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Abstract

Optogenetically driven manipulation of circuit-specific activity enables causality studies, but its global brain-wide effect is
rarely reported. Here, we applied simultaneous functional magnetic resonance imaging (fMRI) and calcium recording with
optogenetic activation of the corpus callosum (CC) connecting barrel cortices (BC). Robust positive BOLD was detected in the
ipsilateral BC due to antidromic activity, spreading to the ipsilateral motor cortex (MC), and posterior thalamus (PO). In the
orthodromic target, positive BOLD was reliably evoked by 2 Hz light pulses, whereas 40 Hz light pulses led to reduced
calcium, indicative of CC-mediated inhibition. This presumed optogenetic CC-mediated inhibition was further elucidated

by pairing light pulses with whisker stimulation at varied interstimulus intervals. Whisker-induced positive BOLD and
calcium signals were reduced at intervals of 50/100 ms. The calcium-amplitude-modulation-based correlation with
whole-brain fMRI signal revealed that the inhibitory effects spread to contralateral BC, ipsilateral MC, and PO. This work
raises the need for fMRI to elucidate the brain-wide network activation in response to optogenetic stimulation.
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Introduction

The genetic expression of channelrhodopsin (ChR2) has been
extensively applied to target specific cell types to ensure the
activation of neuronal ensembles of interest (Nagel et al. 2002;
Boyden et al. 2005; Li et al. 2005; Zhang et al. 2006). Optogenetic
tools have revolutionized the strategy to perturb or manipulate
the behavior of animals (Lima and Miesenbock 2005; Nagel et al.
2005; Adamantidis et al. 2007; Tsai et al. 2009). Interpretation of
the linkage of brain function to specific behavioral readout relies
on the assumed circuit-specific manipulation through in vivo
optogenetic activation (Cardin et al. 2010; Carter et al. 2010; Tye

and Deisseroth 2012; Kim et al. 2017). Optogenetic activation of
numerous brain sites and defined neuronal populations in ani-
mals has been very successful in modulating behavior. However,
there is a lack of systematic mapping of the result of specific
modulation on brain-wide network activity, which may relay
and affect the proposed link between function and behavior.
Progress in this direction depends on the combined applica-
tion of methods to simultaneously explore large-scale brain
dynamics (Inoue et al. 2015; Bernal-Casas et al. 2017; Gao et al.
2019; Sych et al. 2019). One useful method for this purpose is
functional magnetic resonance imaging (fMRI), which has been
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successfully combined with optogenetics (Lee et al. 2010; Ryali
et al. 2016; Yu et al. 2016; Albers, Schmid, et al. 2018a; Grandjean
et al. 2019; Just and Faber 2019). We use here a method that
adds GCaMP-mediated calcium recordings through an optical
fiber for concurrent fMRI and neuronal calcium signal recording
(Schulz et al. 2012; Schwalm et al. 2017; Albers, Wachsmuth,
et al. 2018b; He et al. 2018; Wang et al. 2018). This multimodal
cross-scale brain dynamic mapping scheme (fMRI, optogenetics
and calcium recording) allows elucidating network activity upon
circuit-specific optogenetic activation on the specific target level
as well as across large brain regions (Schulz et al. 2012; Schmid
et al. 2016; Albers, Schmid, et al. 2018a; Albers, Wachsmuth, et al.
2018b; He et al. 2018; Wang et al. 2018; van Alst et al. 2019).

Corpus callosum (CC), the major neural fiber bundles
connecting the two hemispheres, plays a critical role in
mediating the interhemispheric cortico-cortical connections
(Sperry 1961; Gazzaniga 2005; Karolis et al. 2019). Despite
the highly correlated structural anomalies of the CC with a
wide range of disorders, for example, schizophrenia (Innocenti
et al. 2003; Pomarol-Clotet et al. 2010), autism (Egaas et al.
1995; Anderson et al. 2011), epilepsy (Spencer et al. 1988;
van Eijsden et al. 2011) and mental retardation (Schaefer and
Bodensteiner 1999; van Schooneveld et al. 2011), CC-mediated
neural mechanisms are primarily studied in loss-of-function
models, such as split-brain/callosotomy or partial callosal lesion
(Gazzaniga 2000, 2005; Schulte et al. 2010). To directly investigate
the functional roles of callosal projections on regulating the
interhemispheric excitatory-inhibitory balance, both in vitro
and in vivo studies have applied microstimulation on one
hemisphere or the callosal fiber bundles (Kawaguchi 1992;
Kumar and Huguenard 2001; Hoffmeyer et al. 2007; Karayannis
et al. 2007), or performed bilateral motor or sensory tasks in
both human (Schnitzler et al. 1996; Ogawa et al. 2000; Ni et al.
2009; Bocci et al. 2011) and animal models (Ogawa et al. 2000;
Shuler et al. 2001; Berwick et al. 2004; Wiest et al. 2005; Nemoto
et al. 2012). Since the callosal fibers are reciprocally projecting
to two hemispheres, bilateral, ortho- versus antidromically
evoked neural activity has been difficult to disentangle. With
optogenetic tools, the callosal projection neurons (CPNs) can be
specifically (primarily) labeled with ChR2 from one hemisphere,
enabling the unidirectional modulation of callosal activity
(Petreanu et al. 2007; Palmer et al. 2013; Iordanova et al. 2018).
The optogenetically driven callosal activity has been particularly
helpful to disentangle interhemispheric inhibitory effects,
for example, in the auditory cortex (Rock and Apicella 2015),
prefrontal cortex (Lee et al. 2014), or hindlimb somatosensory
cortex (Palmer et al. 2012). The goal of the present studies was to
widen the view beyond the target-specific excitatory-inhibitory
regulation by using a multimodal fMRI platform to characterize
the global neural network activity upon optogenetic callosal
activation.

In the present study, we implemented the multimodal fMRI
platform with optogenetics to map the CC-mediated inhibition
on the brain-wide network dynamics in three consecutive steps.
First, we identified the antidromic versus orthodromic effect
of CC-specific optogenetic stimulation. Optogenetic stimulation
of callosal fibers connecting the barrel cortex (BC) to the other
hemisphere revealed robust antidromic activation in the ipsi-
lateral BC. In the orthodromic direction, both fMRI and neu-
ronal calcium signals in the contralateral BC indicated strong
depression of calcium signals with 40 Hz light pulses. Second, we
specified the temporal characteristics of this presumptive CC-
mediated inhibition on the thalamocortical activation to the BC.

The optogenetic CC light pulses were paired with whisker stim-
ulation electrical pulses at varying intervals from 0 to 200 ms in
a randomized stimulation scheme. Significant inhibitory effects
at 50 and 100 ms interval were detected by both fMRI and neural
calcium recordings of the contralateral BC activated by whisker
stimulation, but little difference was observed in the antidromi-
cally evoked fMRI signal in the ipsilateral BC. Thirdly, to fur-
ther examine the brain-wide activity regulation upon paired
optogenetic and whisker stimulation, the concurrent evoked-
calcium signals in the contralateral BC were real-time detected
at varying conditions and correlated with whole-brain fMRI
signals. Besides the contralateral BC, the homologous ventral
part of the ipsilateral BC, the motor cortex (MC) and posterior
thalamus (PO) from the same side of the contralateral BC were
detected in the correlation maps, showing amplitude modula-
tion (AM) by CC-mediated inhibition at varied time intervals.
This study not only specifies the optogenetically driven CC-
mediated regulation of the local excitation/inhibition balance
but also depicts the power of multimodal fMRI to characterize
the brain-wide network activity associated with circuit-specific
optogenetic activations in vivo. It highlights a vital aspect of
the brain-wide activity for circuit-specific causality studies with
optogenetic tools.

Materials and Methods
Animal Procedures

The study was performed in accordance with the German Ani-
mal Welfare Act (TierSchG) and Animal Welfare Laboratory Ani-
mal Ordinance (TierSchVersV). This is in full compliance with
the guidelines of the EU Directive on the protection of ani-
mals used for scientific purposes (2010/63/EU). The study was
reviewed by the ethics commission (§15 TierSchG) and approved
by the state authority (Regierungsprésidium, Tiibingen, Baden-
Wiirttemberg, Germany). A 12-12 h on/off lighting cycle was
maintained to assure undisturbed circadian rhythm. The food
and water were obtainable ad libitum. A total of 24 (17 for fMRI
and 7 for electrophysiology) male Sprague-Dawley rats were
used in this study.

Viral Injection

Intracerebral viral injection was performed in 4-week-old rats
to express the viral vectors containing the light-sensitive
protein channelrhodopsin-2 (ChR2, for optogenetics) and/or
the calcium-sensitive protein (GCaMP, for calcium recording)
in neurons. The construct AAV5.Syn.GCaMP6f. WPRE.SV40 was
used to express GCaMP in the left BC and the constructs
AAV5.CaMKILhChR2(H134R)-mCherry WPRE.hGH was used to
express ChR2 in the right BC. The stereotaxic coordinates of the
injections were 2.5 mm posterior to Bregma, 5 mm bilateral to
the midline, 0.8-1.4 mm below the cortical surface. Rats were
anesthetized with 1.5-2% isoflurane via nose cone and placed
on a stereotaxic frame, an incision was made on the scalp and
the skull was exposed. Craniotomies were performed with a
pneumatic drill so as to cause minimal damage to cortical
tissue. A volume of 0.6-0.9 and 0.6 pL, for optogenetics and
calcium signal recording, respectively, was injected using a 10 pL
syringe and 35-gauge needle. The injection rate was controlled
by an infusion pump (Pump 11 Elite, Harvard Apparatus, USA).
After injection, the needle was left in place for approximately
5 min before being slowly withdrawn. The craniotomies were
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sealed with bone wax and the skin around the wound was
sutured. Rats were subcutaneously injected with antibiotic
and painkiller (Baytril and Flunixin) for three consecutive
days to prevent bacterial infections and relieve postoperative
pain after virus injection, at least 4 weeks before the acute
experiment.

Immunohistochemistry

To verify the phenotype of the transfected cells, opsin local-
ization, and optical fiber placement, perfused rat brains were
fixed overnight in 4% paraformaldehyde and then equilibrated
in 15% and 30% sucrose in 0.1 M PBS at 4 °C. About 30 pm-
thick coronal sections were cut on a cryotome (CM3050S, Leica,
Germany). Free-floating sections were washed in PBS, mounted
on microscope slides, and incubated with DAPI (VectaShield,
Vector Laboratories, USA) for 30 min at room temperature. Wide-
field fluorescent images were acquired using a microscope
(Zeiss, Germany) for assessment of GCaMP and ChR2 expres-
sion in BC. Digital images were minimally processed using
ImageJ to enhance brightness and contrast for visualization
purposes.

Optical Setup for Calcium Recordings

A laser was used as excitation light source (OBIS 488LS,
Coherent, Germany) with a heat sink to enable laser operation
throughout the entire specified temperature range from 10
to 40 °C. The light passed through a continuously variable
neutral density filter (NDC-50C-2M-B, Thorlabs, Germany)
and was reflected on a dichroic beam splitter (F48-487, AHF
analysentechnik AG, Germany). The beam was collected into an
AR coated achromatic lens (AC254-030-A, Thorlabs, Germany)
fixed on a threaded flexure stage (HCS013, Thorlabs, Germany)
mounted on an extension platform (AMAO09/M, Thorlabs,
Germany) of a fiber launch system (MAX350D/M, Thorlabs,
Germany). The laser beam was projected into the fiber and
propagated to its tip. The fluorescence emitted by neurons was
collected through the fiber tip, propagated back and collimated
by the achromatic lens, passed through the dichroic beam
splitter and filtered by a band-pass filter (ET525/50 M, Chroma,
USA) and focused by an AR-coated achromatic lens (AC254-
030-A, Thorlabs, Germany). A silicon photomultiplier module
(MiniSM 10035, SensL, Germany) was applied to detect the
emitted fluorescence. The entire optical system was enclosed in
a light isolator box. The photomultiplier output was amplified
(gain=100) by a voltage amplifier (DLPVA-100-BLN-S, Femto,
Germany), digitized, and detected by BIOPAC system (MP150
System, BIOPAC Systems, USA).

Animal Preparation and Fiber Optic Implantation
for fMRI

Anesthesia was first induced in the animal with 5% isoflurane
in the chamber. The anesthetized rat was intubated using a tra-
cheal tube and a mechanical ventilator (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 measurements. After the surgery,
isoflurane was switched off, and a bolus of the anesthetic alpha-
chloralose (80 mg/kg) was infused intravenously. A mixture of
alpha-chloralose (26.5 mg/kg/h) and pancuronium (2 mg/kg/h)
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was constantly infused to maintain the anesthesia and reduce
motion artifacts.

Before transferring the animal to the MRI scanner, two cran-
iotomies were performed: one for fixed fiber implantation to
record calcium signals from BC, and the other one for dynamic
insertion of the optical fiber to stimulate the CC using opto-
genetics (dynamic insertion was achieved by using a remote
positioning tool (Chen et al. 2019)). The animal was placed on
a stereotaxic frame, the scalp was opened and two ~1.5 mm
diameter burr holes were drilled on the skull. The dura was
carefully removed and an optical fiber with 200 pm core diam-
eter (FT200EMT, Thorlabs, Germany) was inserted into the BC,
at coordinates: 2.75-3.3 mm posterior to Bregma, 5.0 mm lateral
to the midline, and 1.2-1.4 mm below the cortical surface. An
adhesive gel was used to secure the calcium recording fiber to
the skull above the dura. The craniotomy for optogenetics on CC
in the other hemisphere, at coordinates: 2.75-3.3 mm posterior
to Bregma, 1.8-2.4 mm lateral to the midline, was covered by
agarose gel for the robotic arm-driven fiber insertion inside the
MRI scanner. The eyes of the rats were covered by black light
proof tapes to prevent stimulation of the visual system during
the optogenetic fMRI, which may occur in cases with imperfect
coverage or under the strong power of light pulses through
tissue.

Functional MRI Acquisition

All images were acquired with a 14.1 T/26 cm horizontal bore
magnet interfaced to an Avance III console and equipped with a
12 cm gradient set capable of providing 100 G/cm over a time of
150 ps. A transceiver single-loop surface coil with an inner diam-
eter of 22 mm was placed directly over the rat head to acquire
anatomical and fMRI images. Magnetic field homogeneity was
optimized first by global shimming for anatomical images and
followed by FASTMAP shimming protocol for the EPI sequence.
Functional images were acquired with a 3D gradient-echo EPI
sequence with the following parameters: Echo Time 11.5 ms,
Repetition Time 1.5 s, FOV 1.92 x 1.92 x 1.92 cm, matrix size
48 x 48 x 48, spatial resolution 0.4 x 0.4 x 0.4 mm. For anatomical
reference, the RARE sequence was applied to acquire 48 coronal
slices with the same geometry as that of the fMRI images. The
paradigm for each trial consisted of 360 dummy scans to reach
steady-state, 10 prestimulation scans, 5 scans during stimula-
tion (stimulation period 8 s), and 35 poststimulation scans with
total 13 epochs and 15 epochs for refined stimulus design (See
Stimulation Protocols).

For fMRI and electrophysiology studies, needle electrodes
were placed on whisker pads of the rats, and electric pulses
(333 ps duration at 1.5 mA repeated at 3 Hz for 4 s) were first
used as stimulation to serve as a positive control for the evoked
BOLD signal or local field potential (LFP-)/calcium signal. Once
that reliable fMRI signals and calcium signals were observed
in response to electrical stimulation, optical stimulation was
performed. For optogenetic stimulation, square pulses of blue
light (473 nm) were delivered using a laser (MBL-III, CNI, China)
connected to the 200 pm core optical fiber (FT200EMT, Thorlabs,
Germany) and controlled by Master 9 (Master-9, A.M.P.IL, Israel)
to deliver blue light pulses at 1-40 Hz, 1-20 ms pulse width
with 2-8 s duration. The light intensity was tested before each
experiment and was calibrated with a power meter (PM20A,
Thorlabs, Germany) to emit 0.6-40 mW from the tip of the optical
fiber for CC activation.
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Table 1 The number of trials acquired for six conditions

Rat#1 Rat #2 Rat #3 Rat #4 Rat #5 Rat #6
Trials 6 4 4 6 5
Acquiring time 79min30s 53 min 53 min 53 min 79min 30 s 66 min 15 s
Table 2 The number of trials acquired with refined stimulus design
Rat#7 Rat #8 Rat #9 Rat #10 (LFP)

Trials 9 5 7
Acquiring time 137 min 15 s 183 min 76 min 15 s 106 min 45 s
Table 3 Light power for optogenetic stimulation

L6 L6.5 L7 L7.5 L8 L8.5 L9 L9.5 L9.9 L10
Light power 2.6 54 9.2 13.2 17.6 23.7 29.2 353 39.9 >40

(mw)

Stimulation Protocols

A 2 Hz, 8 s optogenetic stimulus train (O train; 16 pulses to the
CC) was delivered preceding a conditioning whisker stimulus
train (W train; same pulse parameters were used, 0.75-1.5 mA)
while varying the time interval between stimuli (0, 10, 25, 50,
100, and 200 ms), or without a W train, in a single trial. These
stimulation conditions were automatically executed using a
laser (MBL-III, CNI, China) and a stimulator (A365 Stimulus Iso-
lator, WPI, USA) triggered by a combination program provided
by pulse generator (Master-9, A.M.PI,, Israel), which were pre-
cisely synchronized with the start time of the image acquisition
sequence in each trial. Each trial consisted of the first fixed
whisker only stimuli block (W) and 12 blocks randomized for
six different conditions, W, O (opto only condition), WO, W500,
W1000, W2000, in total 13 min and 15 s for each trial. For refined
interstimulus intervals design, first fixed whisker stimuli block
(W) and 14 blocks randomized for seven different conditions
were used: W, OW, 010W, 025W, O50W, O100W, and 0200W, in
total 15 min 15 s for each trial. Tables 1-3 show the number of
continuous trials acquired in this study, as well as light power
for optogenetic stimulation.

Simultaneous Calcium Recording with
Electrophysiology

The anesthetic and surgical preparation procedures were
similar to the fMRI experiments. For antidromic activity record-
ing experiments in Figure 1 and Supplementary Figures 2-5,
tungsten microelectrode (UEWSDDSMCN1M, FHC, USA) was
implanted in the right BC to record the LFP from the CPNs. For
orthodromic activity in Figure 2 and Supplementary Figures 7-
10, the same kind of tungsten microelectrode was attached to
the fiber optic closely, implanted in the left BC, then secured
to the skull by an adhesive gel. To calculate the coordinates of
optical fiber implantation for CC activation, a FLASH anatomical
MRI image was acquired to confirm the virus injection 1 day
before the experiment. The LFP was recorded and amplified
through the EEG module of the BIOPAC system (gain factor,
5000, band-pass filter, 0.02-100 Hz, sampling rate, 5000/s). In
parallel, the GCaMP6f-mediated fluorescent signal and blood

pressure were digitized and recorded with BIOPAC (MP150
System, BIOPAC Systems, USA) at a sampling rate of 5 kHz. The
experiment design and equipment used afterward were similar
to the fMRI experiments.

Data Analysis

Acquired data were analyzed using Functional NeuroIlmages
software (AFNI, NIH, USA) and custom-written Matlab (MATLAB,
MathWorks, USA) programs for calcium signals. The fiber opti-
cal neuronal calcium signals were low-pass filtered at 100 Hz
using zero-phase shift digital filtering (filtfilt function in MAT-
LAB). The relative percentage change of fluorescence (AF/F)
was defined as (F — Fg)/Fp, where Fy is the baseline, that is, the
average fluorescent signal in a 2 s prestimulation window. For
Figure 2d, the spike value is defined by the maximal value for
the difference in AF/F in a time window 0.3 s after the stimulus,
as shown from 40 Hz in Figure 2c, while the baseline drift is the
average calcium signal from 0.3 to 8 s after the spike recovered
to baseline for 40 Hz stimulation. For Figure 3e, the first epoch
for each trial (fixed W condition) was excluded in the data
analysis and the calcium signal was averaged for each condition
from all the acquired trials for each animal. Each condition was
then normalized by the maximum positive deflection of calcium
signal alone conditions. For Figure 3f,h,i, the amplitude peak
of the neuronal fluorescent signal in response to 8 s whisker
stimulus was calculated as the maximal difference in AF/F in
a time window 300 ms after stimulus, then normalized to the
whisker only (W) condition (100%). The unnormalized amplitude
for the difference in AF/F for each epoch was used to generate
the calcium signal-based regressor (Supplementary Fig. 14) for
fMRI correlation map in Figure 4.

For evoked fMRI analysis, EPI images were first aligned to
anatomical images acquired in the same orientation with the
same geometry. The anatomical MRI images were registered to
a template across animals, as well as EPI datasets. The baseline
signal of EPI images was normalized to 100 for statistical
analysis of the multiple trials of EPI time courses. The time
courses of the BOLD signal were extracted from regions of
interest, for example, BC, MC, and PO, based on the brain atlas
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Figure 1. Antidromic activation upon CC optogenetic stimulation. (a) Left: schematic of experimental design. Right: representative wide-field fluorescence image
illustrating the robust expression of ChR2-mCherry at the injection site (right BC) and along the CC. Medial is to the left. Red, AAV5.CaMKII.ChR2-mCherry. Scale bar,
1 mm. (b) Average time courses of fMRI signal changes in right BC (n =8 animals) upon optogenetic stimulation. Error bars represent mean =+ SD. (c) Averaged fMRI map
showing the strong antidromic activation in BC in the right hemisphere with fiber optic trace (blue arrow) during optogenetic stimulation of CC from eight rats of block
design: 8 s on/52 s off, 11 epochs, 10 ms light pulse, 5 Hz. (d) Top: averaged BOLD signals upon different stimulation frequencies (2 Hz in blue, 5 Hz in red). Error bars
represent mean + SD. Lower: mean amplitudes of the BOLD signals (0-10.5 s) for 2 and 5 Hz (n=38, paired t test, *P =0.006). Error bars represent mean + SD. (e) Left: the
representative LFP for antidromic activation (gray lines, light pulses). Right: laser power dependent LFPs (pulse width, 10 ms). (f) Representative BOLD map showing
the activity in the projected MC (red arrows) and PO (magenta arrow) from the antidromic activity in the BC. Dashed boxes showed the enlarged view of projected MC
(GLM-based t-statistics in AFNI is used. P (corrected)=0.0319). () Schematic of experimental design. (h) The representative LFP for direct BC light stimulation (blue)
and antidromic activation (red) recorded with light pulse durations of 2, 5, and 10 ms. (i) The different peak latency and transit time for the LFP induced by CC and BC
light stimulation (n=6 animals, paired t test, *P=0.002, **P =0.009, pulse width, 10 ms). Error bars represent mean = SD.

and activation or correlation values. The BOLD amplitude for a convolution of a square wave of duration L and makes a
each condition was defined as the average value for the volumes peak amplitude of block response=1, with g(t) = t*e~t/[4%*]
within the 0-10.5 s following the onset of stimulation (when (peak value=1). In this case, each beta weight represents the
stimulation duration was 8 s). The hemodynamic response peak height of the corresponding BLOCK curve for that class,

function (HRF) used was the default block function of the that is, the beta weight is the magnitude of the response
linear program 3dDeconvolve in AFNI. BLOCK (L, 1) computes to the entire stimulus block, as shown in Figures1 and 3
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Figure 2. Orthodromic activation upon CC optogenetic stimulation. (a) Schematic of experimental design. (b) Top left: representative RARE anatomical image used to
identify the optical fiber location for calcium signal recording in the layer V of BC. Top right: enlarged immunostaining image illustrating the ChR2-mCherry expression
in the left hemisphere (opposite to the injection site, white dashed box below). Middle: representative wide-field fluorescence image illustrating robust ChR2-mCherry
at the injection site (right BC) and along the axonal fibers to the other hemisphere. Red, AAV5.CaMKII.ChR2-mCherry. Bottom: the immunostaining image illustrating
robust GCaMP6f expression (green) in the left BC. Scale bar, 1 mm. (c) Left: representative calcium signal changes upon 8 s of orthodromic activation responses to
2,5, 10, 20, and 40 Hz stimulation. Right: enlarged calcium signal changes responses to 2, 5, and 40 Hz stimulation. (d) The analysis of calcium baseline, spike value
(3.46 +2.03%), and baseline drift (—0.43 +0.26%) from three animals. Error bars represent mean =+ SD.

and Supplementary Figure 1. The HRF model is defined as
follows:

HRF(t) = int (9 (t —s),s = 0..min (t,1))

For correlation analysis, a calcium signal amplitude modu-
lated regressor (AM2) based AFNI BLOCK (L, 1) function was used
(Supplementary Fig. 14). The regressor for amplitude modulated
response model is as follows:

rava(t) = X hit—me (@ -a)

where a; is the value of kth auxiliary behavioral information
(ABI) value, that is, calcium amplitude value for the differ-
ence in AF/F for each epoch, and a is the average calcium
amplitude value for all the epochs for the individual animal.
The statistics and B for the AM2 regressor make activation
map of places whose BOLD response changes with changes in
ABI, that is, the changes in calcium signals for each epoch.

This allows separation of voxels that are active but are not
detectably modulated by the ABI from voxels that are ABI-
sensitive. In contrast to AM2-based analysis, the AM1 regres-
sor cannot distinguish the evoked versus modulated effects
as described in Supplementary Figure 15. Thus, the AM2-based
regression is applied for analysis.

Results

Antidromic Activation by Callosal Optogenetic
Stimulation

By injecting the AAV-ChR?2 viral vectors into the BC of rats, ChR2
can be expressed in CPNs, in particular through their axonal
fiber bundles projecting to the contralateral BC (Fig. 1a) (Petre-
anu et al. 2007; Xin Yu and Koretsky 2013). Based on our previous
work (Chen et al. 2019), an MRI-guided robotic arm was used to
provide high flexibility to insert the optical fiber and sufficient
targeting accuracy of the ~200 pum callosal fiber bundle for
multimodal fMRI. The most salient BOLD fMRI signal evoked
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Figure 3. Simultaneous measurement of BOLD and calcium signals during CC optogenetic stimulation and electrical whisker stimulation with varying time intervals.
(a) Stimulation scheme. There are six conditions, whisker stimuli only (W), CC stimuli only (O), CC stimuli and whisker stimuli together (OW), CC stimuli and 50, 100,
200 ms delayed whisker stimuli (O50W, 0100W, 0200W). (b) Schematic drawing of the experimental setup to conduct optogenetic fMRI with simultaneous fiber-optic
calcium recording. CL: coupling lens, DM: dichroic mirror, EF: emission filter, PM: photomultiplier, IM: intensity modulation. (c) Typical calcium signals for condition
W (blue dash box) and O100W (red dash box) from a representative rat. (d) Top: averaged fMRI map of brain-wide activity for six conditions across six rats (GLM-based
t-statistics in AFNI is used. P (corrected) < 0.01) of block design: 8 s on/52 s off, 13 epochs, 20 ms light pulse, 2 Hz, 5-39 mw. Bottom: enlarged brain slice showing the
differences of BOLD mapping in BC in both hemispheres with fiber optic trace for optogenetic stimulation (blue arrow) and calcium recording fiber (green arrow). (e)
Averaged normalized calcium signal in left BC, gray lines showing the individual normalized calcium signal from six rats (Trials #=29, details see Methods, Table 1).
(f) Normalized calcium signal for an individual rat as a function of conditions: W, OW, O50W, 0100W, O200W. (g) Left: averaged BOLD changes in the ROI (red region on
anatomical images) in the left BC induced by whisker stimulation. There is a slight increase for O condition, which is consistent with Supplementary Figure 6. Right:
averaged BOLD changes in the ROI (red region on anatomical images) in the right BC induced by CC stimulation. (h) Averaged normalized calcium signal changes across

six rats modulated by stimulus time intervals (ANOVA, P < 0.01). (i) Averaged normalized calcium signal changes across four rats modulated by stimulus time intervals
(ANOVA, P <0.03).

by CC optogenetic stimulation was detected at the ipsilateral
BC housing the labeled CPN (n=8 animals, Fig. 1b,c, 5 Hz light

ipsilateral effects were readily seen with the 5 Hz stimula-
tion paradigm but could not be evoked using lower stimulation

pulses). The antidromically evoked hemodynamic responses to
5 Hz stimulation were significantly stronger than the responses
to 2 Hz (Fig. 1d). In addition, antidromic BOLD and LFP signal
were evoked by systematically varying laser power, light pulse
width, frequency, and duration of the optogenetic stimulation
(Fig. 1e, Supplementary Figs 1 and 2). The fMRI analysis revealed
widespread brain activation in the ipsilateral hemisphere, which
likely originates from antidromic CPN activity spread by multi-
synaptic pathways to the MC and PO (Fig. 1f). These widespread

frequencies.

Next, we examined the temporal characteristics of the
antidromic activity. In general, CC-mediated antidromic LFP
responses in BC to different pulse widths and frequencies
were similar to the responses observed when BC was directly
activated (Supplementary Figs 3 and 4). Likewise, the whole-
brain BOLD signal showed time courses and distributions as
reported earlier with direct BC stimulation (Yu et al. 2012,
2016). We were concerned that the stimulation light could
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Figure 4. Calcium AM-based whole brain BOLD correlation analysis. (a) one representative animal map overlaid on the anatomical image with a statistical threshold (P
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show the spatial distribution of the positive correlation located at left BC, MC, as well as the PO by overlying with the brain atlas (red square, optical fiber traces, right
panel: the enlarged images of the correlation map overlaid on the brain atlas). (c) Enlarged correlation map shows the positive correlation at the MC. (d) Left: averaged
time courses from the right BC at different conditions (n =8 rats). Middle: mean amplitudes of the BOLD signals (0-10.5 s) for individual rats. Right: averaged amplitudes
of the BOLD signals (0-10.5 s, mean + SD, ANOVA, *P=0.027, **P =0.004, #P =0.030, ##P =0.003). (¢) Left: averaged time courses from the MC (n=8 rats). Right: averaged
amplitudes of the BOLD signals (0-10.5 s, mean + SD, ANOVA, *P=0.005, **¥P =0.01). (f) Left: averaged time courses from the PO (n=8 rats). Right: averaged amplitudes
of the BOLD signal (0-10.5 s, mean + SD, ANOVA, *P=0.009, **P =0.012). W: whisker stimulation only, OW: simultaneous optical and whisker stimulation, O[x]W optical

stimulation followed by [x] ms-delayed whisker stimulation.

have activated CPN directly in the BC. To test this concern,
we recorded the LFPs evoked by optogenetic CC and direct
BC stimulation in the same rat (Fig. 1g,h), and found that the
latency of the response was systematically higher for CC as
compared with BC stimulation (negative peak latency: BC:
8.13+1.89 ms, CC: 11.27 £0.78 ms; positive peak latency: BC:
17.00+4.65 ms, CC: 21.07 +2.60 ms; n=6 animals, paired t test,
*P=0.002, **P=0.009) (Fig.1i). Otherwise the time course of
the LFP response was similar, which showed, firstly that CC

stimulation is likely stimulating the CC axons as intended,
and secondly that BC is activated in a very similar way by
CPNs as with direct stimulation. In support of this conclusion,
we found that optogenetically activating callosal fibers from
the other hemisphere (opposite to the virus injection site)
readily showed latency differences (Supplementary Fig.5), as
expected from the axonal conduction delays of the transmission
of the electrical impulses (Simmons and Pearlman 1983;
Caminiti et al. 2013).



Mapping the Brain-Wide Network Effects by Optogenetic Activation of the Corpus Callosum Yi Chen et al.

Orthodromic Activation by Callosal Optogenetic
Stimulation

Compared with antidromically evoked activity, the BOLD signal
in the contralateral hemisphere evoked by orthodromic stimu-
lation was smaller, and the stimulus-response relationship was
different. For instance, quite different from the antidromic situ-
ation, the BOLD signal observed with 2 Hz optogenetic CC stim-
ulation was stronger than that with 5 Hz (Supplementary Fig. 6).
To investigate the CC-mediated corticocortical interaction in
the contralateral hemisphere, we injected the Syn-GCaMP6f and
CaMKII-ChR2-mCherry into the left and right BC, respectively,
and recorded both calcium and LFP signal upon optogenetic
CC stimulation (Fig. 2a,b). Here we focused on layer 5 (Fig. 2b),
because it is the main target lamina of CC projections (Suarez
et al. 2014; Rock and Apicella 2015), as well as the main out-
put layer of the BC (Fox 2008). Figure 2c shows the frequency-
dependent orthodromic calcium signals from one representative
rat. As mentioned before, evoked calcium transients appeared
in a strict frequency-dependent fashion. A strong transient was
detected following each light pulse at 2 Hz, while at higher
frequencies, only the first pulse triggered a full-fledged cal-
cium response (Fig. 2c). The subsequent pulse responses were
depressed or missing entirely and gave way to a slow decrement
in fluorescence (Fig. 2c). The decrement of Ca?* signal was con-
stantly present throughout the entire stimulus interval (see gray
bar 40 Hz stimulation in Fig. 2c), and slowly relaxed back to base-
line only after the end of stimulation. Simultaneous LFP and cal-
cium recordings in a representative rat shared the same pattern,
strengthening the notion of a strong suppression of responses at
higher stimulus frequencies (Supplementary Fig. 7), and offering
an explanation for the likewise decreased orthodromic BOLD
signals at 5 Hz (Supplementary Fig. 6). The calcium baseline
drift for 40 Hz was reproduced and was quantified in Fig. 2d,
suggesting a highly robust corticocortical inhibition effect as
previously reported by electrophysiological recording (Butovas
and Schwarz 2003; Butovas et al. 2006; Lee et al. 2014). The evoked
LFP and calcium signals dependence on the laser power, light
pulse width, and duration provide strong evidence for reliable
detection of the orthodromic activity (Supplementary Figs 8-
10). It is noteworthy that the CC-mediated orthodromic activity
shows different response patterns for both LFP/calcium and
fMRI signals from the antidromic activity, indicating a distinct
impact on the local excitation-inhibition balance through the
CC-mediated inputs.

The CC-mediated Inhibitory Effects on the
Sensory-evoked Cortical Activity

Next, we investigated the effect of CC-mediated suppression
on sensory-evoked cortical activity. The optogenetic light pulse
train (‘O’, 2 Hz, 16 pulses in 8 s) for CC optogenetic stimulation
was delivered at time intervals of 0, 50, 100, and 200 ms after
stimulating the primary afferents in the whisker pad with a
microstimulation pulse train (‘W’, 2 Hz, 16 pulses). In total
six conditions (W, O, OW, O50W, O100W, and O200W, OxW
means optogenetic pulse precedes the whisker stimulation
pulse by “x” ms) were delivered in trials of randomized order
(Fig. 3a) using the multimodal fMRI platform (Fig. 3b). Typical
raw calcium signals and stimulation design are shown in Fig. 3¢
with a W condition leading the other randomized 12 epochs (six
conditions repeated twice in a randomized order). We found
a strong suppression of BOLD in the orthodromic direction
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with latencies of 50 and 100 ms (Fig. 3d,g). The suppression was
partially recovered at the O200W condition. This phenomenon
was absent on the antidromic side (Fig. 3g). A similar picture
emerged with averaged calcium signals recorded in layer 5 of
the contralateral BC (Fig. 3¢). Ca?* signals and BOLD were highly
correlated (Fig.3e,g), showing reduced calcium percentage
changes at O50W and O100W conditions across animals (Fig. 3f).
Normalizing both signals to the whisker-only (W) condition
(Supplementary Fig. 11), we found that the mean signal changes
of BOLD from 100% (W) to 107.3%, 59.2%, 56.8%, and 100.4%, while
the calcium signal changed from 100% (W) to 127.8%, 45.2%,
59.5% and 107.1% at conditions of OW, 050W, 0100W, and O200W,
respectively (Fig. 3h). To investigate the temporal features of the
interaction on a more precise scale, we refined the stimulus
intervals for whisker stimulation by adding 10 and 25 ms
conditions (W, OW, O10W, 025W, O50W, O100W, and O200W)
in another group of rats (Fig.3i and Supplementary Fig. 12).
Again similar patterns emerged as seen before (Fig.3i and
Supplementary Fig. 12). For O10W, no significant difference
was observed in comparison with the OW condition, but the
calcium responses at 025W were significantly lower than the
OW condition (Supplementary Fig. 12). As reported from in vitro
CC electrical stimulation studies by Kawaguchi et al. (Kawaguchi
1992), CC stimulation leads to two inhibitory postsynaptic
potential (IPSP) peaks (the earlier peak at ~30 ms, and the later
peak at ~180 ms), which could underlie the inhibitory effects at
025W and the later recovery at O200W to different extents.
Furthermore, the simultaneous LFP and calcium recording
confirmed the time-interval specific inhibitory effects by direct
optogenetic CC stimulation to modulate the sensory-evoked
cortical activity pattern in the BC (Supplementary Fig. 13). These
results are consistent with results using whisker, forepaw, and
visual stimulation in rodents and human studies (Schnitzler
et al. 1996; Ogawa et al. 2000; Shuler et al. 2001; Berwick et al.
2004; Wiest et al. 2005; Ni et al. 2009; Bocci et al. 2011; Nemoto
et al. 2012).

Global Network Mapping Based on the
Optogenetically-driven CC-mediated Inhibitory Effects

The 3D fMRI data with concurrent calcium signal acquired at
different conditions with CC and whisker stimulation allowed
analyzing the global effect of the optogenetically driven CC-
mediated inhibition. To this end, the calcium signal AM fac-
tor was applied to the ideal function produced by the general
linear model (GLM), which was correlated with the 3D fMRI
time course (Supplementary Fig. 14) (Cox 1996; Wang et al. 2018).
As shown in Supplementary Figure 14, the calcium-AM?2 regres-
sor is derived from the stimulation-driven ideal function, of
which the GLM analysis leads to an AM-specific correlation
with the whole brain fMRI signal (an AM1-based regression
method merges both evoked and modulated effects, detailed
discussion is described in Methods and Supplementary Fig. 15).
Thus, the calcium-based AM2-correlation with the entire brain
generated a map of global brain dynamic changes related to
specific CC-mediated inhibitory effect. The strongest correlation
was found in the left BC (Fig 4). A positive correlation was further
observed in the ipsilateral (left) MC and PO, which are projection
targets of the BC, as well as the ventral right BC (Fig. 4a,b,c). We
next extracted the time courses from the highlighted ROIs to
examine the changes of the fMRI signals at different conditions.
The averaged time courses from the right BC ROI reflected the
patterns seen in the orthodromically affected BC before. In these
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conditions (O50W and O100W), the BOLD signals of the left
BC were reduced with respect to the other conditions (Fig. 4d).
Similar patterns of BOLD responses were detected in the MC
(Fig. 4e) as well as the PO (Fig. 4f) directly connected to the left
BC. In particular, it has been shown that corticalthalamic projec-
tions from Layer 5 BC neurons highly innervate to the PO area
(Sumser et al. 2017), establishing a potential feed-forward reg-
ulatory pathway to support the covaried CC-relevant BC-PO
activity as presented in the AM2-based correlation maps. It is
noteworthy that the positively correlated right BC area was not
overlapping with cortical areas housing the CPNs (Fig. 3d). Thus,
the AM2-based global correlation map presents unique CPN-
mediated transcallosal regulation on sensory inputs, precluding
the possibility that MC and PO might have integrated the callosal
and sensory input independently of BC. In summary, these
results demonstrate that the global network is modulated with
the CC-specific evoked activity in BC.

Discussion

We have performed simultaneous BOLD-fMRI and calcium
recording in combination with callosal-circuit specific optoge-
netic stimulation to map the brain-wide network activation.
The robust BOLD signal due to the antidromic activity was
detected in the ipsilateral BC, which also led to fMRI detection
in the ipsilateral MC and PO region with the higher frequency
stimulus. In contrast, the positive BOLD signal through the CC-
orthodromic activity was only reliably observed at the lower
frequency optogenetic stimulus. With the 40-Hz light pulses,
the calcium baseline suppression was detected and interpreted
to be due to the CC-mediated cortico-cortical inhibitory effect.
To further test this, CC-mediated inhibition was further paired
with the whisker stimulation paradigm at varying interstimulus
intervals from 0 to 200 ms, showing significant suppression at
the O50W and O100W conditions in the left BC by the concurrent
fMRI and calcium recording. By extracting the event-dependent
calcium peak amplitudes at varied conditions as a regressor,
an AM-based correlation map revealed brain-wide inhibitory
effects spreading through the ventral border of the right BC
and the left MC and PO. Thus, the multimodal fMRI platform
provides thorough brain-wide network activation maps for the
CC-specific optogenetic stimulation.

The observation of strong antidromic propagation by callosal
optogenetic stimulation and related synaptic spread of activity
presents a caveat for the conclusion of circuit specificity for in
vivo optogenetic studies. In particular, when fibers projecting to
specific functional nuclei are optogenetically activated, possible
spreading network activity from the antidromically activated
brain sites needs to be considered. In our experiments, BOLD
signals were detected in both MC and PO, which receive afferents
from the antidromically activated BC (at 5 Hz light pulses),
indicating a (for the experimental purpose unintended) wide-
spread optogenetic activation pattern in the brain-wide network
(Fig. 1e). This spread is likely due to synaptic propagation via
activated local or regional axon collaterals of CPNs (Wilson
1987; White and Czeiger 1991; Cauller et al. 1998; Mitchell and
Macklis 2005; Fame et al. 2011). For the present spread into motor
and sensorimotor structures, deep layer CPNs with long-range
projections into sensorimotor brain areas are likely involved
(Veinante and Deschenes 2003). In addition, multisynaptic
pathways, involving either cortico-cortical or cortico-thalamic
projections may have contributed to the spread brain-wide
activation (Kleinfeld and Deschenes 2011; Gambino et al. 2014).

In conclusion, it is mandatory to consider brain-wide activation
patterns, even in case of application of highly circuit-specific
optogenetic activation schemes.

Certainly, the optogenetic callosal activation also elicits
specific unidirectional callosal orthodromic activity, as shown
in earlier reports (Kawaguchi 1992; Hoffmeyer et al. 2007;
Karayannis et al. 2007). Optogenetic activation of the callosal
projection terminals in brain slices led to better characterization
of the excitatory and inhibitory circuit regulation by callosal
inputs (Petreanu et al. 2007; Palmer et al. 2012; Lee et al. 2014;
Rock and Apicella 2015; Petrus et al. 2019). Our observations
further support the nonlinear neurovascular coupling events
observed with optical intrinsic signal measurements and laser-
doppler flowmetry upon optogenetic or electrical CC stimula-
tion (Hoffmeyer et al. 2007; Iordanova et al. 2018). In our study,
the fact that orthodromic BOLD signals were readily observed
with low-frequency stimulation (2 Hz) but strongly reduced at
higher frequency (5 Hz), reveals a critical nonlinear manner
of the hemodynamic responses driven by the CC-mediated
neuronal activation(Fig. 1f and 2c, and Supplementary Fig. 6).
Future studies should incorporate the line-scanning fMRI
to investigate the CC-mediated neurovascular coupling with
different stimulation frequencies, in particular, to elucidate
the laminar-specific fMRI signal changes to 40 Hz stimulation
when conventional EPI-fMRI does not detect reliable negative
BOLD signal changes. We show here that peripheral whisker
stimulation is well suited to study the suppressive effects of
orthodromically conveyed activity specific to the callosum,
which is not possible using in vivo bilateral stimulation
paradigms in rodents (Ogawa et al. 2000; Shuler et al. 2001;
Berwick et al. 2004; Wiest et al. 2005; Nemoto et al. 2012) or
bilateral motor or visual tasks in humans (Schnitzler et al.
1996; Ni et al. 2009; Bocci et al. 2011) where other pathways
may be involved. In particular, CC-induced orthodromic activity
of L5 pyramidal neurons evoked a calcium transient followed
by marked depression of calcium signals responding to light
pulses on CC (Fig. 2¢,d) (consistent with the optogenetic results
in brain slices (Lee et al. 2014)). Electrophysiology in brain
slices has elucidated that CC-mediated glutamatergic excitatory
postsynaptic potentials are followed by early GABA- and late
GABAg-mediated IPSPs lasting for several hundred milliseconds
(Kawaguchi 1992; Kumar and Huguenard 2001; Karayannis et al.
2007; Palmer et al. 2012), strongly suggesting that the depression
seen here is partly due to bi-synaptic inhibition. Also, while
when pairing callosal activation with 2 Hz whisker stimulation,
the cortical response time course shows a depressive effect
around 50-100 ms, of which the interval fits the previous
finding that local intracortical activation is accompanied
by activation of long-lasting synaptic GABAergic inhibition
(Butovas and Schwarz 2003; Butovas et al. 2006; Cardin et al.
2009; Logothetis et al. 2010; Moore et al. 2010; Palmer et al. 2013).
It is also noteworthy that the ChR2 is specifically expressed
in the excitatory CPNs with the CaMKII promoter, which
eliminates the contribution from the direct GABAergic callosal
projections to inhibit the local neuronal activity (Bitzenhofer
et al. 2017; Rock et al. 2018). Alternatively, it remains unclear
whether the callosal-activated inhibitory interneurons could
directly modulate the ascending thalamocortical terminals
from either PO or VPM to further suppress the local activation.
Selectively recording cell-type-specific calcium signals will
provide the possibility to further study the specific role
that excitatory/inhibitory neurons play in the mechanism of
CC-mediated neuronal activity and neurovascular coupling.
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In particular, besides the robust negative modulation detected
in the paired O50W and O100W conditions, a refined temporal
scale at the O25W condition further demonstrates the CC-
mediated inhibitory effect (Supplementary Fig. 12), which can
be potentially caused by the GABAA-mediated early IPSP peak
elicited by the direct electrical CC stimulation (Kawaguchi 1992).
The fact that antidromic activity is not susceptible to the paired
optogenetic and whisker stimulation (surely due to weaker
ipsilateral whisker-evoked activity, but also likely due to the
relative strength of antidromic activation), supports the notion
that the depression of whisker-evoked activity is due mainly
to local (contralateral) interaction of CC-evoked and whisker-
evoked activity, rather than to possible CC activity evoked by
indirect activation of additional CPNs via antidromic activation.

The whole-brain fMRI with concurrent calcium recording
allows assessing the brain-wide network effects of CC-mediated
inhibition (Fig. 4a,b). In particular, the application of the calcium
amplitude-modulation (AM)-based GLM allows separating the
stimulus-driven responses from the AM factor, which creates
specific correlation maps to the CC-mediated inhibitory effects.
The calcium AM-based correlation map highlighted three brain
regions: the ventral part of right BC, the left MC, and PO. The
ventral right BC was likely activated by reciprocal callosal con-
nections, the majority of which, as argued above, may have
been quenched by the strong antidromic effect via labeled CPNs.
During the viral injection procedure, however, the ventral BC was
regularly spared and did not receive virus, and therefore may
have been less affected by overriding antidromic activity. Out-
side BC on the orthodromic side, the AM2-dependent correlation
was detected as well in the left MC and PO. The CC-mediated
inhibitory effect on the spatially distinct MC could be caused
by the long-range S1-MC projection for sensorimotor integration
(Ferezou et al. 2007; Matyas et al. 2010; Kleinfeld and Desch-
enes 2011; Chen et al. 2013; Feldmeyer et al. 2013). The direct
BOLD activation in the MC was detected by whisker stimulation
through the sensorimotor connection (Yu et al. 2014), which was
also shown in the antidromic activity-based spreading activa-
tion patterns (Fig. 1le). The CC-mediated inhibitory effect on the
PO is likely via corticothalamic projections originating from BC
layer S5b neurons (Groh et al. 2014; Mease et al. 2016b, 2016c;
Sumser et al. 2017). This could further lead to feed-forward
suppression through the PO —BC thalamocortical circuit. This
suggests potential participation of the callosal inputs in the
regulation of a wider network of a reciprocal thalamocortical
network, which mediates BC signals from the other hemisphere
for whisking related processing (Petreanu et al. 2009; Theyel et al.
2010; Feldmeyer et al. 2013; Gambino et al. 2014; Manita et al.
2015; Mease, Metz, et al. 2016a; Sumser et al. 2017). Therefore,
besides the antidromically evoked network activation pattern,
the orthodromic CC-mediated inhibition generates a brain-wide
activity pattern of its own.

In summary, by taking advantage of optogenetics to activate
unidirectional callosal fibers, calcium indicators (GCaMP6f) to
track neuronal activity at L5, and simultaneous whole-brain
fMRI mapping, this work bridges the cellular and the whole brain
network levels for CC-mediated activity. We present a multi-
modal fMRI platform to map and analyze the CC-regulated exci-
tation/inhibition balance across multiple scales, which should
be useful to decipher brain network dysfunction induced from
CC abnormalities. Brain-wide network activation from callosal-
circuit optogenetic stimulation underscores the caution to inter-
pret circuit-specific regulatory mechanisms underlying behav-
ioral or functional outcomes with optogenetics in animals.
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Supplementary data

Supplementary materials can be found at Cerebral Cortex online.
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