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Abstract

Despite extensive efforts to identify interhemispheric functional connectivity (FC) with resting-state (rs-) fMRI, corre-
lated low-frequency rs-fMRI signal fluctuation across homotopic cortices originates from multiple sources. It remains
challenging to differentiate circuit-specific FC from global regulation. Here, we developed a bilateral line-scanning fMRI
method to detect laminar-specific rs-fMRI signals from homologous forepaw somatosensory cortices with high spatial
and temporal resolution in rat brains. Based on spectral coherence analysis, two distinct bilateral fluctuation spectral
features were identified: ultra-slow fluctuation (<0.04 Hz) across all cortical laminae versus Layer (L) 2/3-specific evoked
BOLD at 0.05Hz based on 4s on/lés off block design and resting-state fluctuations at 0.08-0.] Hz. Based on the
measurements of evoked BOLD signal at corpus callosum (CC), this L2/3-specific 0.05 Hz signal is likely associated with
neuronal circuit-specific activity driven by the callosal projection, which dampened ultra-slow oscillation less than
0.04Hz. Also, the rs-fMRI power variability clustering analysis showed that the appearance of L2/3-specific
0.08-0.1 Hz signal fluctuation is independent of the ultra-slow oscillation across different trials. Thus, distinct laminar-
specific bilateral FC patterns at different frequency ranges can be identified by the bilateral line-scanning fMRI method.
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has shown that subcortical neuromodulatory projec-
tions mediate brain state changes, contributing to
global and region-specific fMRI signal fluctuations.”>*
Given unilateral visual stimuli, bilateral cortical activ-
ities was synchronized in voltage-sensitive dye imaging
either under anesthesia or in awake condition,*® show-
ing that interhemispheric FC exists on a background of
spontaneous activity.***! Also, by genetically encoded
Ca”" indicator (GCaMP)-based recording of the Ca*"
signal fluctuation across two hemispheres, the bilateral
global neuronal oscillatory signal at the low frequency
can be regulated by the evoked neuronal signals, pre-
senting a more complex regulatory mechanism under-
lying interhemispheric FC detected by rs-f/MRI.*

High field fMRI reveals laminar-specific responses
to either bottom-up or top-down tasks, indicating neu-
ronal circuit-based laminar specificity in human***’
and animal brains.*®*>® In contrast, the laminar-
specific fMRI signal correlation/coherence patterns,
which can illustrate underlying neuronal circuits for
FC, have not been thoroughly investigated using
conventional fMRI methods given the limited spatio-
temporal resolution. Yu et al. have developed a line-
scanning fMRI method to substantially improve spatial
(50 um) and temporal (50 ms) resolution with a line
profile across different cortical layers in rat brains.*
The ultra-fast sampling scheme of this method avoids
the aliasing of the cardiorespiratory cycles over low-
frequency fluctuation of rs-fMRI signals. Whereas,
most slow sampling methods need retrospective correc-
tion for human brain mapping®* % and aliasing effect
remains a challenging issue for rodent fMRI.®"%
Meanwhile, the ultra-high spatial resolution provides
a unique advantage to map distinct laminar BOLD
signals with peripheral or optogenetic stimulation
across the 1-2mm rodent cortex.’®>'* Given the
thickness of gray matter of human brains is in the com-
parable scale of the rodent cortex ranging from 1-
4mm,® the line-scanning fMRI enables the detailed
layer-specific analysis of fMRI signals. Recently, both
line-scanning BOLD and diffusion cortical mapping
has been implemented to investigate layer-specific ana-
tomical and evoked hemodynamic features in human
brains.**¢7 7% Also, a recent animal fMRI study co-
registered the brain-wide rs-fMRI correlation pattern
and 3D Allen mouse brain atlas, presenting axonal
tracing-based layer-specific neuronal connections
underlying the default mode network.”’" To date, no
direct measurement of laminar fMRI signals has been
performed on symmetric cortices of two hemispheres to
differentiate circuit-specific regulatory sources with
high spatiotemporal resolution.

To study laminar-specific intrahemispheric FC, we
developed a multi-slice line-scanning fMRI method to
detect evoked and rs-fMRI signals from multiple line

profiles with ultra-high spatiotemporal resolution.’?

Here, a bilateral line-scanning fMRI (BiLS) method
was used to record laminar fMRI signals in bilateral
forepaw somatosensory cortex (FP-S1) and CC of
anesthetized rats. In both evoked and resting states,
we detected ultra-slow oscillation (<0.04 Hz) across
all cortical layers, which can be directly differentiated
from callosal circuit-specific bilateral coherent oscilla-
tion at Layer (L) 2/3, where callosal projection neurons
are mainly located.”’* For experiments with electrical
forepaw stimulation (20 s per epoch with 4s on and 165
off), the coherent frequency of bilateral BOLD signals
was detected at 0.05Hz, but during rest, the coherent
frequency of bilateral rs-fMRI signal fluctuation was
detected at 0.08-0.1 Hz. Noteworthily, the ultra-slow
oscillation is significantly dampened upon stimulation,
but L2/3-specific fMRI signal fluctuation (0.05 Hz due
to periodic stimulation or 0.08-0.1 Hz during rest) is
independent of the ultra-slow oscillation based on
trial-specific analysis. Our findings demonstrate that
the BiLS method enables the decomposition of
frequency-specific interhemispheric low-frequency fluc-
tuations, revealing two independent laminar-specific
coherent bandwidths (i.e., 0.01-0.04 Hz versus 0.05 Hz
for evoked fMRI or 0.08-0.1 Hz for rs-fMRI) presum-
ably driven by different neuronal sources.

Materials and methods

Animal preparation

The study was performed in accordance with the German
Animal Welfare Act (TierSchG) and Animal Welfare
Laboratory Animal Ordinance (TierSchVersV). This is
in full compliance with the guidelines of the EU
Directive on the protection of animals used for scientific
purposes (2010/63/EU). The study was reviewed by the
ethics commission (§15 TierSchG) and approved by the
state authority (Regierungsprasidium, Tiibingen, Baden-
Wiirttemberg, Germany). A 12-12 hour on/off lighting
cycle was maintained to assure undisturbed circadian
rhythm. Food and water were available ad libitum.
A total of 6 male Sprague-Dawley rats (4 weeks-old)
were used in this study. The animal data reporting of
the current study has followed the ARRIVE 2.0 guide-
lines with the reference (PMID: 32663096).

Anesthesia was first induced in the animal with 5%
isoflurane in the chamber. The anesthetized rat was
intubated using a tracheal tube and a mechanical ven-
tilator (SAR-830, CWE, USA) was used to ventilate
animals throughout the whole experiment. Femoral
arterial and venous catheterization was performed
with polyethylene tubing for blood sampling, drug
administration, and constant blood pressure measure-
ments. After the surgery, isoflurane was switched off, and
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a bolus of the anesthetic alpha-chloralose (80 mg/kg) was
infused intravenously. After the animal was transferred to
the MRI scanner, a mixture of alpha-chloralose (26.5 mg/
kg/h) and pancuronium (2mg/kg/h) was constantly
infused to maintain the anesthesia and reduce motion
artifacts.

EPI fMRI acquisition

All datasets from rats were acquired using a 14.1T/
26cm (Magnex, Oxford) horizontal bore magnet with
an Avance III console (Bruker, Ettlingen) and a 12cm
diameter gradient system (100G/cm, 150us rising

time). A home-made transceiver surface coil with a
22 mm diameter was used on the rat brain in all experi-
ments. For the functional map of BOLD activation
(Figure 1(a), left), a 3D gradient-echo (GRE) EPI
sequence was acquired with the following parameters:
TR/TE  1500/11.5ms, field of view (FOV)
1.92 x 1.92 x 1.92 cm?, matrix size 48 x 48 x 48, spatial
resolution 0.4 x 0.4 x0.4mm?>. A high order (e.g., 2nd
or 3rd order) shimming was applied to reduce the main
magnetic field (B0) inhomogeneities at the region-of-
interest. For anatomical reference of the activated
BOLD map, a RARE sequence was applied to acquire
48 coronal images with the same geometry as that of
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Figure |. Evoked BOLD responses upon left forepaw stimulation using the unilateral and bilateral line-scanning method. (a—b)
Sequential procedure to acquire the average BOLD change map in the unilateral line-scanning acquisition. (a) The procedure to set up
the line-scanning method. Left: EPI BOLD activation map of forepaw somatosensory cortex overlaid on an anatomical RARE image.
GLM-based t-statistics in AFNI is used, p < 0.001. Middle: Representative reduced FOV (6.4 x 1.2 mm?) image with 2 saturation slices.
Right: Single line-scanning profile acquired without phase-encoding gradient. (b) Left: Spatiotemporal map concatenated with multiple
line-scanning profiles for 32 epochs (10 min 40 sec). Right: Average BOLD percentage changes (block design: | s pre-stim, 4 s stim on
and |5 s post-stim) show the laminar-specific BOLD responses across the cortical depth (0—2 mm, 50 iim resolution) from the cortical
surface (white arrow) to the surface of the corpus callosum (black arrow). (c—f) Group-averaged results in bilateral line-scanning
acquisition (n = 34 trials of 6 rats). (c) Top-left and-right: Demeaned fMRI time series (32 epochs, 10 min 40 sec) of raw (black) and
filtered (red and blue) data (average of 20 voxels, bandpass: 0.01-0.1 Hz) in the left and right FP-SI regions during electrical stimulation
(3Hz, 45, 2.5mA) of the left forepaw. Bottom-left and-right: Normalized spatiotemporal maps show the laminar-specific responses
along cortical depth in the left and right FP-S| (0—2 mm, 100 pm resolution). Middle: Schematic illustration of the bilateral line-scanning
experimental design in the coronal view of the symmetric FP-SI. (d) Z-score normalized fMRI time series (average of 20 voxels) of the
left (red) and right (blue) FP-S1. (e) Average BOLD time courses across the cortical depth (0—2 mm, 20 lines in total) show the evoked
BOLD responses in the left and right FP-S| and (f) The PSDs of the filtered fMRI time series (average of 20 voxels) of the left (red) and
right (blue) FP-S1, showing the ultra-slow oscillation (0.01-0.04 Hz, green arrows, dashed black box for right FP-SI) and stimulation-
induced peaks (0.05Hz, magenta arrows). Error bars represent mean 4= SD across 6 animals.
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the EPI images. The fMRI design paradigm for each
trial comprised 200 dummy scans to reach steady-state,
10 pre-stimulation scans, 3 scans during stimulation,
and 12 post-stimulation scans with a total of 8 epochs.

BiLS acquisition

GRE-based BiLS datasets were acquired in anesthe-
tized rats for evoked and rs-fMRI. BiLS was applied
by increasing the slice dimension (1 to 2) to record
fMRI signals in both left and right FP-S1 cortices
while swapping the phase and slice encoding direction
from the conventional line-scanning method, and by
using two saturation slices to avoid aliasing artifacts
in the reduced field-of-view along the phase encoding
(i.e., from rostral to caudal) direction (Figure 1(c);
middle). The phase-encoding gradient was turned off
to acquire line profiles (Figure 1(a), right). Laminar
fMRI responses from the two cortices were acquired
along the frequency-encoding direction (Figure 1(c),
middle). The following acquisition parameters were
used: TR/TE 100/12.5ms, TA 10min 40sec, FA 45°,
slice thickness 1.2mm, slice gap 8.0mm, FOV
6.4 x 1.2mm?, and matrix 64 x 32. The fMRI design par-
adigm for each epoch consisted of 1 second pre-
stimulation, 4 seconds stimulation, and 15 seconds
post-stimulation with a total of 20 seconds. A total of
6400 lines (i.e., 10m 405s) in each cortex were acquired
every single trial in evoked and rs-fMRI. Evoked BOLD
activation was identified by performing electrical stimu-
lation of the left forepaw (300pus duration at 2.5mA
repeated at 3 Hz for 4 seconds). For anatomical reference
of BILS, the 2D GRE sequence was applied in each
session to acquire 16 slices in the coronal plane with
the following parameters: TR/TE 500/3.1 ms, FA 40°,
slice thickness 0.5mm, slice gap 0.5mm, FOV 19.2 x
192mm? and matrix 192x192. To verify fMRI
responses between BiLS measurements, 3D GRE-EPI
and 2D bSSFP single-vessel”” images were acquired.
The detail information of the BiLS measurements was
provided in Table S1.

Data analysis

All signal processing and analyses were implemented in
MATLAB software (Mathworks, Natick, MA) and
Analysis of Functional NeuroImages software’® (AFNI,
NIH, USA). For evoked fMRI analysis for Figure 1(a),
the hemodynamic response function (HRF) used was the
default of the block function of the linear program
3dDeconvolve in AFNI. BLOCK (L, 1) computes a con-
volution of a square wave of duration L and makes a
peak amplitude of block response=1, with
g(t) = t*e7'/[4%¢4]. Each beta weight represents the

peak height of the corresponding BLOCK curve for
that class. The HRF model is defined as follows:

HRF(t) = int(g(t —s), s = 0.min(z, L))

Cortical surfaces and CC were determined based on
T2* contrast of fMRI line profiles (Figures S2 A and B,
S3 A and B). The detailed processing was conducted as
provided in the previous line-scanning study.>® The line
profile map concatenated with the multiple fMRI sig-
nals was normalized by a maximum intensity. The
Z-score normalized time courses were calculated as fol-
lows: (x—)/o, where x was original fMRI time courses
and p, o were the mean and the standard deviation of
the time courses, respectively (‘zscore’ function in
MATLAB). Average BOLD time series and percentage
changes were defined as (S-S0)/SO x 100%, where S
was the BOLD signal and SO was the baseline, i.e.,
the average fluctuation signal in Isecond pre-
stimulation window in evoked fMRI and mean epoch
with 20 seconds (32 epochs for 640s). The BOLD time
series in each ROI were detrended (‘polyfit’ function in
Matlab, order: 3) and bandpass filtered (0.01-0.1 Hz,
FIR filter, order: 4096) before analyzing power spectral
density (PSD), coherence and correlation. The band-
pass filtering was performed as a zero-phase filter by
‘fir]” and ‘filter’ functions in Matlab, compensating a
group delay (‘grpdelay’ and ‘circshift’ functions in
Matlab) introduced by the FIR filter.

For PSD analysis, fMRI time series were used or
converted to different forms depending on the purpose
of power spectrum analysis. Original fMRI time series
were used in Figure 1(f) to show different power ampli-
tudes of evoked and rs-fMRI signals between both
FP-S1 regions. In the representative trials (Figures 3(a)
and (b), S2, S3), the FP-S1 and CC time series were
converted to the Z-score normalized time series. The
converted time series were used for PSD analysis to
compare the frequency responses between the different
regions avoiding the dependency of signal amplitudes
between them (Figures S2 G and H, S3 G and H).
The PSD values from all the trials were down-or up-
scaled to have the same mean at the two adjacent fre-
quencies (i.e., 0.045 and 0.055Hz) of the stimulation
frequency (0.05Hz). Then, all the evoked trials were
divided into the two groups with the boundary lines
(i.e., mean of the PSD values at 0.05Hz). PSDs were
calculated by Welch’s power spectral density estimate
method (‘pwelch’ function in MATLAB, FFT length:
2000, overlap: 50%).

Coherence analysis, which is generally accepted as
an indicator of functional corticocortical connections,
e.g., increased coherence, is thought to reflect increased
FC.”"7 In this study, coherence analysis was employed
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as an essential indicator of laminar-specific interhemi-
spheric FC and of which layer patterns between the sym-
metric cortices appeared in different ranges of low-
frequency (<0.1 Hz). Layer-wise fMRI line profiles
were used and converted to the Z-score normalized
line profiles to minimize the dependency of the differ-
ences of baseline signal intensity between the left and
right cortices. The coherence is defined as follows:

2
Py (/)
Py (f)xPyy(f)

where x, y indicates the Z-score normalized fMRI time
series from each cortical region, and Py (f), Py, (f) is
the individual PSD, and Py, (f) is the cross PSD. The
coherence was calculated by ‘mscohere’ function in
MATLAB (Hamming window length: 2560, FFT
length: 2000, overlap: 50%). To obviously compare
the coherence results of two groups in evoked fMRI,
the highest and least values of the coherence for each
group was assigned to one and zero, respectively®
(Figure 2(f) and (g)). The frequency resolution of the
coherence was 1/200s=0.005Hz which provides the
capability to observe slow oscillatory frequencies.
Fisher-Z transform was applied prior to averaging
coherence and correlation coefficients with multiple
trials.®!

For clustering in rs-fMRI, the Gaussian Mixture
Model clustering method was implemented in
MATLAB and applied after preprocessing the coher-
ence scatter points (Figure 3(g)). The expectation-
maximization algorithm was used for fitting the
mixture of Gaussian models to the data.®*®?

For statistical analysis, one-way ANOVA was per-
formed to compare the layer-wise coherence values by
using the post-hoc test in the evoked and rs-fMRI data.
The coherence plot with error bars is displayed as the
individual means = SD. An independent samples t-test
was applied to compare the means of two independent
groups and to determine whether there was a statistically
significant difference between the associated population
means. Student t-test was performed to calculate a p-
value. The p-values <0.05 were considered statistically
significant. Fisher-Z transform was applied before test-
ing one-way ANOVA and student t-test to meet the
model assumption (i.e., normal distribution). No ran-
domization design was needed in this work.

Cohr(f),, =

Results
Mapping the evoked BOLD fMRI signals with
bilateral line-scanning fMRI

We developed a BiLS method to specify the high spa-
tiotemporal resolution BOLD-fMRI signal at the

forepaw somatosensory cortex (FP-S1). Figure 1(a)
depicted the previous line-scanning scheme with two
saturation slices to control the width of a FOV and
to suppress signals outside the FOV. Figure 1(b) dem-
onstrated FP-S1 BOLD responses across different cor-
tical layers from the representative trial and averaged
2D fMRI maps. Figure 1(c) and (e) demonstrated the
bilateral FP-S1 BOLD signals upon left forepaw elec-
trical stimulation with the BiLS method, showing
dynamic BOLD responses as a function of time in the
FP-S1 of both hemispheres. In contrast to highly
robust BOLD signals in right FP-S1 (4s on/16 s off
for each 20s epoch), the ultra-slow oscillation of base-
line fMRI signals was observed in the left FP-S1 ipsi-
lateral to stimulation (Figure 1(c) and (d)). PSD
analysis of bilateral FP-S1 showed a 0.05Hz peak
(Figure 1(f), magenta arrows) given the 20 s stimulation
paradigm for each epoch. Meanwhile, PSD peaks of
the ultra-slow fluctuation (<0.04 Hz) were detected in
both FP-S1 (Figure 1(f), green arrows), which has been
previously reported in anesthetized rats during rest.”’
This result demonstrated the feasibility of BiLS to
acquire the interhemispheric laminar-specific fMRI sig-
nals with high spatiotemporal resolution. It should also
be noted that the fast-sampling of the line-scanning
scheme enables estimating the impact of cardiac and
respiratory cycles on the rs-fMRI signal fluctuation.
We had monitored respirations and blood pressures
during fMRI experiments to calculate the spectrogram
of the cardiorespiratory responses presenting 5-8 Hz
cardiac and 1 Hz respiratory cycles of the anesthetized
rats under ventilation (Figure S1 A and B).%* The
potential cardiac-related pulsation effect could be iden-
tified at the superficial L1, but was diminished in
deeper layers (Figure S1 C).%%¢ Also, due to the
usage of muscle relaxer during ventilation,®' the arti-
facts due to respiration-related BO fluctuations®”*® was
negligible in line-scanning fMRI signals.

Mapping bilateral laminar BOLD responses based on
CC activation

Using the BiLS method, we first focused on analyzing
the interaction of laminar-specific BOLD fMRI signals
through callosal projections with electrical stimulation
of the left forepaw. We created a 2D line profile map to
cover both gray matter (cortex, FP-S1) and white
matter (corpus callosum, CC). As shown in Figure S2
A and B, the grayscale functional maps demonstrated
different T2*-weighted signal intensity of cortical and
CC regions given their different T2* values, presenting
the dynamic fMRI responses in the color maps (details
in Methods). From the representative trial, Z-score
normalized fMRI signals (Figure S2 C-F) from FP-
S1 and CC of two hemispheres were extracted to
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Figure 2. Corpus callosum activation-based grouping to characterize laminar-specific coherence patterns. (a) Left: PSD plots
(0.04-0.06 Hz) of the filtered fMRI time series (average of 3 voxels, bandpass: 0.01-0.1 Hz) in the left corpus callosum to identify the
stimulation frequency (0.05Hz, n =34 trials of 6 rats). Right: Corpus callosum activation-based grouping: Group | (upper) has the
0.05 Hz stimulation frequency, but Group 2 (lower) does not (Student t-test: p=3.8% 107, red line: mean, gray lines: individual trials,
black points: values at 0.05 Hz). (b and c) Top: Voxel-wise Z-score normalized PSDs of the filtered time series (20 voxels, bandpass:
0.01-0.1 Hz) in the left and right FP-S| from Group | (12 trials) and Group 2 (22 trials), respectively. Bottom: Enlarged voxel-wise PSDs
Continued.
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highlight the evoked BOLD signal at 0.05Hz in the
right FP-S1, while showing the relatively suppressed
ultra-slow oscillation pattern (0.01-0.04 Hz) in the
right (i.e., contralateral) FP-S1 (Figure S2 G). Besides
the evoked BOLD in the right FP-S1 contralateral to
the stimulation side, the left FP-S1 ipsilateral to the
stimulation also showed 0.05 Hz evoked BOLD signal
(Figure S2 G), but not all trials showed robust 0.05 Hz
peaks through transcallosal projections. Figure S3
showed another representative trial with strong
evoked BOLD signals in the right FP-S1 but not in
the left side while showing the similar ultra-slow oscil-
latory patterns across two homologous FP-S1 regions
(Figure S3 G).

To study the interhemispheric BOLD signal upon
periodic stimulation at 0.05Hz, we first investigated
the CC activation-dependent laminar-specific interac-
tions among different experimental trials. Based on
the BOLD signals detected in the CC ipsilateral to
stimulation, we sorted all the trials into two groups,
i.e., with or without the 0.05Hz peak in the PSD. As
shown in Figure 2(a), Group 1 (12 trials) showed
peaked power at 0.05Hz with normalized values at
0.204 £0.122 (mean 4+SD), which was significantly
higher than other trials in Group 2 (22 trials, 0.190 +
0.048) without a detectable peak. Figure 2(b) and (c)
showed the color-coded power spectral maps with
Z-score normalization across different cortical layers,
demonstrating a salient peak at 0.05Hz in the right
FP-S1 of both groups® (Figure 2(b) and (c); white
arrows, Figure S2 G and S3 G, Figure S8 A and B;
gray arrows); however, the 0.05Hz peak was only
detected in the left FP-SI of Group 1, but not in
Group 2 (Figure 2(b) and (c), black arrows, Figure S2
G and S3 G, Figure S8 A and B; green arrows). In
contrast, the ultra-slow oscillation (<0.04 Hz) in both
FP-S1 regions was reliably detected in both groups
(Figure 2(b) and (c)). Next, we analyzed the interac-
tion of periodic stimulation-evoked BOLD responses
(0.05Hz) and ultra-slow oscillation (<0.04 Hz) by plot-
ting their power levels cross different trials, showing

negative correlation of both sides of FP-S1 (Figure 2
(d)). Also, the power of the ultra-slow oscillation is sig-
nificantly lower in the right FP-S1 than that in the left
FP-S1 (Figure 2(e)). The laminar-specific reduction of
ultra-slow oscillation power was detected from superfi-
cial layer to deep cortical L5 (Figure 2(b) and (c), S5 A
and B).

Furthermore, we performed laminar-specific coher-
ence analysis, showing that L2/3 and L4 had a strong
peak at 0.05 Hz in Group 1, but not in Group 2 (Figure 2
(f) and (g)). Laminar-specific coherence analysis
between two FP-S1 regions revealed higher coherence
coefficients at ultra-slow oscillation (<0.04 Hz) were
across all cortical layers in both groups, but the coher-
ence coefficient peaked at 0.05Hz in Group 1 were
primarily located at L2/3 which was higher than
other layers (significance: p-value < 0.05, Figure 2(f)).
As previously reported, 80% of callosal projection neu-
rons (CPN) are located in L2/3,”* explaining the strong
coherence in the L2/3 of Group 1. Also, noteworthy
was that the coherence coefficients of Group 2 showed
higher values in L1 at 0.08-0.1 Hz than other layers,
but not specific to 0.05Hz (Figure 2(g)). In addition,
Group 1 showed negative correlations between super-
ficial layers of right FP-S1 and all the layers of left FP-
S1 (Figure S4 A), possibly highlighting the transcal-
losal postsynaptic inhibitory effect in a delayed time
scale negatively coupled to the BOLD signal detected
in the draining veins of activated right FP-S1. It should
be noted that the spectral analysis of Group 1 and 2
shows similar power levels of the ipsilateral ultra-slow
oscillation (Figure 2(d)) and contralateral evoked
BOLD responses (Figure 2(d), 0.05Hz histogram
plots). Spectral power plots between the different band-
widths (0.01-0.02 Hz, 0.02-0.04 Hz, and 0.08-0.1 Hz)
of ipsilateral FP-S1 infraslow oscillation and evoked
0.05Hz at the contralateral FP-S1 do not show linear
correlation (Figure S7). Both results indicate that dif-
ferent coherence patterns between Group 1 and 2
across cortical layers do not depend on the infraslow
oscillation or evoked BOLD responses. In summary,

Figure 2. Continued.

(0.01-0.04 Hz) in the left and right FP-SI of the corresponding groups (dashed box). (d) Scatter plots of Z-normalized PSDs in the left
and right FP-SI: ultra-slow oscillation (<0.04 Hz) vs. stimulation-evoked BOLD responses (0.05 Hz) in Group | and 2. Individual dots
represent trials. Dashed box: Enlarged scatter plot of the left FP-S|. Histogram fitting plots show distribution of the PSD values of
Group | (left: blue, right: navy) and 2 (left: brown, right: magenta). Stimulation-evoked BOLD responses (0.05 Hz) show significant
difference (Student t-test: *p = 0.025). (e) Comparison of Z-normalized PSDs of ultra-slow oscillation (<0.04 Hz) in the left (red) and
right (blue) FP-SI of Group | and 2 (Student t-test: *" Ap <107 %. f and g. Top-left: Group-averaged results representing laminar-
specific coherence across the layers (LI, L2/3, L4, L5, L6é) in Group | (f) and 2 (g). Top-right: Quantitative comparison of the laminar-
specific coherences at 0.045-0.055 Hz. L2/3 is significantly different from L1 and Lé (one-way ANOVA: p = 0.02, post-hoc: * #p < 0.05,
Bonferroni correction) in Group | (f), meanwhile there is no significance in Group 2 (g). Bottom-left: Enlarged view of coherence in the
ultra-slow oscillation (0.01-0.04 Hz) to clearly show the laminar-specific coherence patterns of Group | (f) and Group 2 (g). Bottom-
right: Averaged layer-wise coherence plot of Group | (f) and Group 2 (g). Error bars represent mean & SD across 6 animals. The
purple arrows indicate the layer-wise coherence values at the stimulation-evoked frequency (0.05 Hz).
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these results not only demonstrated the coexistence and
interaction of the ultra-slow oscillation (<0.04 Hz) and
evoked BOLD signal at 0.05Hz, but also highlighted a
CC activation-dependent L2/3-specific interhemispheric
coherence pattern (Group 1) specific to the periodic
stimulation.

Mapping laminar-specific bilateral functional
connectivity at different frequencies during rest

Besides CC activation-dependent interhemispheric
interaction, we investigated the laminar-specific bilat-
eral rs-fMRI signals in anesthetized rats. Figure 3(a)
showed representative Z-score normalized time courses
from bilateral FP-S1, as well as 2D line profile rs-fMRI
maps. The bilateral fMRI signal fluctuation peaked at
<0.04 Hz and 0.08-0.1 Hz in PSD plots of both FP-S1
(Figure 3(b)). We plotted the power of ultra-slow oscilla-
tion (<0.04 Hz) versus the power of 0.08-0.1 Hz of the
rs-fMRI signals in both FP-S1 across all trials (Figure 3
(c)). Negative correlation of the two distinct fluctuation
bandwidths showed a similar pattern to the previous
experiment with periodic stimulation at 0.05 Hz block
design. Also, the mean power of the infraslow frequen-
cy oscillation (<0.04 Hz and 0.08-0.1 Hz) of rs-fMRI at
the contralateral FP-S1 is significantly higher than that
of the experiment with periodic stimulation (Figure 3
(d) and (e)), further indicating the regulation of the
infraslow frequency oscillation by local cortical activa-
tion. We also performed the laminar-specific coherence
analysis and revealed strong coherence of bilateral
ultra-slow oscillation signals less than 0.04 Hz across
all layers. Also, significantly higher coherence coeffi-
cients of 0.08-0.1 Hz were detected at L2/3 and the
other layers (Figure 3(f)). Importantly, when plotting
the trial-by-trial coherence coefficients at <0.04 Hz and
0.08-0.1 Hz, we observed two clusters of the recorded
trials using Gaussian Mixture Model clustering
method®? (Figure 3(g)). The two-spectral plots showed
largely varied coherence of 0.08-0.1 Hz at L2/3 across
different trials, presenting significantly higher coherence
coefficient at Cluster 1 than that of Cluster 2, but little
difference was observed for the ultra-slow oscillation
between two clusters (Figure 3(h)). These results further
demonstrated interhemispheric rs-fMRI connectivity
can be specified at laminar-specific manner based on
the underlying callosal projection, of which the variabil-
ity of L2/3 coherence do not rely on the ultra-slow
oscillation.

Discussion

We applied the BiLS method to investigate circuit-
specific interhemispheric interaction of bilateral fMRI
signals in anesthetized rats. Laminar-specific coherence

analysis demonstrates two independent low-frequency
oscillatory patterns. One is the ultra-slow oscillation
less than 0.04 Hz across all cortical layers in both stim-
ulation and resting conditions. The other is the L.2/3-
specific coherence pattern, which appeared at the
0.05Hz according to the periodic stimulation, or at
the 0.08-0.1 Hz bandwidth during rest. Although the
ultra-slow oscillation is negatively correlated to the
evoked BOLD signal based on periodic stimula-
tion,”* % trial-specific analysis of the L2/3-specific
coherence pattern in both conditions is not associated
with the ultra-slow oscillation, indicating that the
laminar-specific interhemispheric interaction is likely
caused by different neuronal sources, e.g., callosal pro-
jection neurons.”*"

Two challenging issues have limited the laminar-
specific FC studies in rodent brains. First, fMRI is typ-
ically performed with a spatial resolution of several
hundreds of microns,”?® and the conventional EPI-
based fMRI is often performed with the temporal res-
olutions of 1-25.377%% The limited spatial or temporal
resolution makes it difficult to elucidate circuit-specific
interhemispheric FC. Even though very high spatial
resolution can be achieved at the cost of a slow
sampling rate,**>*?*1% the rs-fMRI signal is possibly
confounded by the aliased cardiorespiratory arti-
facts.®"#5® Secondly, the high temporal signal to
noise ratio (tSNR) is needed for correlation/coherence
analysis of rs-fMRI signal for FC mapping.'"'%* In
contrast to task-related fMRI experiments with mas-
sive averaging to increase the tSNR, it remains a chal-
lenge to achieve sufficient tSNR for rs-fMRI with high
spatiotemporal resolution at a single trial. Also, trial-
by-trial variability will be pivotal to be verified when
statistical analysis is used to extract the general traits of
the connectivity pattern based on the neuronal
source.”’!* To overcome these problems, the line-
scanning scheme provides a critical mapping strategy
to record laminar fMRI signals along the cortical depth
in high spatiotemporal resolution and with sufficient
tSNR.'*

Technical advances at the ultra-high magnetic field
(e.g., 14T) in combination with focal MRI signal acqui-
sition provide an excellent opportunity to study the
laminar-specific interhemispheric FC. As shown in
Figure S2, the gray matter (0—2 mm) and corpus callo-
sum (2.0-2.3mm) of FP-S1 were identified with the
BiLS method. It is noteworthy that the temporal reso-
lution of BiLS allows to eliminate the potential arti-
facts by temporal band-passed filters without
concerning aliasing effect (Figure S1 C)."'°® The arti-
fact caused by cardiac pulsations are usually linked to
large arteries located at the cortical surface.®%%197 As
represented in Figure S1, the fast-sampling line-scan-
ning scheme enables to detect laminar-specific
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Figure 3. Characteristics of laminar-specific coherences in rs-fMRI using BiLS method. (a) Top: Z-score normalized fMRI time series
of raw (black) and filtered (red and blue) data (average of 20 voxels, 0—2 mm, bandpass: 0.01-0.1 Hz) in the left and right FP-S| during
rest (10 min 40 sec, one representative trial). Bottom: Normalized spatiotemporal maps showing the laminar-specific responses across
the cortical depth in the same FP-S| (0—2 mm, bandpass: 0.01-0.1 Hz). (b) Top: Z-score normalized fMRI time series of the filtered data
from the same trial in the left and right FP-S| marked in red and blue, respectively (correlation: 0.86). Bottom: The PSD analyses of the
Z-score normalized time series in both the left and right cortices show obvious peaks at the ultra-slow oscillatory frequency (green
arrow, <0.04 Hz), 0.08-0.1 Hz (magenta arrow) and ~0.3-0.4 Hz (gray arrow). (c) Scatter plots of Z-normalized PSDs in the left and
right FP-SI: ultra-slow oscillation (<0.04 Hz) vs. 0.08-0.1 Hz in Group | and 2. Individual dots represent trials. (d) Comparison of
Z-normalized PSDs of ultra-slow oscillation (<0.04 Hz) in the evoked (red) and rs- (navy) fMRI of Group | and 2 (t-test: *p < 10~'°).
(e) Comparison of Z-normalized PSDs of 0.08-0.1 Hz in the evoked (red) and rs- (navy) fMRI of Group | and 2 (t-test: p < 1077).
(f—h) Average results of coherence from all data sets (n =43 trials of 6 rats) (f) Top: Laminar-specific coherence across L1, L2/3, L4, L5,
Lé. Bottom: the average coherences (0.08-0.| Hz) across the whole trials showing that L2/3 was significantly different from LI and L4
(one-way ANOVA: p=5.5% 107¢, post-hoc: *p and #p < 0.05, Bonferroni correction). (g) Left: Scatter plot of the L2/3-specific
coherence values with x-axis as the mean of coherence at <0.04 Hz and y-axis as the mean of coherence at 0.08-0.1 Hz to examine
the dependence of the two different frequency bands. Right: By applying the Gaussian Mixture Model clustering with the L2/3
coherence values, all the 43 trials were divided into two groups. Cluster | (n = 26 trials) had relatively high averaged coherence values
in both the frequency bands while Cluster 2 (n= |7 trials) had low averaged coherence values. ‘x’ signs indicate the centroid of the
individual groups and (h) Cluster | and 2 show no significant difference at <0.04 Hz (left, independent t-test, p = 0.0805) while
significant difference at 0.08-0.1 Hz (right, independent t-test, 4p =7.5853*10'?),

pulsation-related artifacts (i.e., the 5-8 Hz cardiac

investigate the circuit-specific interhemispheric FC. Also,
cycles in rodents),®> which are primarily located at

the laminar coherence map of Group 2 highlighted the

L1. The lack of confounding artifacts to the laminar-
specific rs-fMRI signal, especially at cortical layers
deeper than L2/3, provides a unique platform to

superficial layer (L1) (Figure 2(g)), which may involve
the non-neuronal BOLD signals from cardiovascular
responses. Meanwhile, given GRE based MR sequences,
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large draining veins located in superficial layer result in
higher signal fluctuation and spreading temporal responses
which may also contribute to this observation.**

Despite  extensive studies to elucidate the
transcallosal-mediated interhemispheric neuronal inter-
actions,'!1-73:108:199 - cC_dependent  interhemispheric
rs-fMRI FC were primarily verified based on loss-
of-functional studies in acallosal patients'''* or
animals with callosotomy.'>'7 The observation of
maintaining interhemispheric FC in several rs-fMRI
studies''™'® raised the need to specify circuit-specific
rs-fMRI signal fluctuations, in particular, when origi-
nating from varied neuronal sources. Using the BiLS
method, we decomposed the bilateral low-frequency rs-
fMRI signal fluctuation with laminar specificity,
revealing two independent slow oscillatory patterns
(i.e., ultra-slow oscillation <0.04 Hz and 0.08-0.1 Hz)
possibly driven by different regulatory mechanisms
(Figure 3). Callosal projection neurons are primarily
located in L2/3 and project to both L2/3 and L5 of
the opposite hemisphere,”*''"" which is well-matched
with the detected laminar fMRI coherence peaks sig-
nificantly located at 1.2/3, and partially at L5 (Figure 2
(f)). Also, callosal circuit-specific optogenetic stimula-
tion increased the power of the gamma frequency in
L2/3 and L5 neurons,'"! and mediated unique BOLD
response patterns through ortho- and anti-dromic pro-
jections.”” Besides CC, there are a few brain structures
connecting the two cerebral hemispheres such as ante-
rior commissure, cingulum, interhemispheric thalamic
connections. Major thalamocortical input target L4 of
FP-S1 regions,***33112113 Jeading to synchronized
neuronal activity’>''* (Figure 2(f), e.g., L4 has higher
coherence values in Group 1 besides L2/3). A future
study to combine the callosal circuit-specific optogenetic
stimulation with BiLS will further elucidate the causal
relationship, of which thalamocortical circuit optoge-
netic stimulation can be used as a control condition
for laminar BOLD responses mapping with BiLS.

Robust ultra-slow oscillation (<0.04 Hz) across all
the cortical layers with the BiLS method is consistent
with the global BOLD signal fluctuation in anesthe-
tized rats,”> although the bandwidth (<0.015Hz)
signal fluctuation can be dampened at deeper anesthe-
tized states. This ultra-slow oscillation was detected
across different trials with or without peripheral stim-
ulation, but its power was negatively correlated with
evoked BOLD signal responses at 0.05 Hz, which are
consistent with previous studies.”’ > Moreover, the
reduced ultra-slow oscillation at contralateral FP-S1
upon stimulation is consistent with previous calcium
imaging study to measure the low-frequency global
signal  fluctuation with periodic  stimulation.*?
However, the ipsilateral ultra-slow oscillation was not
suppressed by peripheral stimulation in our

observation (Figures 2(e), 3(d) and (e)). Also, the spec-
tral power plot between evoked 0.05 Hz responses in
contralateral FP-S1 and layer-specific ultra-slow oscil-
lation in the ipsilateral FP-S1 shows no linear correla-
tion (Figure S7). It is possible that the large variability
of ultra-slow rs-fMRI oscillation detected in the ipsi-
lateral FP-S1 is mainly caused by brain state changes in
anesthetized rats independent of the peripheral stimu-
lation. This global signal fluctuation at ultra-slow
frequency has been correlated with the brain-wide neu-
ronal oscillatory sources in a brain state-dependent
manner across different species.”>!''>'7 Both subcor-
tical neuronal projections through direct neuromodu-
lation®®3*+ 18119 and  autonomic regulation®!'2%-12!
could converge their regulatory effect to mediate
the ultra-slow oscillatory patterns across cortical
layers.>! 3¢ Interestingly, the L2/3-specific bilateral
coherence patterns in both stimulation and resting
states did not rely on the ultra-slow oscillation
(Figures 2(e) and 3(h)). Our results further specified
the distinct regulatory mechanisms underlying the
ultra-slow oscillation across all cortical layers versus
the L2/3-specific bilateral functional connectivity relat-
ed to callosal projections.

It should be noted that the nature of the local neu-
ronal circuitry that generates interhemispheric fluctua-
tions and modulates the frequency bands of rs-fMRI
signals remains an open issue.” Nir and colleagues
reported the low-frequency modulation in spontaneous
firing rate and gamma LFP (40-100 Hz) as potential
neural correlates of interhemispheric rs-fMRI signal
fluctuation in the human sensory cortex.'*? Similarly,
Mateo and colleagues also reported gamma-rhythm
oscillations at ~0.1 Hz rhythm through vasomotion
may serve as the underlying mechanism of the low-
frequency hemodynamic signal fluctuation.”® This
has been further specified with the arteriole-specific
single-vessel rs-fMRI study in anesthetized rats.”
Moreover, hemodynamic signals correlate tightly with
synchronized gamma oscillations in cats'?* and mon-
keys.''” Interestingly, Schoelvinck and colleagues
reported that the LFP power of upper gamma-range
frequency (40-80 Hz) and lower frequency range at
2-15Hz recorded from a single cortical site were posi-
tively correlated with global rs-fMRI signals.''” This
series of studies have provided strong evidence of the
temporal neural correlation of rs-fMRI signal fluctua-
tion. In our rs-fMRI study, the coherence pattern at
0.08-0.1 Hz is layer-specific, showing the broader and
higher values at 1.2/3 (Figure 3(f)). It is possible that
vasomotion at ~0.1 Hz rhythm contributes to interhe-
mispheric rs-fMRI signal fluctuation at 0.08-0.1 Hz
across cortical layers.”%12*12¢ Tt should be noted that
other non-neuronal oscillatory sources, e.g., Mayer
waves that are tightly coupled with sympathetic nerve
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activity and arterial blood pressure, present slow oscil-
lation across broad bandwidths. Previous studies have
demonstrated typical ~0.4 Hz Mayer waves in anesthe-
tized rats.®“'?” In the power spectral plots, we have
also observed Mayer waves at ~0.3-0.4Hz in both
evoked and rs-fMRI (Figure S8). It is noteworthy
that the Mayer waves at ~0.3-0.4 Hz appear bilaterally
from superficial layer to deeper layer in both evoked
and rs-fMRI (Figure 3(b) and S9-11). The above-
mentioned studies do not assign the frequency-
specific fluctuation to underlying neural projection
circuits, which is critical to verify the distinct neural
basis of FC. Our study, for the first time, shows the
frequency-specific oscillatory patterns across different
cortical layers, presenting an important step to eluci-
date the neuronal circuit basis of the FC with rs-fMRI.

Several limitations about the BiLS method should
be considered when interpreting the results of this
study and for future optimization using high field rs-
fMRI studies. Firstly, because of usage of saturation
slices to delineate the FOV, adiabatic RF pulses are
needed to produce sufficient and uniform signal satu-
ration outside of the FOV. Alternative mapping strat-
egy using 90-180° spin-echo-based line-scanning
scheme will be further explored in multi-slice line-scan-
ning acquisition.'® Secondly, due to the poor homoge-
neity of high magnetic field and different draining vein
distribution on cortical surface across animals, tSNR
can vary across line profiles from two hemispheres.
Also, the ultra-slow oscillation (<0.015Hz) may not
be well recorded with the 10min line-scanning trial
due to insufficient sampling acquisition and tSNR.
To achieve sufficient tSNR, we can apply inductive
coils'® or wireless amplified NM detectors'*>13° by
region-specific implantation. Thirdly, although we
only focused on the anesthetized rodent brains, the
line-scanning method has been applied for human
brain mapping.’®'*! Despite cortical folds and fissures,
it is possible to position the FOV to cover focal cortical
regions and achieve laminar-specific fMRI signals with
the multi-slice line-scanning scheme. Meanwhile, the
multi-slice line-scanning scheme can be combined
with the laminar electrophysiological recording or
fiber photometry-based fluorescent recordings from
genetically encoded biosensors, e.g., Ca’*, Glutamate,
and dopamine,’>'3*13% to further elucidate the neuro-
nal basis of the circuit-specific rs-fMRI FC. Lastly, we
performed the BiLS studies only under a single anes-
thetic regimen (i.e., alpha-chloralose). The timing of
each trial acquired during the anesthetic protocol has
been listed in Table S1. Although the total anesthetic
time experienced by animals did not contribute to the
evoked BOLD signal in the left FP-S1, the callosal-
mediated positive BOLD signal at L2/3 occurred at
the relatively early stage of experiments (Figure S6).

It is possible that different coherence patterns of
trials in Group 1 and 2 may be influenced by the overall
energy consumption of the brain along the long-hour
experiments for anesthetized animals. In future work,
we will apply the BiLS method to map rs- fMRI signals
of awake mice, aiming to distinguish the bandwidth-
specific FC without anesthetic effect.®
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