis plug-in for the Image] soft-
ware (Version 1.47, National Institutes of Health, Bethesda, MD,
USA; http://imagej.nih.gov/ij/) was used to quantify the intensity of
the protein bands.

Statistical analysis

In experiment #1, to acquire the group brain activation map
induced by CTN-DBS in fMRI scans, within-group one sample t-test
(p < 0.05; false discovery rate (FDR) < 0.05) was performed in AFNI.
The percentage changes in BOLD signal variations in the DBS-ON
blocks were compared with those in the DBS-OFF blocks by using
the Mann-Whitney U test (p < 0.05).

In experiment #2, to acquire the group correlation map for
fcMRI, within-group one sample t-test was performed in AFNI, and
the significance level was set at p <0.05, FDR < 0.05 with the
minimum cluster size of 200 voxels. To compare the therapeutic
effect of CTN-DBS, the FC between ROIs was assessed using Mann-
Whitney U test (p <0.05) in the ASD DBS-ON and ASD DBS-OFF
groups. For the social interaction comparison and protein expres-
sion level comparison, the Kruskal-Wallis test (p < 0.05) was per-
formed to compare the differences among the healthy controls, ASD
DBS-OFF group, and ASD DBS-ON group. A post hoc analysis with
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Dunn's test (p < 0.05) was performed to evaluate the within-group
difference among the healthy controls, ASD DBS-OFF group, and
ASD DBS-ON group. All the aforementioned statistical analyses
were performed using SPSS version 20.0 (SPSS Inc., Chicago, IL,
USA), and results were presented as mean =+ standard error of the
mean (SEM).

Results
CTN-DBS activated brain regions

The brain areas activated by CTN-DBS were obtained from the
data of five adult SD rats. Representative BOLD maps evoked by
CTN-DBS are displayed in Fig. 3. Positive BOLD activations were
mainly located in specific cortical areas, including M1, SC including
S1 and S2, and subcortical areas, such as the CPu, ACC, and Hip
(p <0.05; FDR < 0.05, one sample t-test). The BOLD signal with CTN-
DBS significantly increased in M1 with a 2.5+0.03% change
(p<0.001), SC with 2.6 +0.04% change (p<0.001), CPu with
3.1+0.05% change (p<0.0001), ACC with 2.6+0.04% change
(p <0.001), TH with 2.8 + 0.55% changed (p <0.001) and Hip with
2.3 +0.07% change (p < 0.01).

Comparison of social interaction tests: healthy controls vs. ASD DBS-
ON vs. ASD DBS-OFF

In the three-chambered social interaction test, the tracking data
of the ASD DBS-ON group indicated that the rats in this group
stayed longer in the stranger chamber than the rats in the ASD DBS-
OFF group, suggesting that CTN-DBS improved the social behavior,
as shown in Fig. 4A. The Kruskal—Wallis test revealed significant
group differences among the three groups in the chamber duration
rate for the empty chamber and the social chamber (empty
chamber: p=0.039; social chamber: p=0.002). The post hoc
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analysis showed that the ASD DBS-OFF group had a significantly
higher chamber duration rate in the empty chamber than the ASD
DBS-ON group (p =0.034) and healthy controls (p = 0.005), sug-
gesting that the ASD DBS-OFF group presented social avoidance. By
contrast, the ASD DBS-OFF group had a significantly lower chamber
duration rate in the social chamber than the ASD DBS-ON group
(p =0.043) and healthy controls (p = 0.004), which indicated that
the ASD DBS-ON group tended to explore novel objects (Fig. 4B).
These results revealed that the ASD DBS-OFF group presented social
impairment. However, the social interaction improved after the
CTN-DBS treatment.

Comparison of FCs: healthy controls vs. ASD DBS-ON vs. ASD DBS-
OFF

The CTN-DBS treatment in ASD-like rats (ASD DBS-ON group)
significantly enhanced the FC between M1 and brain regions
including the ACC, M1, CPu, and Hip (Fig. 5A). A significant increase
in the FC of M1 with cortical area and surrounding Hip was noted.
Thus, it appeared that CTN-DBS increased the FC strength in the
corticostriatal circuit. A strong effect on the restoration of the FC
was observed when the ACC was selected as seed after the CTN-DBS
treatment (Fig. 5B). An enhanced FC was observed between the ACC
and M1, Hip, and CPu, which suggested that the corticolimbic cir-
cuit was significantly enhanced after the CTN-DBS treatment.
Furthermore, when Hip was selected as the seed region, the ASD
DBS-OFF group appeared to exhibit considerably decreased FC, as
shown in Fig. 5C. However, a significant increase in FC with CPu, M1,
and ACC was observed. In Fig. 5D, when CPu was selected as the
seed region, a significantly enhanced FC was found between CPu
and ACC, M1, and Hip after CTN-DBS treatment.

We identified abnormal brain circuit changes between the ASD
DBS-OFF group and healthy controls. The FC of corticostriatal and
corticolimbic circuits in the ASD DBS-OFF group considerably
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Fig. 3. Comparison of activated regions from the 220-s blocked-design paradigm with an interstimulus interval of 20-s CTN-DBS. Significant activation regions were mainly located
in M1, SC (including S1 and S2), CPu, TH, ACC, and Hip (one sample t-test, p <0.05, FDR < 0.05). Their corresponding averaged BOLD signals changed over time and were highly
correlated with the blocked-design paradigm. The intervals of CTN-DBS are represented by light blue boxes with five repetitions. Data are represented as mean + SEM. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. (A) Overview of the three-chamber social test. The left side of the chamber is the social chamber, in which a stranger rat was randomly selected from healthy controls, and
the right side is the empty chamber. Tracking trajectories are denoted by yellow lines. (B) Chamber duration rate among the healthy controls, the ASD DBS-OFF group, and the ASD
DBS-ON group in the social, central, and empty chambers are plotted through bar charts. The ASD DBS-OFF group demonstrated a higher chamber duration rate than healthy
controls (p =0.005) and the ASD DBS-ON group (p =0.034) in the empty chamber. By contrast, the ASD DBS-OFF group exhibited a lower chamber duration rate than healthy
controls (p=0.004) and the ASD DBS-ON group (p = 0.043) in the social chamber. * and ** indicate significant increases in the chamber duration rate (p <0.05 and < 0.01,
respectively), relative to the ASD DBS-OFF group. * and ## indicate significant decreases in the chamber duration rate (p < 0.05 and < 0.01, respectively), relative to the ASD DBS-OFF
group. All data were analyzed using the Kruskal-Wallis test and Dunn's test for post hoc analysis (mean + SEM). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 5. Group comparisons of cross-correlation maps for healthy controls, the ASD DBS-OFF group, and the ASD DBS-ON group. The maps correspond to fcMRI for seed-ROIs placed
on (A) M1, (B) ACC, (C) Hip, and (D) CPu (highlighted with green arrows in the T2-MR images). Notably, distributed but significant connectivity between various brain regions were
revealed when M1, ACC, Hip, and CPu were selected as the seed regions in the healthy controls. In this study, the CTN-DBS-treated ASD group demonstrated significant restoration of
FC between different brain areas with corresponding seed regions of M1, ACC, Hip, and CPu compared with the ASD DBS-OFF group. However, the ASD DBS-OFF group, by
comparison, showed negligible interactions between different regions. There were highly correlated voxels within the seed region itself. Within-group one sample t-test was
performed to acquire the FC map, and the significance level was set at p < 0.05 with FDR < 0.05 and the cluster size was corrected. . (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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decreased, which suggested that hypoactivity in both circuits was Comparison of expression levels of the dopamine receptor: healthy
one of the features in ASD. After the CTN-DBS treatment controls vs. ASD DBS-ON vs. ASD DBS-OFF

FCoi-accy (p=0.032), FCucc mipy (p=0.008), FCoui_mip)

(p=0. 015) FC - CPu) (p=0.041), FCcc—cpyy (p=0.016), and The protein levels of the DRD1 and DRD2 receptors in the
FC (cpu—Hip) (P = 0.008) in the ASD DBS-ON group were significantly striatum were measured. Glyceraldehyde 3-phosphate dehydro-
higher than those in the ASD DBS-OFF group, as shown in Fig. 6A. genase (GAPDH) was selected as the internal control with a protein
These results suggested that CTN-DBS caused the restoration of FC weight of 34 kDa; the protein weight of the DRD1 and DRD2 re-

strength of the corticostriatal and corticolimbic circuits. Visuali- ceptors were 55 and 72 kDa, respectively. The protein level was

zation of FC in both the ASD DBS-OFF and ASD DBS-ON groups are normalized to GAPDH. The results of the Kruskal-Wallis test

shown in Fig. 6B. demonstrated that the DRD1 receptor exhibited no significant
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Fig. 6. (A) FC between the selected ROIs are shown in the bar chart. The ASD DBS-OFF group indicated a widespread reduction compared with the ASD DBS-ON group after the CTN-
DBS treatment. (B) FC between the ASD DBS-ON and ASD DBS-OFF groups. Yellow lines indicate enhancemenAt over 60%, dark red lines indicate enhancement between 40% and 60%,
and black lines indicate enhancement less than 40%. *, " and """ indicate significantly increased strength of FC with p <0.05, p < 0.01, and p < 0.001, respectively, relative to the ASD

DBS-OFF group, analyzed using the Mann-Whitney U test (mean + SEM). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 7. Protein levels of the DRD1 and DRD2 receptors in the striatum were measured. GAPDH was selected as the internal control with a protein weight of 34 kDa; the values of the
DRD1 and DRD2 receptors were 55 and 72 kDa, respectively. (A) Protein levels of DRD1 in the striatum exhibited negligible difference among healthy controls, the ASD DBS-OFF
group, and the ASD DBS-ON group. (B) However, the protein level of DRD2 was significantly different between healthy controls, the ASD DBS-OFF group, and the ASD DBS-ON group

(p=0.004). " indicates significant decrease in the expression level of DRD2 with p < 0.01, relative to the ASD DBS-OFF group, analyzed using the Kruskal-Wallis test and Dunn's test
for post hoc analysis (mean + SEM).
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difference among three groups (Fig. 7A). However, the protein level
of DRD2 demonstrated a significant difference among the three
groups in the striatum (p = 0.004). The post hoc analysis revealed
that DRD2 significantly increased within the striatum in ASD-like
rats (255 +7.35%, p=0.007) compared with in the healthy con-
trols (Fig. 7B). After CTN-DBS treatment in ASD-like rats (ASD DBS-
ON group), the striatal levels of DRD2 decreased to 121.15 + 4.65%
compared with the healthy controls. Compared with the striatal
levels of DRD2 in the ASD DBS-OFF group, those in the ASD DBS-ON
group were significantly lower (p = 0.007).

Discussion

Large scale MR imaging of brain circuit activation induced by CTN-
DBS

In this study, DBS and fMRI were simultaneously used to observe
in vivo network changes on a large spatial scale. We identified CTN-
DBS-driven brain areas showing increased BOLD responses mainly
located in cortical areas including M1, SC, and ACC, and subcortical
areas including CPu, TH and Hip. Anatomical and physiological
studies have demonstrated that CTN was a deep-brain relay of the
forebrain to both limbic cortex and nonlimbic sites [70]. CTNs have
different connections and functions; Re and Rh mainly project to
the medial prefrontal cortex (PFC) and Hip, MD afferents to the PFC,
Pf and Cm afferent to the PFC and motor cortex, and Cl afferents to
the parietal and frontal cortex [71]. Several studies have demon-
strated that Cl is connected to Cm, MD, and Rh [72—74]; once the
stimulation was provided to Cl, the connected nuclei were also
affected.

CTN-DBS modulated a wide variety of brain areas including M1,
SC, CPu, ACC, and Hip, demonstrating that CTN is a key relay area to
perform modulation on the corticostriatal and corticolimbic cir-
cuits, which were related to the social interaction regulation [75]. A
human study revealed that CTN lesions led to social cognitive
deficits in learning and memory, long-term information storing,
problem solving, and executive functions such as verbal fluency
[76]. Our study shed light on the potential target performing the
global modulation of neural networks to provide a high potential
therapeutic effect for social interaction in ASD.

Improvement in brain circuits and the associated social behavior in
the ASD-like model through CTN-DBS modulation

Our fcMRI results indicated that the FC strength significantly
decreased in the corticolimbic circuit in the ASD DBS-OFF group
compared with healthy controls. Moreover, the social behavior
tests in the ASD DBS-OFF group indicated apparent social avoidance
and lack of exploration interest compared with healthy controls.
Previous studies have discovered that an abnormal corticolimbic
circuit could lead to social behavior deficit in a rodent model [33]
and revealed that individuals with ASD exhibited atypical FCs in the
prefrontal cortex, ACC, and Hip compared with healthy controls
[77]. From fcMRI data, our study depicted that the FC strength of a
corticostriatal circuit significantly decreased in the ASD DBS-OFF
group compared with healthy controls. The corticostriatal circuit
played a crucial role in social bonding [78], and its abnormality
often indicated the changes in the functional and anatomical neural
circuit associated with symptoms of ASD [32,79].

The mechanism underlying the restored-FCs in the cortico-
striatal circuit of the ASD-like animal model after CTN-DBS treat-
ment may be the depolarization of striatal neurons through CTN-
DBS. CTN was directly connected to the striatum and considerably
affected the medium spiny striatal neurons, which have been re-
ported to modulate the corticostriatal circuit [30]. The mechanism

underlying the CTN-DBS-restored FCs in the cortico-limbic circuit
may be the facilitation of long-range cortical connections due to
wide point-to-point connections of the CTNs [80]. In this study, the
three-chamber behavior test demonstrated improved exploration
tendency and decreased latency to social behaviors after CTN-DBS
treatment and enhanced FC strength in the corticostriatal and
corticolimbic circuits, which indicated that CTN-DBS was an
effective circuit-based intervention for ASD, especially for
addressing the social behavioral problems.

Mechanisms of CTN-DBS regulation of brain circuits at the protein
level

Studies have revealed that the DRD1 and DRD2 receptors,
especially the DRD2 receptor, play a key role in ASD [81,82]. Het-
tinger et al. reported that DRD2 levels were elevated in individuals
with ASD [83], and that an increase in DRD2 receptor levels could
enhance the performance of the presynaptic dopamine transporter
(DAT) [84] and disrupt the activity of dopamine synthesis enzyme-
tyrosine hydroxylase [85], potentially resulting in the modulation
of dopaminergic tone in ASD rat offspring [86,87].

In this study, we observed that the DRD2 expression level in the
striatum was decreased in the ASD DBS-ON group after CTN-DBS
treatment, and the ASD DBS-ON group exhibited no significant
difference with healthy controls. CTN-DBS was considered to
stimulate the local site and activate afferent and efferent axons [88],
resulting in the release of dopamine in the terminal site, namely the
striatum [89,90]. Moreover, decrease in the expression levels of
DRD2 after CTN-DBS was attributed to the decrease in DAT and the
increase in the dopamine synthesis enzyme [84], further increasing
the synapse dopamine neurotransmission in the striatum of ASD
dams [91]. Studies have confirmed that CTN-DBS balances the
dysfunction of the striatal circuit in ASD [92], through increased
dopamine levels [20], and increased dopamine expression in the
striatum could enhance the corticostriatal circuit in ASD rat
offspring [93]. This suggests that brain circuit connectivity
enhancement might contribute to synaptic plasticity by altering the
expression of dopaminergic receptors that modulate striatal syn-
aptic plasticity to regulate downstream signaling cascades for
improved social behavior—related brain function.

Alteration of multiple behaviors by CTN-DBS

ASD displays significant heterogeneity in its core syndrome and
other behavior disturbances such as anxiety, depression, sleeping
and eating disturbance attention issues, temper tantrums, and
aggression or self-injury, commonly seen in autistic individuals.
Several classes of pharmacological agents accounted for each ASD-
related symptoms, including fluoxetine for behavioral symptoms,
imipramine for antidepressants, lamotrigine for anticonvulsants
and clozapine for atypical antipsychotics [94]. However, no effec-
tive medication has been established to improve the core ASD
symptoms. In this study, we demonstrated that social interaction
improved after CTN-DBS treatment because of the enhancement of
the corticolimbic and corticostriatal circuits. Notably, the cortico-
limbic and corticostriatal circuits have been reported to be con-
nected with other ASD symptoms, such as depression, anxiety, and
repetitive behavior. Our study revealed that CTN-DBS increased the
strength of the corticolimbic and corticalstriatal circuits, part of a
wider cortico-striato-thalamo-cortical circuitry, which might
decrease repetitive behaviors [95]. Collectively, CTN-DBS has a
relatively broader effect in multibrain circuits, resulting in multiple
behavioral improvements.

In conclusion, this study revealed that FCs in the corticolimbic
and corticostriatal circuits were lower in ASD rat offspring than in
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healthy controls. Applying CTN-DBS intervention to the ASD model
led to higher FCs in the corticolimbic and the corticostriatal circuits,
which corresponded to changes in the social interaction in ASD. Our
findings suggested that CTN-DBS could be an effective treatment to
improve the social behaviors in ASD.
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