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ARTICLE INFO ABSTRACT

Keywords: Blood-oxygen-level-dependent (BOLD) resting-state functional MRI (rsfMRI) has emerged as a valuable tool to
Resting-state MRI functional connectivity map complex brain-wide functional networks, predict cognitive performance and identify biomarkers for
Thalamus . neurological diseases. However, interpreting these findings poses challenges, as the neural basis of rsfMRI con-
Optogenetic .. . . .

MR nectivity remains poorly understood. The thalamus serves as a relay station and modulates diverse long-range

cortical functional integrations, yet few studies directly interrogate its role in brain-wide rsfMRI connectivity.
Utilizing a multi-modal approach of rsfMRI, optogenetic stimulation and multi-depth cortical electrophysiology
recording, we examined whether and how the somatosensory thalamus contributes to cortical interhemispheric
rsfMRI connectivity. We found that low frequency (1 Hz) optogenetic stimulation of somatosensory-specific
ventral posteromedial (VPM) thalamocortical excitatory neurons increased the interhemispheric rsfMRI connec-
tivity in all examined sensory cortices, somatosensory, visual and auditory, and the local intrahemispheric BOLD
activity at infraslow frequency (0.01-0.1 Hz). In parallel, multi-depth local field potential recordings at bilateral
primary somatosensory cortices revealed increased interhemispheric correlations of low frequency neural oscil-
lations (i.e., mainly < 10 Hz) at all cortical layers. Meanwhile, pharmacologically inhibiting VPM thalamocortical
neurons decreased interhemispheric rsfMRI connectivity and local intrahemispheric infraslow BOLD activity in all
sensory cortices. Taken together, our findings demonstrate that low frequency activities in the thalamo-cortical
network contribute to brain-wide rsfMRI connectivity, highlighting the thalamus as a pivotal region that un-
derlies rsfMRI connectivity.

Cortical layers

1. Introduction

The brain consists of numerous interconnected parallel and hierar-
chical networks subserving sensory, behavioral and cognitive functions
(Park and Friston, 2013). Resting-state functional MRI (rsfMRI) enables
non-invasive visualization of long-range brain-wide functional connec-
tivity networks between anatomically separated, but functionally related,
brain regions during rest based on coherent spontaneous
blood-oxygen-level-dependent (BOLD) activity (Biswal et al., 1995; Chan

et al., 2017; Fox and Raichle, 2007; Smith et al., 2013). A fast-growing
body of literature utilizes rsfMRI connectivity as a robust tool to study
complex brain-wide functional networks. In recent years, these intrinsic
rsfMRI connectivity networks and their changes in normal and diseased
brains have emerged in the scientific and clinical community as impor-
tant biomarkers to predict cognitive performance and disease state
(Chuang and Nasrallah, 2017; Cole et al., 2016; Drysdale et al., 2017;
Miller et al., 2016; Shen et al., 2018). Since cortical interhemispheric
rsfMRI connectivity can be detected robustly across species, it has gained
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prominence as a key model to explore the neural bases of rsfMRI con-
nectivity. For example, several human and animal studies have reported
preserved cortical interhemispheric rsfMRI connectivity in subjects with
congenital agenesis (Tovar-Moll et al., 2014; Tyszka et al., 2011) or
partial damage (O’Reilly et al., 2013; Roland et al., 2017; Zhou et al.,
2014) of the interhemispheric corpus callosum connections. In-depth
interpretations of these rsfMRI findings are challenging, as little is
explicitly known about the neural bases underlying rsfMRI connectivity.
These observations do strongly suggest the involvement of subcortical
regions and polysynaptic connections in maintaining and supporting
brain-wide rsfMRI connectivity. However, the exact contributions of
subcortical regions (e.g., thalamus) and polysynaptic connections to
brain-wide rsfMRI connectivity are still poorly understood, primarily
owing to the lack of studies directly interrogating their roles in
brain-wide cortical rsfMRI connectivity.

Thalamus relays and modulates diverse long-range functional neural
integrations involved in cortical processing (Hwang et al., 2017; Rikhye
et al., 2018; Sherman, 2016). Meta-analyses of large task-based neuro-
imaging dataset indicated thalamic engagement in numerous cognitive
functions (Crossley et al., 2013; Hwang et al., 2017). Electrophysiology
studies revealed that the thalamus can control cortical states and
modulate the flow of information processing during cognitive processes
(Alonso and Swadlow, 2015; Nakajima and Halassa, 2017; Poulet et al.,
2012; Sherman, 2016). Unfortunately, previous attempts to infer
thalamic contributions to brain-wide rsfMRI connectivity using graph
theory-based analyses have generated inconclusive results. Some studies
found that the thalamus is a critical region to promote global commu-
nication and information integration in brain-wide rsfMRI connectivity
(Cole et al., 2010; Crossley et al., 2013; Hwang et al., 2017), while
several other found the opposite (X. Liang et al., 2018; Power et al., 2013;
van den Heuvel and Sporns, 2013; Zalesky et al., 2014). To determine
whether and how the thalamus contributes to brain-wide rsfMRI con-
nectivity, it is imperative to directly perturb thalamus and monitor the
rsfMRI connectivity with a multi-modal approach of rsfMRI, neuro-
modulation (e.g., optogenetics) and electrophysiology recordings.

Polysynaptic connections may underlie and maintain brain-wide
rsfMRI connectivity, especially cortical interhemispheric rsfMRI con-
nectivity (O’Reilly et al., 2013; Roland et al., 2017; Tovar-Moll et al.,
2014; Tyszka et al., 2011; Zhou et al., 2014). The cerebral cortex contains
an intricate laminar and columnar architecture, which has extensive
polysynaptic connections within itself and with the thalamus to form
brain-wide thalamo-cortical networks (Sherman, 2017). Such properties
enable diverse long-range functional neural interactions. For example,
somatosensory cortical neurons first receive somatosensory thalamic
inputs at layer IV and V before transmission to other cortical neurons
across multiple layers and columns in somatosensory cortices (Douglas
and Martin, 2004; Feldmeyer, 2012; Thomson and Bannister, 2003) and
other sensory cortices (M. Liang et al., 2013), before returning to the
thalamus (Sherman, 2016, 2017). Hence, neural activity initiated in the
thalamus could recruit multiple cortical regions via cortico-cortical
pathway, which consists of interhemispheric corpus callosum,
cross-modal, and cortico-thalamo-cortical connections that involve
multiple cortical layers (Douglas and Martin, 2004; Leong et al., 2016;
Sherman, 2016; Thomson and Bannister, 2003; Zingg et al., 2014).
Meanwhile, all thalamic nuclei are also connected to the thalamic
reticular nucleus within the same hemisphere (Halassa et al., 2014; Lam
and Sherman, 2007, 2011; Lewis et al., 2015). Hence, thalamic nucleus
could also activate multiple thalamic nuclei through this
thalamo-thalamic pathway and subsequently influence multiple cortical
regions without first directly recruiting multiple cortical layers across
cortico-cortical connections. Thus, examining whether multiple cortical
regions and layers are involved could help to elucidate the predominant
polysynaptic pathway(s) recruited by the thalamus to mediate cortical
interhemispheric rsfMRI connectivity. We will exploit this
thalamo-cortical architecture and network as a model to study the con-
tributions of subcortical inputs and polysynaptic connections to
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brain-wide rsfMRI connectivity.

Recent studies suggested low frequency (<10Hz) spontaneous
oscillatory neuronal activities as potential candidates to constrain and
elicit rsfMRI BOLD activity, since these oscillations resemble spatiotem-
poral patterns of rsfMRI signals during anesthesia, sleep and awake states
(Ma et al., 2016; Matsui et al., 2016; Pan et al., 2013; Scholvinck et al.,
2010; Wang et al., 2012). Slow (0.5-1.5 Hz), delta (1.5-4 Hz) and spindle
(7-14 Hz) oscillations have been identified as the unique characteristics
in thalamo-cortical networks (Crunelli et al., 2015; Fernandez et al.,
2017; Mak-McCully et al., 2017; Neske, 2015). Specifically, the thalamus
participates in long-range brain-wide propagation of slow cortical ac-
tivity (David et al., 2013; Stroh et al., 2013; Xiao et al., 2017) and
brain-wide coupling of spontaneous oscillatory neural events (Dudai
et al., 2015; Latchoumane et al., 2017; Staresina et al., 2015) through
thalamo-cortical or thalamo-hippocampal-cortical networks. Our recent
fMRI investigation directly demonstrated that low frequency (1 Hz)
neural activity optogenetically initiated at somatosensory thalamus
robustly propagates throughout the brain to bilateral sensory cortices
(Leong et al., 2016). These studies highlight the pivotal roles the thal-
amus plays in propagating and synchronizing neural oscillations across
the brain. They also indicate the thalamus is an ideal target to perturb for
delineating the relationship between rsfMRI connectivity and neural
oscillations.

Investigation of whether and how ascending sensory inputs influence
cortical rsfMRI connectivity can provide in-depth understanding into
how subcortical regions and polysynaptic connections contribute to
brain-wide rsfMRI connectivity. There has been numerous research on
revealing the relevance of rsfMRI connectivity networks to task activa-
tions (Cole et al., 2016; Smith et al., 2009; Tavor et al., 2016), and
showing that either sensory stimulation or task performance can modu-
late intrinsic rsfMRI connectivity networks (Chuang and Nasrallah, 2017;
Harmelech et al., 2013; J. Li et al., 2015; Nasrallah et al., 2016). How-
ever, such external task-based paradigms cannot identify the key sources
or players (e.g., thalamic activities) in the ascending sensory pathways
that contribute to brain-wide rsfMRI connectivity. An intuitive way to
identify some of these sources is to examine the changes in rsfMRI
functional connectivity by selectively modulating the thalamocortical
neurons of sensory thalamic nuclei. Structural connections and charac-
teristics of activity propagation between ventral posteromedial thalamus
(VPM) and the cortical layers of primary somatosensory barrel field
(S1BF) are well-studied in the rodent brain (Constantinople and Bruno,
2013; Cruikshank et al., 2010; Viaene et al., 2011a, 2011b). Furthermore,
recent studies have demonstrated that the VPM can recruit brain-wide
polysynaptic activity and modulate functions beyond the somatosen-
sory system (Leong et al., 2016; Xiao et al.,, 2017), indicating the
potentially important role of VPM in complex polysynaptic networks that
support brain-wide cortical rsfMRI connectivity. Taken together, we
chose VPM as a neuromodulation target to provide pivotal insights into
the contributions of sensory thalamus to brain-wide rsfMRI connectivity.

Here, we examined whether and how the somatosensory thalamus
influences cortical interhemispheric rsfMRI connectivity within and
beyond the somatosensory modality. We directly perturbed the VPM and
monitored brain-wide resting-state functional connectivity changes using
rsfMRI and electrophysiology recordings at bilateral somatosensory
cortices before and after low frequency (1 Hz) optogenetic stimulation of
VPM thalamocortical excitatory neurons. We also examined whether
pharmacological inhibition of VPM thalamocortical neurons would
decrease cortical interhemispheric rsfMRI connectivity.

2. Materials and methods

2.1. Animal subjects, virus packaging and stereotactic surgery for viral
injection

All animal experiments were approved by the University of Hong
Kong’s Committee on the Use of Live Animals in Teaching and Research
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(CULATR). Three groups of age-matched adult male Sprague Dawley rats
were used in this study (i.e., two groups comprising of optogenetically
transfected animals and the other with naive animals). Two of these
animal groups underwent rsfMRI experiments (optogenetic: n=_8;
tetrodotoxin, TTX: n = 10), whereas the other underwent local field po-
tential (LFP) recording experiments (optogenetic: n =9).

Recombinant Adeno-associated virus (AAV) vectors were serotyped
with AAV5 coat proteins and produced by the vector core at the Uni-
versity of North Carolina at Chapel Hill, Chapel Hill, NC. Viral titer (in
particles per milliliter) was 4 x 102 for AAV5-CaMKIIa-ChR2(H134R)-
mCherry. Maps are available online from www.stanford.edu/grou
p/dlab/optogenetics.

All stereotactic surgeries for viral injection were performed with rats
at 6-7 weeks of age. Rats were anesthetized with an intraperitoneal bolus
injection of a ketamine (90 mg/kg) and xylazine (40 mg/kg) mixture.
Following a small craniotomy, viral injections were performed at two
depths in VPM (—3.6 mm posterior to Bregma, +3.0 mm medial-lateral
right hemisphere, —5.8 and —6.2 mm from the surface of dura). Three
microliters of viral constructs (1.5 pL at each depth) were delivered
through a 5-pL syringe and 33-gauge beveled needle and injected at 150
nL/min. The injection needle was held in place for 10 min before being
slowly retracted from the brain. Scalp incision was sutured, and animals
were kept on a heating pad until recovery from anesthesia. Buprenor-
phine (0.05 mg/kg, subcutaneous) was administered post-injection twice
daily for 72 h to minimize discomfort. Enrofloxacin was also adminis-
tered orally for 72 h to minimize infection and inflammation post-
surgery. Animals recovered for 6-7 weeks before conducting MRI and
electrophysiological experiments.

2.2. Animal preparation for optogenetic rsfMRI experiments and TTX
rsfMRI experiments

Surgery was performed under 2% isoflurane to implant an opaque
custom-made plastic optical fiber cannula (d =450 ym) or a glass capil-
lary tube (d=300pm) at VPM with high-resolution anatomical MRI
verification. Note that the fiber cannula was made opaque using heat
shrinkable sleeves to prevent light leakage during stimulation to elicit
undesired visual stimulation. The fiber tip surface was beveled to facili-
tate the fiber insertion and minimize injury to brain tissue. Dental cement
was applied to fix the fiber cannula or the glass capillary tube on the
skull. The optical fiber tip was typically situated in the center of the VPM
nucleus through stereotaxic implantation and verified by high-resolution
anatomical MRI. The spatial spread from the fiber tip for 473 nm blue
light is rather small (200 pm and 350 pm at 50% and 10% of initial light
intensity, respectively) and has little or no spreading in the backward and
lateral directions (Yizhar et al., 2011), confining the optogenetic stimu-
lation within the VPM nucleus. Buprenorphine (0.05 mg/kg, subcutane-
ous) was administered subcutaneously post-implantation and one drop of
2% lidocaine was applied to the chords to minimize discomfort before
endotracheal intubation and MRI experiments. The animals were me-
chanically ventilated at a rate of 60 breaths per minute with 1-1.5%
isoflurane in room-temperature air using a ventilator (TOPO, Kent Sci-
entific, Torrington, CT). During all fMRI experiments, animals were
placed on a plastic holder, and their heads were fixed with a tooth bar
and ear bars. Continuous physiological monitoring was performed using
sensors of an MRI-compatible system (SA Instruments, Stony Brook, NY).
Rectal temperature was maintained at ~37.0 °C using a water circulation
system. Vital signs were within normal physiological ranges (rectal
temperature: 36.5-37.5°C, heart rate: 350-420 beat/min, breathing:
~60 breath/min and not synchronized to optogenetic stimulation, oxy-
gen saturation: > 95%) throughout the duration of the experiments
(Chan et al., 2017; Leong et al., 2016; Zhou et al., 2014).

2.3. MRI scanner-synchronized optogenetic stimulation and TTX infusion

For optogenetic rsfMRI experiments, an Arduino programming board

Neurolmage 201 (2019) 115985

synchronized the scanner trigger and the lasers for optogenetic stimu-
lation. Computers and light delivery systems were kept outside the
magnet and long optical patch cables (5-10 m) delivered light into the
bore of the scanner. For optogenetic stimulation, blue light was delivered
using a 473 nm Diode-pumped solid-state laser measured before scan-
ning as 8 mW at the fiber-tip (450 pm, NA = 0.5) corresponding to a light
intensity of 40 mW/mm?. To examine the effects of low frequency (1 Hz)
optogenetic stimulation of VPM on brain-wide rsfMRI connectivity, a
total of thirteen sessions were acquired for each animal, three before
(pre), five during (OG-On), and five after (post) optogenetic stimulation
(Fig. 1). For each OG-On session, 1 Hz optogenetic stimulation (light
intensity = 8 mW: 40 mW/mm?; 5% duty cycle) was presented in a block
design paradigm, which consists of two 2 min on 2 min off stimulation
blocks (120 pulses; Fig. 1). Block design was used in favor of continuous
optogenetic stimulation to minimize any unphysiological stimulation
effects due to prolonged activation, while maintaining sufficient sensi-
tivity in detecting rsfMRI connectivity changes. Note that random in-
tervals were employed between each rsfMRI scan to minimize the
entrainment effects on the neural activity caused by the regular periodic
nature of the stimulation blocks. 1 Hz stimulation was employed mainly
due to its efficiency in evoking long-range brain-wide low frequency
activities (Leong et al., 2016), which we believe will give us the best
chance to determine whether the perturbation of thalamus could influ-
ence brain-wide cortical interhemispheric rsfMRI connectivity.

For TTX rsfMRI experiments, a total of fifteen sessions were per-
formed on each animal, five before (pre), and ten after (post) TTX infu-
sion. The concentration of TTX used was 5ng/pL, similar to the values
used in our previous in vivo study (Chan et al., 2017).

2.4. MRI acquisition procedure

All MRI experiments were performed on a 7 T MRI scanner (Phar-
maScan 70/16, Bruker Biospin GmbH, Ettlingen, Germany) using a
transmit-only birdcage coil in combination with an actively decoupled
receive-only surface coil. A single channel receive-only surface coil was
used for the optogenetic rsfMRI experiments and a three-channel receive-
only surface coil with an opening for TTX rsfMRI experiments to
accommodate the glass capillary tube used for TTX infusion. Despite the
use of different coils, data acquired from the two groups at baseline (i.e.,
prior to optogenetic stimulation and TTX infusion, respectively) were
comparable (Supplementary Fig. 1). After placing the animal in the
magnet, scout and anatomical RARE T2-weighted (T2W) images were
first acquired for accurate positioning and reference with field of view
(FOV) =32 x 32 mmz, matrix = 256 x 256, RARE factor = 8, echo time
(TE) = 36 ms, repetition time (TR) =4200 ms. Sixteen contiguous 1.0-
mm slices were positioned in the transverse orientation according to
the rat brain atlas to cover the majority of the brain. All rsfMRI data were
obtained at the same geometry as the anatomical reference T2W images,
using a single-shot gradient-echo echo-planar imaging (GE-EPI) sequence
with FOV=32x32mm? matrix= 64 x 64, flip angle=>50°,
TE =20 ms, TR =750 ms. A total of 640 vol were collected during each
session.

2.5. rsfMRI data analysis

rsfMRI preprocessing was performed using the standard procedure
established in our previous studies (Chan et al., 2017; Leong et al., 2016;
Zhou et al., 2014). For each rsfMRI session, all images were first cor-
rected for slice timing differences and then realigned to the mean image
of the first rsfMRI session using SPM12 (Wellcome Department of Im-
aging Neuroscience, University College London, UK). The T2W images
from each animal were coregistered to a representative brain using affine
transformation and Gaussian smoothing to maximize normalized mutual
information (SPM12). The transformation matrix was then applied to
coregister rsfMRI images. Voxel-wise linear detrending with
least-squares estimation was subsequently performed temporally to


http://www.stanford.edu/group/dlab/optogenetics
http://www.stanford.edu/group/dlab/optogenetics

X. Wang et al.

eliminate the baseline drift caused by physiological noises and system
instability. This was then followed by applying a temporal band-pass
filter (0.005-0.1 Hz) without spatial smoothing. Global signal regres-
sion was applied for removing non-neuronal global variance and facili-
tating the detection of interhemispheric rsfMRI connectivity (Birn, 2012;
Fox et al., 2009; Murphy and Fox, 2017; Power et al., 2014; C.-G. Yan
et al., 2013). Scans suffering from motion artifacts (>0.125 mm voxel
shifts detected by realignment) and sudden physiological changes (i.e.,
abrupt changes in respiration pattern, heart rate and oxygen saturation
level) were discarded.

To examine functional connectivity changes pre and post low fre-
quency (1 Hz) optogenetic stimulation, seed-based analysis (SBA) was
applied to map and quantify interhemispheric rsfMRI connectivity of
primary somatosensory barrel field (S1BF), secondary somatosensory
(S2), primary visual (V1) and auditory (A1) cortices. For each cortical
region, two atlas-defined 2 x 2-voxel regions were chosen as the ipsi-
lateral and contralateral seed, respectively. Seed locations are illustrated
and shown in Fig. 2a and 5a. Reference signal profiles were generated by
calculating the regionally averaged signals from the voxels within each
seed. Pearson’s correlation coefficients (CCs) were calculated between
the reference signal profiles and the BOLD signals of every other voxel to
generate individual correlation coefficient maps (CC maps) for each
cortical region. Individual z-maps were then calculated from the corre-
sponding CC maps using Fisher’s Z transformation. Each group of z-maps
per condition (e.g., z-maps of S1BF before optogenetic stimulation) were
tested by a one sample t-test with FWE correction. This yielded the cor-
responding t statistics map for each condition (Supplementary Figs. 2a
and c) to present only the significant connectivity (P < 0.01 for maps of
S1BF, S2 and Al, P < 0.02 for maps of V1; FWE corrected). CC-threshold
for group-averaged CC maps was set at CC> 0.1, corresponding to
P < 0.05, to retain the features of the interhemispheric/bilateral func-
tional connectivity networks in four sensory cortices detected by the t
statistics maps (Supplementary Figs. 2a and c). The group-averaged
rsfMRI functional connectivity maps (Figs. 2a and 5a, and

Neurolmage 201 (2019) 115985

Supplementary Figs. 2b and d) were generated by applying the CC-
threshold on the group-averaged CC maps. The group-averaged rsfMRI
functional connectivity maps were calculated for both the filtered
(Figs. 2a and 5a, and Supplementary Figs. 3b and d) and non-filtered data
(Supplementary Figs. 3a and c). Subsequently, 6 x 6-voxel regions of
interest (ROIs) centered on each seed locations were then used to extract
the CC values from the connectivity maps (e.g., contralateral S1BF ROI
for maps generated using ipsilateral S1BF seed). Interhemispheric rsfMRI
functional connectivity for each cortical region of filtered data was then
quantified by averaging the CC values of the corresponding ipsilateral
and contralateral ROIL Two-tail paired sample t tests were applied for
both the z-scores (transformed from ROI-based CC values using Fisher’s Z
transformation) comparisons (Figs. 2b and 5b) and CC values compari-
sons (Supplementary Fig. 4). T statistics maps and group-averaged rsfMRI
functional connectivity maps were also generated without global signal
regression for the filtered data (Supplementary Fig. 5).

To examine the frequency components that contribute to the changes
in the interhemispheric rsfMRI connectivity, intrahemispheric power
spectrum and interhemispheric connectivity spectrum were generated
for each cortical region from non-filtered rsfMRI signal profiles extracted
from the respective ROIs. Standard MATLAB functions were used to
calculate the power spectral density via Welch’s method (0.005 Hz step-
size) for intrahemispheric power spectrum, and magnitude-squared
coherence (0.01 Hz step-size) for the interhemispheric connectivity
spectrum. The observed increase or decrease in interhemispheric con-
nectivity spectrum reflects the modulation effect on frequency-domain
correlation between bilateral rsfMRI BOLD signals at specific frequency
components (Chan et al., 2017; Nair et al., 2018). Quantifications of the
interhemispheric connectivity spectrum and intrahemispheric power
spectrum were made by integrating the areas under the curve before
normalizing by the data points (i.e., steps defined in the spectra calcu-
lations within 0.01-0.1 Hz frequency range, not the power).
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2.6. In vivo multi-depth electrophysiology experiments and data analyses

Multi-depth electrophysiological recordings were performed under
the same anesthesia protocols and similar physiological conditions as in
the rsfMRI experiments. Craniotomies were made and dura matter was
removed with reference to the ROI regions of bilateral S1BF as in rsfMRI
experiments. To cover cortical layers II/III to V/VI, two linear micro-
electrode silicon arrays (each array has 16 recording channels equally
spaced at 100 pm; 1.5 MQ impedance; NeuroNexus Technologies, Ann
Arbor, MI) were inserted perpendicular to the cortical surface
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approximately 2.5 mm below the dura matter with micromanipulators
(Narishige, Amityville, NY). Fiber implantation followed identical pro-
cedures as described for rsfMRI experiments. LFP data were acquired
using a multi-channel neurophysiology recording system (sampling fre-
quency: 24 kHz; notch-filter: 50 Hz, 100 Hz, and 150 Hz; Tucker Davis
Technologies, Alachua, FL). Synchronized laser stimulation was
controlled by the same system, and light pulses were recorded simulta-
neously with the neural data. Experiment paradigm was the same as used
in rsfMRI experiments. After recordings, raw data were bandpass-filtered
(0.01-150 Hz) and down-sampled to 1 kHz using Matlab.
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Fig. 2. rsfMRI connectivity in all sensory cortices are enhanced by low frequency optogenetic excitation of VPM thalamocortical excitatory neurons
(n = 8). (a) Group-averaged functional connectivity maps of S1BF, S2, V1 and Al before (pre) and after (post) low frequency (1 Hz) optogenetic stimulation of VPM
thalamocortical excitatory neurons (n = 8; asterisk, stimulation site; blue crosshair indicates seed and ROI location). (b) ROI-based quantification for z-scores
transformed from averaged interhemispheric connectivity correlation coefficient values using Fisher’s Z transformation (n = 8; error bar indicates + SEM, two-tail

paired sample t tests; and

denote P < 0.001 and P < 0.0001). (¢ and d) Interhemispheric rsfMRI connectivity spectrum and intrahemispheric rsfMRI

power spectrum generated from the non-filtered rsfMRI signal. Area under the curve in each spectra were quantified and normalized by the frequency points across the

0.01-0.1 Hz range) for statistical analysis (n = 8; error bar indicates + SEM, two-tail paired sample t tests; *, ** and *** denote P < 0.05, P < 0.01 and P < 0.001).
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The relatively low spatial resolution of interhemispheric rsfMRI
connectivity leads to the difficulty of examining the cortical layer
involvement in the thalamic modulation effects. It is also difficult to infer
the layer depths from multi-depth LFPs due to volume conductance.
Current source density (CSD) analysis of the multi-depth LFPs allows a
higher spatial resolution to identify the neural sources that contribute to
the LFPs, and has been widely used in capturing the typical organization
of sensory-evoked activity across cortical layers (Einevoll et al., 2013;
Sakata and Harris, 2009). Typical sensory-evoked sink and source pat-
terns span over the cortical layers and reflect the main excitatory drive of
the thalamo-cortical and corpus callosum connections. In this study, we
employed high resolution CSD analysis to identify cortical layers in our
LFP data. In brief, CSDs were calculated as the second spatial derivative
of LFPs and visualized by color-coded plots with linear interpolation
(Einevoll et al., 2013; Quairiaux et al., 2011). Layer estimation and
channel realignment for ipsilateral SIBF were performed upon deter-
mining the optogenetically evoked prominent primary CSD sinks at
~13 ms after stimulation onset in the middle channels and defining layer
IV by the 4 channels covering the primary sink. For contralateral S1BF,
after the appearance of the first sink (at ~19 ms), a triphasic CSD pattern
(sink-source-sink covering layers II/III to V/VI) occurred between 25 and
50 ms. Here, the border between the sink in the upper channels and the
source was used to define the lower boundary of layer IV. Other layers
were then defined relative to the depth of layer IV. After channel
realignment, each animal has fifteen channels covering the depths of
bilateral S1BF with two channels for layer II/III, four channels for layer
IV, and nine channels for layer V/VL

To examine the effects of thalamic low frequency stimulation on
cortical interhemispheric neural oscillations, intrahemispheric LFP
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power spectrum and interhemispheric LFP connectivity spectrum were
computed for individual channels (see the Supplementary Fig. 6) before
averaging across grouped layer-defined channels to generate the
respective mean spectrum of each layer. Intrahemispheric LFP power
spectra were the power spectral density calculated via Welch’s method
(0.05Hz step-size). For interhemispheric connectivity spectrum, LFP
data were first bandpass-filtered into individual frequency bands using a
window size with a full width at half maximum (FWHM) of 0.1 Hz.
Pearson’s correlation coefficient was then calculated for each frequency
band (Chan et al., 2017; J. M. Li et al., 2015). Peaks in the interhemi-
spheric LFP connectivity spectrum indicate consistent correlation be-
tween bilateral LFP activities at the particular frequency range across
animals. Quantification of all individual mean interhemispheric con-
nectivity spectra was made based on the areas under the curve normal-
ized by the data points within each traditionally defined frequency bands
(ultra-slow: 0.1-0.5 Hz, slow: 0.5-1.5 Hz, delta: 1.5-4 Hz, theta: 4-8 Hz,
alpha: 8-12 Hz, beta: 12-25 Hz, gamma: 25-100 Hz).

2.7. Histology, immunohistochemistry, and confocal imaging

To confirm the specific expression of ChR2-mCherry in the VPM
excitatory neurons, histology was performed according to the previously
published procedure (Chan et al.,, 2017; Leong et al., 2016). Upon
completion of all rsfMRI and electrophysiological recording experiments,
animals were anesthetized with pentobarbital and then transcardially
perfused with ice-cold 4% para-formaldehyde (PFA) in phosphate buff-
ered saline (PBS). The brains were equilibrated in 20% sucrose in PBS at
4°C overnight. Axial sections (40 pm) were prepared on a freezing
microtome (model 860, AO Scientific Instruments). Consecutive sections
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Fig. 3. Multi-depth cortical electrophysiology recording setup, representative traces during optogenetic stimulation. (a) Illustration of multi-depth recording
electrodes locations for the electrophysiology experiment. (b) Representative local field potential (LFP) traces in black during optogenetic stimulation (red line
represents the stimulation onset) overlaid on the current source density (CSD) maps. Note that the CSD analysis was performed here to facilitate the identification and
realignment of bilateral somatosensory cortical layers for subsequent interhemispheric and intrahemispheric LFP analyses.
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Fig. 4. Interhemispheric LFP connectivity and intrahemispheric LFP power of low frequency neural oscillations at all cortical layers were elevated by low
frequency (1 Hz) optogenetic stimulation of VPM thalamocortical excitatory neurons (n=9). (a) Interhemispheric correlation between bilateral S1BF was
increased in slow, delta and theta oscillations across all layers after optogenetic stimulation. (b) Statistical analysis of averaged interhemispheric LFP connectivity
across different defined frequency bands and cortical layers (ultra-slow: 0.1-0.5 Hz, slow: 0.5-1.5 Hz, delta: 1.5-4 Hz, theta: 4-8 Hz, alpha: 8-12 Hz, beta: 12-25 Hz,
gamma: 25-100 Hz). One-way ANOVAs with post-hoc corrections were employed for baseline comparison. Two-tail paired sample t tests were used for the com-

parisons between pre and post optogenetic stimulation. Error bar indicates + SEM (¥, **, ***_ and **** denotes P < 0.05, P < 0.01, P < 0.001, and P < 0.0001). (c) All
layers showed the increase of intrahemispheric resting-state LFP power in slow and delta oscillations after optogenetic stimulation.

were mounted and examined with a laser confocal microscope (Carl Zeiss
LSM780). For immunohistochemistry, free-floating sections were pro-
cessed with 5% normal goat serum and 0.3% Triton X-100 in PBS with
primary antibodies against rabbit polyclonal to CaMKIIu (1:400; Abcam)
at 4 °C for 24 h. After washing with PBS, sections were then incubated for
2hat room temperature with secondary antibodies Alexa Fluor 647
conjugate goat anti-rabbit IgG and Alexa Fluor 488 conjugate goat
anti-guinea pig IgG (both 1:500; Molecular Probe). Slices were then
washed and mounted using FluoroShield mounting medium with DAPI
(Abcam). Double or triple immunofluorescence was assessed with a laser
confocal microscope (Carl Zeiss LSM780).

3. Results

3.1. Optogenetic stimulation of VPM thalamocortical excitatory neurons
increases brain-wide cortical interhemispheric rsfMRI connectivity

After confirming the specific expression of ChR2-mCherry in VPM

thalamocortical excitatory neurons through colocalization of mCherry
with CaMKIla staining (Fig. 1a), we examined the modulatory effects of
thalamic low frequency optogenetic stimulation on interhemispheric
rsfMRI connectivity in lightly anesthetized rats (Fig. 1b). We found that
after (post) 1Hz VPM stimulation, the strength of interhemispheric
rsfMRI connectivity increased significantly in primary somatosensory
barrel field (S1BF), secondary somatosensory cortex (S2), primary visual
cortex (V1) and primary auditory cortex (A1) (Figs. 2a and b; n = 8; S1BF:
42.7 +4.4%, P < 0.0001; S2: 34.0 £9.1%, P <0.01; V1: 35.5+5.6%,
P <0.01; and Al: 31.3 +4.3%, P < 0.01; two-tail paired sample t-test).
These findings demonstrate that optogenetic stimulation modulates the
strength of interhemispheric rsfMRI connectivity of multiple sensory
cortices.

To determine the frequency components that contribute to the
enhanced interhemispheric rsfMRI connectivity, we calculated the
interhemispheric connectivity spectrum and intrahemispheric/local
power spectrum of rsfMRI BOLD activity. We observed significantly
enhanced interhemispheric connectivity of infraslow (0.01-0.1 Hz)
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Fig. 5. Tetrodotoxin (TTX) inhibition of VPM thalamocortical neurons decreased interhemispheric rsfMRI connectivity in sensory cortices. (a) Group-
averaged rsfMRI functional connectivity maps of S1BF, S2, V1 and A1 before and after TTX infusion into VPM thalamocortical neurons (n = 10; asterisk, infusion
site; blue crosshair indicates seed and ROI location). (b) ROI-based quantification for z-scores transformed from averaged interhemispheric connectivity correlation
coefficient values using Fisher’s Z transformation (n = 10; error bar indicates + SEM, two-tail paired sample t tests; *, ** and *** denote P < 0.05, P < 0.01 and P <
0.001). (c and d) Interhemispheric rsfMRI connectivity spectrum and intrahemispheric rsfMRI power spectrum generated from the non-filtered rsfMRI signal. Area
under the curve in each spectrum was quantified and normalized by the frequency points across the 0.01-0.1 Hz range) for statistical analysis (n = 10; error bar
indicates + SEM, two-tail paired sample t tests; *, ** and *** denote P < 0.05, P < 0.01 and P < 0.001).

rsfMRI BOLD activity post stimulation (Fig. 2¢; n = 8; S1BF: 43.1 + 6.7%,
P <0.001; S2: 32.9 £+ 6.8%, P < 0.01; V1: 28.9 £ 7.7%, P < 0.01; and Al:
31.8 £ 6.2%, P < 0.01; two-tail paired sample t tests). We also observed a
significant enhancement in the strength of intrahemispheric rsfMRI
BOLD activity at infraslow (0.01-0.1 Hz) frequency post stimulation
(Fig. 2d; n=8; S1BFR: 51.2+9.3%, P <0.01; S1BFL: 47.8 +17.3%,
P <0.05; S2R: 35.7 +14.3%, P <0.05; S2L: 31.7 +10.7%, P < 0.05;
V1R: 34.9+15.6%, P<0.05; VI1L: 27.2+17.9%, P<0.05; AlR:
34.8 +£10.2%, P < 0.05; and A1L: 31.8 + 16.6%, P < 0.05; two-tail paired
sample t tests). These results demonstrate that both the enhanced inter-
hemispheric coherence and intrahemispheric strength of the infraslow

(0.01-0.1 Hz) BOLD activity at bilateral sensory cortices contribute to
enhanced cortical interhemispheric rsfMRI connectivity. These findings
demonstrate that low frequency somatosensory thalamic activity modu-
lates brain-wide interhemispheric rsfMRI connectivity beyond its sensory
modality.

3.2. Optogenetic stimulation of VPM thalamocortical excitatory neurons
increases cortical interhemispheric LFP connectivity of low frequency neural

oscillations in all cortical layers

To further examine the neural activities that underlie the
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enhancement of cortical interhemispheric rsfMRI connectivity, we per-
formed multi-depth LFP recordings covering the supragranular (layer II/
III), granular (layer IV) and infragranular (layer V/VI) layers of bilateral
S1BF (Fig. 3a) pre and post 1 Hz optogenetic stimulation of VPM excit-
atory neurons.

After recordings in the pre-stimulation stage, we confirmed the
recording location and performed layer estimation by analyzing the sink-
source patterns in the CSD maps of evoked LFPs (Fig. 3b). We observed
that in the ipsilateral cortex (S1BFR), the primary sink started at ~13 ms
in layer IV (middle channels) and propagated to layer II/III (upper
channels) and layer V/VI (deeper channels). In the contralateral cortex
(S1BFL), the first sink started at ~19ms in layer V and propagated to
layer IV and layer II/III. These results confirmed the typical CSD patterns
of evoked LFPs within cortical layers and between bilateral cortices
(Boorman et al., 2010; Quairiaux et al., 2011), which corroborated the
documented conduction delays of neural activity through direct
thalamo-cortical connections and interhemispheric corpus callosum
connections (Debanne et al., 2011; Leong et al., 2016; Quairiaux et al.,
2011).

We then examined the effects of 1 Hz optogenetic stimulation on the
interhemispheric connectivity spectrum and intrahemispheric power
spectrum of resting-state LFPs at each cortical layer. Although the deeper
layers showed stronger interhemispheric LFP connectivity than the upper
layers pre-stimulation (Figs. 4a and b), interhemispheric connectivity
strengthened significantly at all cortical layers post stimulation, partic-
ularly the correlation of slow, delta and theta oscillations (Figs. 4a and b;
n=9; Layer II/II: slow, 11.1+2.4%, P<0.01; delta, 8.4+ 2.3%,
P <0.01; theta, 12.7 +5.0%, P <0.05; Layer IV: slow, 6.7 +2.4%,
P <0.05; delta, 10.1 +2.9%, P <0.01; theta, 17.4 +6.6%, P <0.05;
Layer V/VL: ultra-slow, 9.4 + 4.2%, P < 0.05; slow, 5.5 + 1.4%, P < 0.01;
delta, 6.8+1.9%, P <0.01; theta, 13.5+4.9%, P <0.05; alpha,
10.8 +5.3%, P < 0.05; two-tail paired sample t tests). We also observed
an increase in the intrahemispheric LFP power of slow, delta and theta
oscillations at all layers of bilateral S1BF post stimulation. These results
demonstrate that thalamic stimulation increased interhemispheric
cortical low frequency neural oscillations (i.e., mainly slow oscillations at
0.5-1.5Hz, delta oscillations at 1.5-4Hz and theta oscillations at
4-8 Hz), which may underlie the enhancement found in cortical inter-
hemispheric rsfMRI connectivity. Further, they suggest that low fre-
quency neural oscillations in all cortical layers contribute to enhanced
cortical interhemispheric rsfMRI connectivity.

3.3. Pharmacological inhibition of VPM thalamocortical neurons decreases
brain-wide cortical interhemispheric rsfMRI connectivity

To complement the optogenetic rsfMRI experiments, we pharmaco-
logically inhibited VPM thalamocortical neurons with TTX to examine
the effect on interhemispheric rsfMRI. RsfMRI was acquired before (pre)
and after (post) infusion of TTX (Fig. 5a). Pharmacological inhibition
weakened the spatial extent and strength of interhemispheric rsfMRI
connectivity in S1BF, S2, V1, and Al (Figs. 5a and b; n=10; S1BE:
—42.6 £7.5%, P<0.0001; S2: -35.6+6.3%, P<0.01; VI:
—33.6 £ 6.2%, P < 0.01; and A1: —35.4 + 7.9%, P < 0.01; two-tail paired
sample t tests). The interhemispheric rsfMRI connectivity spectra showed
a significant decrease in the infraslow (0.01-0.1 Hz) frequency post TTX
infusion (Fig. 5c¢; n=10; S1BF: -39.8+6.0%, P<0.001; S2:
—-325+6.1%, P<0.01; V1: 26.3+4.7%, P<0.05; and Al:
28.3 +7.3%, P < 0.05; two-tail paired sample t tests). We also observed a
significant decrease in infraslow (0.01-0.1 Hz) intrahemispheric rsfMRI
BOLD activity post TTX infusion (Fig. 5d; n = 10; S1BFR: —30.7 + 5.1%,
P < 0.01; S1IBFL: —29.0 & 7.7%, P < 0.05; S2R: —26.3 £ 5.2%, P < 0.05;
S2L: —25.44+6.6%, P<0.05; VIR: —-19.9+5.6%, P<0.05; VIL:
—20.4 £5.0%, P<0.05; AlR: —23.9+4.9%, P<0.05; and AlL:
—24.2 + 5.5%, P < 0.05; two-tail paired sample t tests). Combined with
the results of optogenetic rsfMRI experiments, these findings demon-
strate that the thalamus is a pivotal subcortical region that directly
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contributes to brain-wide rsfMRI connectivity.
4. Discussion

In summary, we directly reveal the pivotal contribution of the thal-
amus to brain-wide interhemispheric rsfMRI connectivity. Our findings
demonstrated that thalamically-evoked low frequency activity by opto-
genetic stimulation of VPM thalamocortical excitatory neurons increased
interhemispheric rsfMRI connectivity and local cortical intrahemispheric
BOLD activity in all sensory cortices at infraslow frequency 0.01-0.1 Hz.
In parallel, our electrophysiological recordings after low frequency
(1 Hz) optogenetic stimulation of VPM revealed increased cortical
interhemispheric correlation at low frequency neural oscillations
(mainly < 10 Hz) and local cortical oscillations in all cortical layers.
Meanwhile, pharmacological inhibition of VPM thalamocortical neurons
decreased brain-wide cortical interhemispheric rsfMRI connectivity and
local cortical intrahemispheric BOLD activity. Together, these results
demonstrate that low frequency activities in the thalamo-cortical
network modulate brain-wide cortical interhemispheric rsfMRI connec-
tivity. These results highlight the key contributions of thalamus to brain-
wide rsfMRI connectivity.

4.1. Thalamus contributes to brain-wide interhemispheric resting-state
functional MRI connectivity

Although emerging evidence supports that thalamus mediates diverse
functional neural integrations involved in cortical processing (Hwang
et al., 2017; Rikhye et al., 2018; Sherman, 2016), a direct role for thal-
amus in cortical rsfMRI connectivity remains elusive, since few studies if
any directly interrogate thalamic contributions to brain-wide rsfMRI
connectivity. In the present study, low frequency (1 Hz) optogenetic
stimulation of sensory thalamus enhanced brain-wide cortical inter-
hemispheric and intrahemispheric rsfMRI connectivity, whereas TTX
pharmacological inhibition of sensory thalamus induced an opposite ef-
fect. Note that TTX inhibition has larger effects than optogenetic stimu-
lation on the 0.001-0.01 Hz rsfMRI BOLD activity. This likely arises from
the broad effects of TTX non-cell-type-specific sodium channel blocking
in inhibiting thalamic neuronal and astrocytic <0.01 Hz infraslow elec-
trophysiological oscillations (Copeland et al., 2017; S. W. Hughes et al.,
2011; Lorincz et al., 2009; Pappalardo et al., 2016), and cortical <15 Hz
electrophysiological oscillations (David et al., 2013; Liu et al., 2018;
Scholvinck et al., 2010; L. Yan et al., 2009). The observed changes in
cortical rsfMRI connectivity that initiated from VPM do not preclude the
potential contributions from: (1) other thalamic nuclei (e.g., posterior
medial nucleus and non-somatosensory thalamus), which are connected
to VPM through either the cortex or thalamic reticular nucleus (Halassa
et al., 2014; Lam and Sherman, 2007, 2011; Lewis et al., 2015); (2) intact
monosynaptic interhemispheric corpus callosum connections (O’Reilly
et al., 2013; Roland et al., 2017; Zhou et al., 2014) and polysynaptic
connections through anterior or posterior commissure (O’'Reilly et al.,
2013; Roland et al., 2017; Tovar-Moll et al., 2014); and (3) other critical
subcortical regions such as hippocampus (Chan et al., 2017), basal
forebrain (Liu et al., 2018; Turchi et al., 2018), and striatum (Albaugh
et al., 2016). Nevertheless, these findings directly demonstrate that
brain-wide cortical interhemispheric rsfMRI connectivity strongly de-
pends on thalamic inputs, specifically the sensory thalamus. Moreover,
the present results also suggest that the dynamic changes that have been
observed in cortical rsfMRI connectivity when one is subjected to
different cognitive tasks (Park and Friston, 2013) can be supported
and/or influenced by thalamic inputs. Such findings may arise from the
ability of the sensory thalamus to initiate brain-wide polysynaptic in-
teractions with the cortex (Leong et al., 2016; Xiao et al., 2017).

Multiple independent lines of evidence suggest that thalamus in-
fluences brain-wide rsfMRI connectivity through polysynaptic connec-
tions and long-range coupling of low frequency neural oscillations
(mainly < 10 Hz). Thalamic-related ascending subcortical
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neuromodulatory inputs have been proposed to increase long-range
synchrony of spontaneous slow oscillations (Fernandez et al., 2017;
Gent et al., 2018; Olcese et al., 2016). Other studies using multisite
electrophysiology (Sheroziya and Timofeev, 2014),
voltage-dependent-dye (Mohajerani et al., 2013) and calcium imaging
(Xiao et al., 2017) have also demonstrated an essential role for thalamic
activity in shaping and maintaining brain-wide dynamics of cortical slow
activities (<5Hz). By analyzing the correlation between
arousal-dependent fluctuations in neural activity and brain-wide fMRI
BOLD signals, recent studies observed indirect thalamic involvement in
regulating spontaneous brain-wide rsfMRI BOLD activity through
subcortical neuromodulatory pathways (Chang et al., 2016; Liu et al.,
2018; Scholvinck et al., 2010; Turchi et al., 2018). Our recent investi-
gation using fMRI and electrophysiological recordings demonstrated that
low, not high, frequency stimulation of VPM excitatory thalamocortical
neurons initiated robust propagation of slow activity to all sensory
cortices, likely through recruiting reciprocal interactions over
thalamo-cortico-thalamic, cortico-cortical and interhemispheric corpus
callosum connections (Leong et al., 2016). The present results provide
further evidence for engaging polysynaptic inter-layer and cross-modal
cortico-cortical connections. More importantly, our findings provide
direct evidence on the contributions of low frequency neural oscillations
in thalamo-cortical networks to brain-wide rsfMRI connectivity.

4.2. Polysynaptic inter-layer cortical and cross-modal cortical connections
in brain-wide interhemispheric resting-state functional MRI connectivity

The contributions of polysynaptic connections to cortical interhemi-
spheric rsfMRI connectivity have been indicated by studies showing that
cortical interhemispheric rsfMRI connectivity can vary due to subcortical
perturbations (Chan et al., 2017) or largely preserved after corpus cal-
losum lesions (O’Reilly et al., 2013; Roland et al., 2017; Tyszka et al.,
2011; Zhou et al., 2014). However, little evidence exists to confirm and
characterize such contributions. We find that despite the somatosensory
cortical layer V/VI exhibiting the strongest interhemispheric LFP con-
nectivity at baseline, the interhemispheric correlations of low frequency
neural oscillations at all layers were enhanced after thalamic stimulation.
The initial modulatory effects from VPM on low frequency cortical neural
oscillations likely occur at the deeper layers of S1BF, which are consid-
ered as the site of initiation for slow oscillations (S. Hughes and Crunelli,
2013; Lorincz et al., 2015; Sakata and Harris, 2009), and at layers II/1II
and V/VI, which are the dominant sites for interhemispheric corpus
callosum connections (Baek et al., 2016; Honey et al., 2009). Impor-
tantly, our rsfMRI and electrophysiology results indicate that these initial
thalamic effects subsequently spread across other cortical layers through
their polysynaptic inter-layer connections. Recruiting multiple cortical
layers polysynaptically could be a common feature underlying all cortical
rsfMRI connectivity, including non-interhemispheric rsfMRI connectivity
like inter-regional rsfMRI connectivity between sensory cortices that
relies less on corpus callosum connections.

Since cross-modal interactions are essential for sensory processing,
they have been studied extensively under task conditions using fMRI and
other neuroimaging methods (Ibrahim et al., 2016; Kok et al., 2012; F.
Liang et al., 2015; M. Liang et al., 2013). However, less is known about
cross-modal interactions of spontaneous activity during rest. These in-
teractions may be important to prepare long-range brain-wide networks
to process multisensory information. Using low frequency optogenetic
stimulation or pharmacological inhibition, the present results demon-
strate that cortical interhemispheric rsfMRI connectivity beyond the so-
matosensory modality could be modulated by somatosensory thalamus.
Based on our fMRI and electrophysiology findings, we suggest that
thalamically-evoked low frequency activity recruits cross-modal con-
nections polysynaptically, which subsequently elevates the interhemi-
spheric synchrony of low frequency oscillations in other sensory cortices.
Indeed, our previous study showed that low frequency stimulation of
VPM evoked BOLD activations in bilateral V1, Al and S2 (Leong et al.,

10
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2016). The evoked LFPs in bilateral S1 and V1 showed persistent neural
activity lasting for 200-300 ms, which draws similarities to spontaneous
cortical slow oscillations (Sheroziya and Timofeev, 2014; Stroh et al.,
2013). The most probable pathways for these cross-modal interactions
are the cortico-cortical connections between somatosensory cortices and
visual/auditory cortices (Sieben et al., 2013; Zingg et al., 2014). This is
supported by our previous study showing that the latency of the opto-
genetically evoked LFPs between S1 and V1 is in line with the typical
axonal conduction time for the corresponding cortico-cortical connec-
tions (Leong et al., 2016). Sparse direct thalamo-cortical connections
between VPM and V1/Al and cortico-thalamo-cortical connections
through other thalamic nuclei can also be possible pathways underlying
such cross-modal interactions (Budinger and Scheich, 2009; Cappe et al.,
2012; Henschke et al., 2015). Taken together, somatosensory thalamic
low frequency activity likely modulates low frequency cortical
cross-modal interactions and neural oscillations, from which changes in
the interhemispheric rsfMRI connectivity in other sensory cortices
emerge.

Based on the above discussions and the cortical interhemispheric LFP
connectivity changes observed across multiple cortical layers, we suggest
that the cortico-cortical pathway is likely the predominant pathway
recruited by VPM to mediate brain-wide rsfMRI connectivity. Other
thalamic nuclei are also connected to VPM via reticular thalamic nucleus
(Halassa et al., 2014; Lam and Sherman, 2007, 2011; Lewis et al., 2015).
Although the density and properties of such thalamo-thalamic connec-
tions remain to be further studied, they may support VPM to drive other
thalamic nuclei and subsequently recruit cortico-cortical pathway to
mediate cortical interhemispheric rsfMRI connectivity. Therefore, our
current study cannot preclude the potential contributions from the
thalamo-thalamic pathway.

4.3. Low frequency neural oscillations in the thalamo-cortical network
underlying resting-state functional MRI connectivity

Our results here indicate that slow (0.5-1.5 Hz) and delta (1.5-4 Hz)
oscillations could be the neural correlates of rstMRI BOLD signals and
that thalamic inputs could shape their interhemispheric correlation. A
recent study (Ma et al., 2016) using calcium imaging showed that the
infraslow resting-state hemodynamic activity in the anesthetized and
awake brain was coupled to slow and delta oscillations-associated
neuronal calcium activities. Moreover, a rsfMRI study (Schwalm et al.,
2017) also showed that such slow and delta oscillations-associated cal-
cium activities correlated to brain-wide infraslow BOLD activity during
rest. Although it is unclear how the infraslow BOLD activity is coupled to
the slow and delta oscillations, our results demonstrate a close relation-
ship. Both oscillations were directly influenced by the thalamus and
paralleled the changes observed in cortical interhemispheric rsfMRI
connectivity.

The present study also showed an increase in theta (4-8 Hz) and alpha
(8-12 Hz) oscillations, which could implicate spindle oscillations that
originate from the thalamus (Astori et al., 2013; McCormick et al., 2015).
Given the tight interactions between spindle, and slow and/or delta os-
cillations (Mak-McCully et al., 2017), changes in slow oscillations could
accompany corresponding changes in spindle oscillations. Our electro-
physiology results corroborated the findings from two studies, which
showed that slow and spindle oscillations in the thalamic-cortical
network were both modulated after pharmacologically inhibiting VPM
thalamocortical neurons (David et al., 2013) or during the transition
between sleep-wake cycles (Fernandez et al., 2017). Taken together, our
findings suggest that cross-frequency coupling between slow and spindle
oscillations may support rsfMRI connectivity.

4.4. Conclusion

In summary, our results demonstrate that low frequency somatosen-
sory thalamic activity contributes to cortical interhemispheric rsfMRI
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connectivity within and across the sensory modality. We propose this
occurs through recruiting interhemispheric low frequency neural oscil-
lations in all cortical layers and engaging polysynaptic connections in the
thalamo-cortical network. Our findings indicate that the thalamus plays a
more significant role beyond its traditional view as a relay station,
especially given its contribution to brain-wide rsfMRI functional
connectivity.
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