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Abstract

Despite the immense ongoing efforts to map brain functional connections and
organizations with resting-state functional MRI (rsfMRI), the mechanisms governing the
temporally coherent rsfMRI signals remain unclear. In particular, there is a lack of direct
evidence regarding the morphological foundation and plasticity of these rsfMRI derived
connections. In this study, we investigated the role of axonal projections in rsfMRI connectivity
and its plasticity. Well-controlled rodent models of complete and posterior corpus callosotomy
were longitudinally examined with rsfMRI at 7 Tesla in conjunction with intracortical EEG
recording and functional MRI tracing of interhemispheric neuronal pathways by manganese
(Mn?"). At post-callosotomy day 7, significantly decreased interhemispheric rsfMRI connectivity
was observed in both groups in the specific cortical areas whose callosal connections were
severed. At day 28, the disrupted connectivity was restored in the partial callosotomy group but
not in the complete callosotomy group, likely due to the compensation that occurred through
the remaining interhemispheric axonal pathways. This restoration — along with the increased
intrahemispheric functional connectivity observed in both groups at day 28 — highlight the
remarkable adaptation and plasticity in brain rsfMRI connections. These rsfMRI findings were
paralleled by the intracortical EEG recording and Mn?* tracing results. Taken together, our
experimental results directly demonstrate that axonal connections are the indispensable
foundation for rsfMRI connectivity and that such functional connectivity can be plastic and

dynamically reorganized atop the morphological connections.
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Introduction

Since the introduction of blood oxygenation level-dependent (BOLD) contrast (Ogawa et
al., 1990), functional MRI (fMRI) has offered a powerful approach for studying brain functions
due to its noninvasiveness, large field-of-view and 3D imaging capabilities. Most fMRI studies
have focused on examining changes in neuronal activity associated with stimuli or tasks. It is not
until recently that there has been immense interest in studying the brain resting-state networks
(RSNs) with fMRI. The motivations for such connectivity studies arise mainly from two
considerations. First, most of the brain’s energy is consumed at rest during spontaneous
neuronal activity (20% of body’s energy), while task-related increases in energy metabolism are
usually small (<5%) (Raichle and Mintun, 2006). Second, spontaneous fluctuations in
resting-state fMRI (rsfMRI) signals were found to be temporally coherent among brain areas
that are structurally connected and functionally related (Biswal et al., 1995; Fox and Raichle,
2007). This coherence in rsfMRI signals, or so-called functional connectivity, has been widely
observed in humans, primates and rodents (Greicius et al., 2003; Lu et al., 2012; Pawela et al.,
2008; Vincent et al.,, 2007). Such phenomena are present in awake brains and persist under
anesthesia (Smith et al., 2009; Vincent et al., 2007; Zhang et al., 2010). Functional connectivity,
as assessed with rsfMRI, is believed to reflect a rudimentary and intrinsic organization of the
resting brain (Fox and Raichle, 2007), and it has been increasingly applied to the study of the
complex brain functional networks and their alterations during diseases, aging and learning
(Damoiseaux et al., 2008; Jafri et al., 2008; Taubert et al., 2011). Despite rapidly expanding

literature in mapping functional connectivity with rsfMRI, the exact biophysical mechanisms
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governing the temporally coherent rsfMRI signals remain unclear in the rsfMRI community. In
particular, there is a lack of direct evidence regarding the morphological foundation and
plasticity of resting-state connectivity. Therefore, the precise interpretation of rsfMRI data in

both normal and pathological states is hindered.

Considering the similarity between the spatial organization of RSNs and underlying
anatomical structures, one view is that functional connectivity is supported by anatomical
substrates and that structural connectivity places constraints on the functional interactions
occurring at network level. Anatomically, the hemispheres are interconnected by axonal
projections through midline commissural structures, such as the corpus callosum (CC), the
anterior commissure and the posterior commissure. The largest among these is the CC, which
connects most areas of the cerebral cortex to contralateral homologous areas that share similar
functions (Kaas, 1995). Considering the primary role of the CC in interhemispheric
communication, the role of callosal connections in functional connectivity observed by rsfMRI is
naturally an issue of great interest. Two previous human rsfMRI studies on callosal agenesis
(Quigley et al., 2003) and complete corpus callosotomy (in a single patient) (Johnston et al.,
2008) reported significantly diminished and complete loss of interhemispheric functional
connectivity, respectively. These results support structural connections as key constraints on
functional connectivity. However, predominately bilateral RSNs have been reported in a patient
after complete transection of forebrain commissures (Uddin et al., 2008) and in patients with
congenital callosal agenesis (Tyszka et al.,, 2011). These findings favor another possibility:
namely, that functional connectivity can emerge flexibly and exceed the anatomically defined

networks. The interpretations of the above studies varied, primarily owing to the lack of
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adequate normal controls and complications from pathological conditions. Therefore, the role
of the CC in functional connectivity is still open to debate, and the study of well-controlled

animal models is valuable in this regard.

Given the primary role of the CC in interconnecting the two hemispheres, the
interhemispheric functional connectivity as assessed with rsfMRI may likely originate from
intrinsic neural communication mediated by axonal projections through the CC. Furthermore,
the RSNs could be innately plastic. Spontaneous fluctuations in rsfMRI signals show strong
correlation with intrinsic neuronal activity as measured by electrophysiological recording (Choi
et al., 2007). Manganese ion (Mn?*) as a calcium analog has been widely used to visualize
functionally specific neuronal pathways in vivo due to activity-dependent and axonal
tract-tracing Mn?* transport (Chan et al., 2011; Pautler et al., 1998; Silva, 2012; Tucciarone et al.,
2009). In this study, we investigated the role of axonal projections in functional connectivity and
the plasticity of RSNs. Well-controlled models of complete and partial corpus callosotomy were
examined longitudinally with rsfMRI in conjunction with intracortical electroencephalography
(EEG) recording and manganese-enhanced MRI (MEMRI) tracing of neuronal connections. Our
experimental findings directly demonstrate that axonal connections are the indispensable
foundation for resting-state functional connectivity and that resting-state networks can be

highly plastic atop the morphological connections.

Materials and Methods

Animal Procedures
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All experiments were approved by the local institutional animal care and use committee.
Adult male Sprague-Dawley rats weighing 220~250 g were divided into three groups and
subjected to complete callosotomy (N = 25), posterior partial callosotomy (N = 22) or sham
surgery (N = 21). For the surgery, animals were first anesthetized with an intramuscular
injection of a mixture of ketamine (80 mg/kg) and xylazine (8 mg/kg). A transection of the entire
CC, from bregma +2 mm to -6 mm, was performed on animals in the first group (Ellis-Behnke et
al., 2006). Animals in the second group received a transection of the posterior one-third CC,
from bregma -3.5 mm to -6 mm. Animals in the sham group had their skulls opened but
received no further surgery. Bleeding from the cerebral veins was stopped immediately with
cold gel foam, which was removed when homeostasis was satisfactory. After surgery, the
animals were returned to their home cages under warm conditions for recovery, and they were
housed under a 12:12-hour light/dark cycle in a temperature-controlled room with ad libitum
access to food and water. Anti-inflammatory drugs were supplied in the water for one week.
Resting-state fMRI was performed on all animals at days 7 and 28 after surgery. At day 30 after
surgery, intracortical EEG recordings were performed on 10, 9 and 10 animals from the three
groups, respectively. After EEG recording, MnCl, (100 nl, 500 mM, pH = 7.4) (Sigma-Aldrich,
USA), which was dissolved in distilled water, was stereotaxically injected in the locations where
EEG recordings were performed, i.e. the right primary somatosensory cortex (S1, bregma +0.2
mm and lateral 3-3.5 mm) and right visual cortex (VC, bregma -7.5 mm and lateral 4 mm), at a
rate of 0.01 pl/min with a 1.0 pl Hamilton syringe. The syringe was kept in place for 5 min after
injection and then gently removed. The Mn?* concentration was optimized to provide sufficient

contrasts for the enhancement of the interhemispheric axonal pathway with minimal injection
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volume and neurotoxic effects (Nairismagi et al., 2006; van der Zijden et al., 2007).
Manganese-enhanced MRI (MEMRI) was performed 1 day after administration of Mn?*. After all
MRI acquisitions, four animals from each group were sacrificed for Luxol fast blue (LFB) staining

to examine CC.
MRI Protocols

All MRI measurements were performed utilizing a 7 T Bruker scanner (70/16 PharmaScan,
Bruker Biospin GmbH, Germany). The animals were initially anesthetized with 3% isoflurane.
When sufficiently anesthetized, 1-2 drops of 2% lidocaine were applied to the chords to provide
local anesthesia before the endotracheal intubation. The animals were mechanically ventilated
at a rate of 54-56 min™ with 1-1.5% isoflurane in room-temperature air using a ventilator
(TOPO, Kent Scientific Corp., Torrington, CT). During MRI, the animals were placed on a plastic
cradle with the head fixed with a tooth bar and plastic screws in the ear canals. Rectal
temperature was maintained at ~37.0 °C using a water circulation system. Continuous
physiological monitoring was performed using an MRI-compatible system (SA Instruments,
Stony Brook, NY). Vital signs were within normal physiological ranges (rectal temperature:
36.5-37.5°C, heart rate: 350-420 beat/min, breathing: 54-56 breath/min, oxygen saturation:
>95%) throughout the duration of the experiment (Chan et al., 2010; Cheung et al., 2012; Lau et
al., 2011; Zhou et al., 2012). Scout T,-weighted (T2W) images were first acquired to position the
subsequent images in a reproducible manner. For rsfMRI, a single-shot gradient-echo
echo-planar-imaging (EPI) sequence was used with TR/TE = 1000/18 ms, FOV = 32x32 mm?,
64x64 matrix, nine 1 mm thick contiguous slices. A total of 420 volumes were collected during

each session, and 4-6 sessions were acquired from each animal. RARE T2W images as
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anatomical reference for rsfMRI data were acquired at the same locations with TR/TE = 4200/36
ms, 256x256 matrix. To assess and depict CC integrity, diffusion tensor imaging (DTI) was
performed in all animals at both post-callosotomy day 7 and 28 using a 4-shot spin-echo EPI
sequence with TR/TE = 3000/28.8 ms, §/A = 5/17 ms, 96x96 matrix (zero-filled to 128 x 128) and
an encoding scheme of 15 gradient directions at b-value = 1000 s/mm?” (Hui et al., 2010). For
MEMRI, a 3D MP-RAGE sequence was employed to acquire high-resolution volumetric
T1l-weighted images with TI/TR/TE = 1100/12/4 ms, FOV = 32x32x14 mm? and 256x256x28

matrix.
MRI Data Analyses
rsfMRI Analyses

For each rsfMRI session, all images were first corrected for slice timing differences using
SPM5 and then realigned to the mean image of the series using 2D rigid-body transformation.
The first 20 image volumes of each session were discarded to eliminate possible
non-equilibrium effects. A voxel-wise linear detrending with least-squares estimation was
performed temporally to eliminate the baseline drift caused by physiological noises and system
instability. No spatial smoothing was performed while a temporal band-pass filtering (0.005-0.1
Hz) was applied. Finally, high-resolution T2W images from individual animals were coregistered
to T2W images of a reference brain from a normal animal with a 3D rigid-body transformation
and the transforming matrix was then applied to the respective rsfMRI data. For independent
component analysis (ICA), coregistered rsfMRI data was analyzed with the GIFT v2.0d Toolbox
(Hutchison et al., 2010; Jonckers et al., 2011). In brief, the estimated number of components for

all rsfMRI data was found to be 37 by the minimum description length (MDL) criterion. The
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Infomax algorithm was used and group-level ICA was performed on all rsfMRI data from the
same group and at the same time point. The group-level spatial ICA maps of independent
resting-state networks (RSNs) were scaled to z-scores with a threshold of z>2 (corresponding to
a significance level of p<0.05). The ICA maps were then visually inspected and labeled based on
the spatial patterns in reference to known anatomical and functional locations (Paxinos and
Watson, 2005). For seed-based analysis (SBA), functional connectivity was evaluated on a
voxel-by-voxel basis (Choi et al., 2007; Pawela et al., 2008). Four cortical areas where bilateral
RSNs were commonly observed in the ICA maps of sham animals were examined with SBA. They
were secondary somatosensory cortex (S2), primary somatosensory cortex (S1), auditory cortex
(AC) and visual cortex (VC). For each brain area, a 2x2-voxel region was chosen as the seed
where a high z-score was generally seen in the corresponding ICA maps. Regionally averaged
time courses from the voxels within the seed were used as the reference time courses.
Pearson’s correlation coefficients were calculated between the reference time courses and the
time courses of each individual voxel. Correlation coefficients were transformed using Fisher's z
transformation and then averaged across runs. The averaged z values were transformed back to
correlation coefficients. Subsequently, regions of interest (ROIs) covering the entire left or right
parts of the functional areas were defined according to atlas. Mean corrected correlation

coefficients (ccc) were obtained by averaging the ccc values within the ROls.

DTI Analysis

Fractional anisotropy (FA) and color-coded FA maps were calculated by fitting the
diffusion tensor model to the diffusion data at each voxel using DTIStudio v3.02 (Chan et al.,

2009; Hui et al., 2010).

39



MEMRI Analysis

MP-RAGE images from each animal were reconstructed three-dimensionally to achieve
isotropic voxel size facilitating the identification and visualization of Mn?* transportation. ROIs
of VC and S1 were manually defined with reference to the rat brain atlas (Paxinos and Watson,
2005). Signal intensities (SIs) of these ROIs were measured in Imagel. Sls of the left VC and S1
were normalized to the Sls of the injection sites in the right hemisphere for statistical

comparisons between the different groups.
Multi-site EEG Recording and Analysis

At day 30 after surgery, intracortical EEG recording was conducted in animals under
1-1.2% isoflurane anesthesia. Four EEG electrodes (720416 Stainless Steel Metal Macro
Electrodes, Harvard Apparatus) were stereotaxically inserted into the cortical regions through
four small holes in the skull, located bilaterally at S1 (bregma +0.2 mm and lateral 3-3.5 mm)
and VC (bregma -7.5 mm and lateral 4 mm). One electrode was grounded on the animal nose.
EEG signals were amplified at a gain of 2,000 and sampled at 10 kHz using National Instruments
(Austin, TX) analog/digital card. EEG signals were then band-pass filtered at 0.1-100 Hz and
notch-filtered at 50 Hz. Subsequently, the signals were down-sampled to 200 Hz, and a Hilbert
transform was applied to quantify the power of the EEG signals. The time courses of EEG power
were then truncated into 400-second segments to match the resting-state fMRI data. Pearson’s
correlation coefficients were calculated to evaluate the EEG power correlation between

different electrodes.

Statistical Analysis
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For all three types of measurements (ccc values measured by SBA, power correlations of EEG
signals and contralateral SI enhancement in MEMRI), statistical comparisons of different groups
at the same time point were performed using one-way ANOVA followed by post-hoc testing
with Bonferroni correction with p<0.05 considered as significant. All P values are reported

two-tailed. All the results are presented as means + standard deviations.

Results

Fig. 1 shows the T,-weighted (T2W) brain images and diffusion fractional anisotropy (FA)
maps from the representative Sprague-Dawley rats that had complete callosotomy, posterior
partial corpus callosotomy or sham surgery as clearly delineated and confirmed in FA maps. All
animals survived after the surgery and animals within each group had similar surgical outcomes.
Histological examinations of the animals at post-callosotomy day 31 further confirmed the
disruption of callosal connections at the locations of transection (Fig. 2). The rsfMRI data were
analyzed using two related but complementary approaches. First, group-level independent
component analysis (ICA) was performed for each group, and the resulting spatial maps were
matched and compared across groups. Second, seed-based functional connectivity analysis

(SBA) was performed, and the regional temporal correlations were compared across groups.

Independent Component Analysis of Functional Connectivity after Corpus Callosotomy

The CC is organized in a rostrocaudal topographical manner, with anterior fibers
connecting frontal areas of the two hemispheres and posterior fibers connecting caudal cortical

structures. Therefore, to compare the effects of transecting location on different RSNs, four
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cortical areas ranging from the anterior to the posterior part of the brain, which correspond to
secondary somatosensory cortex (S2), primary somatosensory cortex (S1), auditory cortex (AC)
and visual cortex (VC), respectively, were examined. Fig. 3a shows the group-level ICA maps of
RSNs corresponding to these areas at post-callosotomy day 7. These components, which cover
bilaterally homologous regions in all cortical areas, namely, S2, S1, AC and VC in the sham
control animals, were prominently absent in the complete callosotomy group. Instead, two
unilateral RSNs were observed for each cortical area. In the partial callosotomy group, where
the callosal connections for AC and VC were severed while those for S1 and S2 were largely
spared, AC and VC exhibited losses of interhemispheric connectivity while S1 and S2 showed
largely preserved connectivity. These ICA findings indicated that callosotomy disrupted
interhemispheric functional connectivity in those cortical areas whose primary interhemispheric

axonal connections via the CC were severed.

Fig. 3b illustrates the group-level ICA maps of each group at post-callosotomy day 28.
Similar to the results observed at post-callosotomy day 7, the complete callosotomy group
showed two unilateral RSNs in cortical areas, whereas the sham control group exhibited
bilateral components. In contrast, the two unilateral RSNs in AC and VC of the partial
callosotomy group observed at post-callosotomy day 7 were no longer seen at post-callosotomy
day 28. Instead, AC and VC showed respective RSNs covering bilateral functional homologues
that were similar to those of sham controls. These findings indicated that disrupted functional
connectivity persisted in the complete callosotomy group but that it was restored in the partial

callosotomy group at post-callosotomy day 28.

At post-callosotomy day 28, for animals that underwent complete or partial callosotomy,
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the ICA maps exhibited certain spatial expansions of intrahemispheric connectivity in S2 and AC
according to visual inspection. Such increased intrahemispheric functional connectivity
indicated that the reorganization of RSNs that occurred long after callosotomy might arise from

the plasticity of functional brain.

Quantitative Seed-Based Analysis of Functional Connectivity after Corpus Callosotomy

Fig. 4a shows the definitions of seeds and ROIs in S2, S1, AC and VC that were used for
SBA. The corrected correlation coefficients (ccc) describing the interhemispheric functional
connectivity in different cortical regions of each group at post-callosotomy day 7 and day 28,
respectively, are summarized in Fig. 4b. At post-callosotomy day 7, smaller ccc values were
generally found in S2, S1, AC and VC in the complete callosotomy group compared to those of
sham controls, indicating drastically reduced interhemispheric functional connectivity.
Significantly lower ccc values were observed in AC and VC in the posterior partial callosotomy
group with respect to sham controls. These quantitative results were in agreement with the ICA
results shown in Fig. 3, indicating that interhemispheric functional connectivity was affected in
those cortical areas whose callosal connections were severed. At post-callosotomy day 28,
significantly lower ccc values were found in all cortical areas in the complete callosotomy group
compared to those in sham controls, indicating that the loss of interhemispheric functional
connectivity was persistent. However, these significantly smaller ccc values observed in VC and
AC in the posterior partial callosotomy group at post-callosotomy day 7 were no longer seen at
post-callosotomy day 28. This was consistent with the ICA results, which indicate that

restoration of bilateral RSNs in these areas occurred long after partial callosotomy.

EEG Recordings of Inter- and Intrahemispheric Functional Correlations

43



Resting-state intracortical multi-site EEG recording was performed at post-callosotomy
day 30. Power correlation analyses of EEG data within predefined frequency bands were
conducted. Fig. 5 summarizes the correlation results from all rats with EEG recordings. In the
complete callosotomy group, power correlations between left and right S1 electrode pairs
(S1L-S1R) and between left and right VC electrode pairs (VCL-VCR) were significantly lower than
those of sham controls in a wide band and were predominantly in low-frequency bands of the
delta and theta rhythms. Posterior partial callosotomy severed the callosal connections for VC
while sparing those for S1. In parallel, the power correlations of S1L-S1R in the partial
callosotomy group were similar to those of the sham controls in all EEG bands examined.
Meanwhile, the wide band correlation in VCL-VCR was significantly higher than those in the
complete callosotomy group, which was consistent with the rsfMRI findings at day 28,
confirming the restoration of interhemispheric functional connectivity in the VC region.
Interestingly, VCL-VCR correlations in the partial callosotomy group in the delta band were
significantly lower than in the sham controls, and this difference became insignificant in
higher-frequency bands (theta, alpha, beta and gamma). This observation suggests that the
restoration of interhemispheric connectivity after partial callosotomy might occur in the
high-frequency bands, providing insights into the potential mechanisms of the restoration or

plasticity from a neural activity perspective.

The power correlation between the right S1 and right VC electrode pairs (S1R-VCR) was
generally higher in both callosotomy groups for all EEG bands examined (Fig. 5b). A significant
increase in intrahemispheric EEG temporal correlation was observed predominantly — but not

exclusively — at lower-frequency bands. Considering that rsfMRI signal correlates with the power
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coherence in EEG in the low-frequency bands (Choi et al., 2007), this trend of increased
intrahemispheric correlation partly parallel the rsfMRI observation, which likely stemmed from

intrahemispheric reorganization after disruption of interhemispheric connectivity.
Functional Mn?* Tracing of Interhemispheric Neuronal Pathways by MEMRI

Mn?*" tracing was performed at post-callosotomy day 30 on eight animals from each
group after EEG recording to visualize functionally specific neuronal pathways in vivo due to the
activity-dependent and axonal tract-tracing Mn?* transport. Fig. 6a shows the interhemispheric
S1 and VC connections revealed by Mn?* tracing at post-callosotomy day 30. In the complete
callosotomy group, no significant contralateral enhancement was observed for S1 or VC.
Meanwhile, robust contralateral Mn?* enhancement in S1 in the partial callosotomy group and
in S1 and VC in the sham controls (arrowheads) indicated their normal interhemispheric
neuronal connections. More importantly, a moderate contralateral enhancement in VC in the
partial callosotomy group revealed the availability or presence of interhemispheric neuronal
pathway for VC long after the corresponding callosal connections were severed. The restoration
of such neuronal pathway most likely occurred at the axonal level because the long-range Mn?*
transport to the contralateral homologues was predominantly via the interhemispheric callosal
route. Normalized contralateral Mn** enhancement in terms of signal intensity (SI) was

compared in different groups and is shown in Fig. 6b.
Interhemispheric Connectivity after Corpus Callosotomy: rsfMRI vs. EEG vs. MEMRI

Fig. 7 compares interhemispheric connectivity in S1 and VC as measured by SBA of rsfMRI,

power correlations of EEG and contralateral enhancement in MEMRI for animals examined by
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the three methods, at the chronic stage of callosotomy. Similar trends in group differences were
revealed by all three methods (Fig. 7a). In addition, rsfMRI, EEG and MEMRI measurements in S1
and VC in those individual animals that underwent all three examinations are also depicted in
three-dimensional scatter plots (Fig. 7b). As clearly seen from the scatter plots, for S1, the
complete callosotomy group forms a cluster closer to the origin and separates from the
overlapping plots of the other two groups. For VC, clusters of different groups are well
separated. Pearson’s correlation coefficients (r) were calculated using the results from all the
individual animals from the three groups (N=24) to quantify the correlation between any two
measurements. In S1, the r values were 0.41 (p=0.047, rsfMRI vs. EEG), 0.50 (p=0.013, rsfMRI vs.
MEMRI) and 0.59 (p=0.002, EEG vs. MEMRI), respectively. In VC, the r values were 0.63
(p=0.001, rsfMRI vs. EEG), 0.50 (p=0.013, rsfMRI vs. MEMRI) and 0.64 (p=0.001, EEG vs. MEMRI),
respectively. Therefore, all three independent measurements from individual animals exhibit
positive correlations. In other words, the rsfMRI findings of the persistent loss of
interhemispheric functional connectivity in S1 and VC of complete callosotomy group and the
restoration of bilateral RSNs in VC of partial callosotomy group long after callosotomy surgery

were paralleled by the intracortical EEG recording and Mn** tracing results.

Discussion

In this study, well-controlled experimental models of corpus callosotomy were employed
to investigate the role of axonal or structural connections in functional connectivity measured

by rsfMRI and the plasticity of RSNs. Complete callosotomy resulted in a loss of
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interhemispheric functional connectivity in all cortical areas examined at both day 7 and day 28.
For partial callosotomy, significantly decreased interhemispheric functional connectivity was
noted at day 7 in those cortical areas whose primary interhemispheric connections via the CC
were severed. However, this disrupted connectivity was restored at day 28. Furthermore,
intrahemispheric functional connectivity was generally found to increase at day 28. Using in vivo
multi-site EEG recording at day 30, similar findings to rsfMRI results of day 28 were observed.
Functional neuronal tracing by local Mn?* injection at day 30 also showed that interhemispheric
Mn?* transport was absent in areas exhibiting functional connectivity loss but was present in
areas exhibiting normal or restored functional connectivity in rsfMRI and EEG. Moreover, strong
positive correlations were found between the independent rsfMRI, EEG and MEMRI
measurements long after callosotomy surgery in those individual animals that underwent all

three examinations.
The Role of Callosal Connections in Interhemispheric Functional Connectivity

Though our understanding of the brain intrinsic activity is expanding rapidly, the
neurophysiological mechanisms underlying functional networks measured by rsfMRI and their
relationship to morphological or structural networks are not fully understood. Given the
similarity between the spatial patterns of coherence in rsfMRI signals and anatomically defined
networks, one view is that functional connectivity is organized on the basis of structural
connections. Early EEG studies showed decreased interhemispheric coherence in patients after
corpus callosotomy or with callosal agenesis (Matsuzaka et al., 1993; Montplaisir et al., 1990;
Nielsen et al., 1993). Recently, a case study in a 6-year-old child before and after complete

corpus callosotomy for the treatment of intractable epilepsy showed a loss of interhemispheric
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functional connectivity in rsfMRI with preserved intrahemispheric functional connectivity
(Johnston et al., 2008). Another study reported significantly reduced interhemispheric
functional connectivity in motor and auditory cortices in three patients with callosal agenesis
(Quigley et al., 2003). These findings suggest that the absence of callosal connections could lead
to diminished interhemispheric functional connectivity, indicating the essential role of the CC in
functional connectivity. In addition, studies using rsfMRI in combination with diffusion MRI have
demonstrated that functional connectivity and structural connectivity are strongly correlated
(Bullmore and Sporns, 2009; Greicius et al., 2009; Honey et al., 2009). More recently, a
simulation study revealed that structural disconnection would induce the same qualitative
changes in resting-state brain activity (Cabral et al., 2012). All of these findings support the
fundamental role of structural connections in functional connectivity (Cabral et al., 2012).
However, one early EEG study showed no substantial difference in the interhemispheric
correlation between an epileptic patient with partial callosotomy and matched controls
(Corsi-Cabrera et al., 1995). A recent rsfMRI report noted the presence of bilateral networks in
an epileptic patient 45 years after complete transection of the forebrain commissures (Uddin et
al., 2008). Moreover, predominately bilateral symmetric resting-state networks were observed
in a group of people with congenital callosal agenesis (Tyszka et al., 2011). All of these results
indicate that the absence of major axonal or structural connections does not preclude
resting-state connectivity. However, the possibility that resting-state networks may be restored
or compensated through other structural connections could not be excluded from these

interpretations.

In this study, we examined the functional connectivity changes in normal adult brains after
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complete and partial corpus callosotomy. This approach enabled us to access direct evidence for
the role of callosal/axonal connection in the genesis of functional connectivity without
interference from development, epilepsy or medication conditions. ICA was employed to
determine the spatial distribution of resting-state networks, while seed-based analysis (SBA)
was used to determine the functional connectivity quantitatively. As shown in Figs. 3 and 4,
both ICA and SBA results demonstrated a striking loss of interhemispheric correlations in the
cortical areas after complete corpus callosotomy at post-callosotomy day 7, indicating the
essential role of callosal connections in functional connectivity. All of the cortical areas
examined in this study, namely, S2, S1, AC and VC, send axonal projections to their contralateral
homologues via different sections of the CC (Jouandet et al., 1986; Lomber et al., 1994;
Nakamura and Kanaseki, 1989; Olavarria and van Sluyters, 1986). For example, S1 sends callosal
projections to the contralateral cortex via the midbody of the CC, while axonal fibers from the
VC are confined to the posterior section of the CC and the splenium. In this study, animals with
posterior partial callosotomy exhibited losses of functional connectivity at post-callosotomy day
7 in AC and VC whose corresponding callosal fibers were transected. Our findings revealed the
strong dependence of resting-state networks on their callosal connections, directly validating

the crucial role of structural connections.

Plasticity in Inter- and Intrahemispheric Functional Connectivity after Callosotomy

At 28 days after the partial callosotomy, the bilateral ICA components were restored in AC
and VC in the posterior partial callosotomy group (Fig. 3). The corresponding ccc value was
comparable to that of the sham control (Fig. 4). These results indicated that the disrupted

interhemispheric functional connectivity in the partial callosotomy groups had recovered, at
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least partially, at the chronic stage of callosotomy. Recently, a pediatric case study also reported
the restoration of bilateral resting-state networks after partial corpus callosotomy (Pizoli et al.,
2011). The recovery of resting-state networks has also been reported after stroke (van Meer et
al., 2012). One explanation was that the compensation could occur through the
interhemispheric axonal pathways crossing the remaining CC, as the restoration was observed
only in the partial corpus callosotomy group where the activity-driven Mn?* transport via
interhemispheric axonal route was also detected. Our findings here indicate that, while
structural connections are the indispensable framework for functional connectivity, the latter

could be mediated or modified by activities over the former.

Increased intrahemispheric functional connectivity was generally found in all the observed
cortical areas in the animals with partial or complete callosotomy. In this study of callosotomy in
adult rat brains, extensive structural reorganization may not take place as has been observed in
the developing brain (Moumdjian et al., 1991). An early study using a horseradish peroxidase
technique reported that the overall pattern of intrahemispheric anatomical connections in the
brains of mice with congenital callosal agenesis was not different from that of normal mice
(Ozaki et al., 1989). Therefore, the increased intrahemispheric functional connectivity observed

in this study likely arose from the activity-induced functional alterations or reorganization.
Future Work

The neurophysiological mechanisms of resting-state neuronal activities, their
spatiotemporal organization and plasticity are undoubtedly complex. The compensatory
activities occurring at functional network level, as observed in this study, remain to be

elucidated in the future. In addition, animal models of corpus callosotomy could be further
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pursued in the following directions. First, detailed assessment of the behavioral changes
following various extents of corpus callosotomy is desired though, in this study, no apparent
behavioral differences among the complete, partial and sham callosotomy groups were
observed at day 7 and day 28 after surgery. Recent studies suggest the crucial role of
spontaneous activity in mediating behavioral responses by providing top-down modulation of
sensory processing (Boly et al., 2007; Dubovik et al., 2012). Therefore, future study of the
relationship between behavior changes and connectivity alterations after callosotomy may
provide new insights into the causal relationship between brain connectivity and functions.
Second, the interhemispheric vasculature network around the CC could have been unavoidably
damaged during the callosotomy in this study. Such vascular change might affect the local and
global BOLD signals, thus could potentially influence the functional connectivity measured by
rsfMRI. Nevertheless, EEG recording is considered as a pure measurement of neuronal activity
without confounding factors from the hemodynamic response that is associated with BOLD
signals. Our EEG experiments returned similar results as those observed from rsfMRI.
Considering the strong correlation between spontaneous fluctuations in rsfMRI and EEG
oscillations (Wang et al.,, 2012), the effects of vascular damage likely would not affect or
dominate the interhemispheric rsfMRI connectivity loss or the RSN plasticity observed in this
study. Lastly, recent studies suggests that the thalamus, as the sensory switchboard, may also
mediate bilateral synchronization of cortical activities (Sherman, 2007). Subcortical regions,
which are not predominately interconnected by callosal connections, were not expected to be
significantly affected by the callosotomy. In this study, bilateral RSNs in thalamus, hippocampus

and striatum could be still observed from most animals from all groups. Given the
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cortico-thalamic and cortico-striatal connections as essential pathways in the brain, the
thalamus and basal ganglia might play certain roles in the RSN plasticity observed in the present

study, which is an issue to be explored in the future.

Conclusion

In conclusion, at post-callosotomy day 7, significantly decreased interhemispheric
connectivity was observed in multiple cortical areas with severed callosal connections in both
the complete and partial callosotomy groups, indicating an indispensable role for axonal
connections via the CC in functional connectivity. At day 28, this disrupted functional
connectivity was at least partially restored in the partial callosotomy group, but not in the
complete callosotomy group. This restoration, along with the increased intrahemispheric
functional connectivity found in both callosotomy groups at day 28, demonstrates the
remarkable adaptation and plasticity of RSNs. These rsfMRI findings were supported by the
interhemispheric EEG coherence results. Furthermore, functional neuronal tracing by local Mn?*
injection showed that interhemispheric Mn?* transport was absent in areas exhibiting functional
connectivity loss but was present in areas exhibiting normal or restored functional connectivity
in rsfMRI and EEG. Taken together, these experimental findings underscore the essential role of
axonal connections in rsfMRI and, more importantly, demonstrate the plasticity of RSNs. They
directly support that axonal projections are the indispensable framework for functional
connectivity and that functional connectivity can be dynamically reorganized atop the

morphological connections.
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Figure Legends

Fig. 1 Typical T,-weighted (T2W) images and fractional anisotropy (FA) maps from the animals
with complete (a), posterior partial (b) corpus callosotomy and sham surgery (c), at day 7 after
surgery. The transected part of the corpus callosum (CC) is indicated in red in the sagittal planes
(left panel) and with yellow arrows in the T2W and FA images. The drastic FA reduction confirms
axonal fiber disruption or callosotomy. The blue lines in the left panel indicate the corresponding

locations of T2W and FA slices in the right panel.

Fig. 2 Typical Luxol fast blue (LFB)-stained sections from the animals with complete, posterior
partial corpus callosotomy and sham surgery. LFB staining performed at post-callosotomy day 30
confirmed the disruption of callosal connections at the locations of transection. The transected

part of the CCis indicated by yellow arrows.

Fig. 3 Functional connectivity maps from animal groups with complete, posterior partial
callosotomy and sham surgery at post-surgery day 7 (a) and day 28 (b). Spatial ICA maps of
independent components were scaled to z-scores (z>2) and overlaid on a T,-weighted
anatomical template. The color bars display z-scores, with a higher z-score representing a
stronger correlation between the time course of that voxel and the mean time course of the
component. The components shown in this figure correspond to four cortical areas ranging from
the anterior to posterior part of the brain. They are the secondary somatosensory cortex (S2),

primary somatosensory cortex (S1), auditory cortex (AC) and visual cortex (VC), respectively.

Fig. 4 The seeds and corresponding regions of interest (ROIls) for seed-based analysis (SBA) are
defined based on the ICA connectivity results (a). They are overlaid on EPI images. Corrected

correlation coefficients calculated between the rsfMRI time courses of the seeds and the
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contralateral ROIs quantitatively measure the interhemispheric functional connectivity at
post-callosotomy days 7 and 28 (b). The results are presented as means * standard deviations.
Statistical comparisons between different groups were performed using one-way ANOVA

followed by post-hoc testing with Bonferroni correction with *p<0.05, **p<0.01, ***p<0.005.

Fig. 5 Power correlation analysis interhemispherically (a) and intrahemispherically (b) from
intracortical EEG recordings at post-callosotomy day 30. The powers of the wide, delta, theta,
alpha, beta and gamma bands were extracted, and their correlations were calculated between
the left and right S1 regions (S1L-S1R), between the left and right VC regions (VCL-VCR) and
between the right S1 and right VC regions (S1R-VCR). Error bars represent standard deviations.
Statistical comparisons between different groups were performed using one-way ANOVA

followed by post-hoc testing with Bonferroni correction with *p<0.05, **p<0.01, ***p<0.005.

Fig. 6 Mn®" tracing was performed on eight animals from each group after EEG recording at
post-callosotomy day 30 to \visualize interhemispheric neuronal pathways with
activity-dependent and axonal tract-tracing Mn”* transport using MEMRI (a). Mn**-induced
enhancement in the contralateral S1 and VC was evaluated by the signal intensity of the
contralateral side normalized by that of the ipsilateral side (b). Error bars represent standard
deviations. Statistical comparisons between different groups were performed using one-way

ANOVA followed by post-hoc testing with Bonferroni correction with **p<0.01, ***p<0.005.

Fig. 7 The interhemispheric connectivity in S1 and VC as measured by SBA of rsfMRI at
post-callosotomy day 28, the power correlations of EEG recording at post-callosotomy day 30
and contralateral enhancement in MEMRI performed at post-callosotomy day 31 for each group
were plotted together for comparison (a). In addition, rsfMRI, EEG and MEMRI measurements in
S1 and VC of those individual animals examined by all three methods are shown in

three-dimensional scatter plots (b).
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