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ABSTRACT

Task based and resting state fMRI has been widely utilized to study brain functions. As the foundation of fMRI, the underlying neural basis of the BOLD signal has been
extensively studied, but the detailed mechanism remains elusive, particularly during the resting state. To examine the neurovascular coupling, it is important to
simultaneously record neural and vascular signals. Here we developed a novel setup of camera based, scalable simultaneous calcium fiber photometry and fMRI in rats.
Using this setup, we recorded calcium signals of superior colliculus (SC) and lateral geniculate nucleus (LGN) and fMRI simultaneously during visual stimulation and
the resting state. Our results revealed robust, region-specific coupling between calcium and BOLD signals in the task state and weaker, whole brain correlation in the
resting state. Interestingly, the spatial specificity of such correlation in the resting state was improved upon regression of white matter, ventricle signals and global
signals in fMRI data. Overall, our results suggest differential coupling of calcium and BOLD signals for subcortical regions between evoked and resting states, and the

coupling relationship in the resting state was related with resting state BOLD preprocessing strategies.

1. Introduction

Since its advent almost three decades ago, blood oxygenation level-
dependent (BOLD) functional magnetic resonance imaging (fMRI) has
been widely used for mapping brain activity in the human and animals.
The BOLD contrast has been linked to neural activity through the neu-
rovascular coupling process, which is generally believed to arise from the
interplay of neural activity, cerebral blood flow (CBF), cerebral blood
volume (CBV) and cerebral metabolic rate of oxygen (CMRg2) (Kim and
Ogawa, 2012). Extensive research has been conducted to elucidate the
detailed mechanism of neurovascular coupling, as it is the physiological
foundation for BOLD fMRI. Simultaneous electrophysiological recording
and fMRI studies in the macaque cortex showed strong coupling between
the BOLD signal and neural responses (as characterized by local field
potential and multi-unit activity) during visual stimulation (Goense and
Logothetis, 2008; Logothetis et al., 2001). Simultaneous electrophysio-
logical recording and intrinsic optical imaging studies have also in gen-
eral indicated the similar conclusion (Hillman, 2014).

In addition to the previous neurovascular coupling studies in stimulus
evoked states, it has become increasingly important to examine the such
relationship during the resting state with the growing applications of
resting state fMRI. The current model of the BOLD contrast mechanism
relies on the decreased oxygen extraction fraction (OEF) during the
period of increased neural activity, and such model might not be able to
directly extend to the resting state during which no stimulus evoked
neural activation is present. Similar to studies focusing on the stimulus
evoked state, simultaneous or sequential electrophysiological recording
and fMRI studies in animals have provided some evidence for the neural
basis of the resting state BOLD signal and resulting functional connec-
tivity (Jaime et al., 2017; Lu et al., 2007, Lu et al., 2016; Magri et al.,
2012; Pan et al., 2013; Scholvinck et al.,, 2010; Shmuel and Leopold,
2008; Thompson et al., 2013, 2014a, 2014b). In general, those studies
have supported the notion that various components of the electrophysi-
ological activity (e.g., infraslow or higher frequency bands) contributed
to or were correlated with the spontaneous BOLD signal and the resulting
functional connectivity.
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Outside the MRI scanner, simultaneous optical imaging of neural
(calcium) and hemodynamic signals has also provided important infor-
mation regarding the relationship between spontaneous neural and he-
modynamic signals. Ma et al. and Matsui et al. both reported robust
correlation between large scale spontaneous calcium and intrinsic optical
imaging signals in mice (Ma et al., 2016; Matsui et al., 2016). Through a
similar experimental approach, infra-slow activity of calcium signal was
linked to the hemodynamic signal (Mitra et al., 2018). At finer spatial
scales, simultaneous electrophysiology and two-photon imaging of blood
vessels in mice revealed that spontaneous y band activity regulates
arteriole dilation, which in turn may lead to spontaneous fluctuation of
local oxygenation level (Mateo et al., 2017). However, another study
(Winder et al., 2017) showed that in awake mice, CBV and local field
potential (LFP) was correlated to a much weaker extent during the true
rest, compared to those during external stimulation or volitional whisk-
ing and body movement. Furthermore, spontaneous hemodynamic fluc-
tuations persisted even when local neural activity was blocked (Winder
et al., 2017). Therefore, the exact nature of the resting state BOLD signal
remains to be examined.

Recently, simultaneous calcium fiber photometry and fMRI has
emerged as a powerful tool to examine the neurovascular coupling (Liang
etal., 2017; Schlegel et al., 2018; Schmid et al., 2016; Schulz et al., 2012;
Schwalm et al., 2017; Wang et al., 2018). Compared to simultaneous
electrophysiological recording in the MRI scanner, fiber photometry is
not affected by the inherent electromagnetic interference from MRI. In
addition, it has great potentials to reveal cell type specific contributions
to task evoked or spontaneous BOLD signals (Schlegel et al., 2018; Schulz
etal., 2012; Wang et al., 2018). The above studies also generally reported
good agreement between calcium and BOLD signals in sensory and
optogenetic stimulation or resting state in the rodent brain.

However, the fiber photometry method in general is not scalable to
multiple recording sites (see Table 1 in Schlegel et al., 2018), which
limits its applications in exploring neural basis of resting state functional
connectivity. Recent advance has enabled simultaneous recording of
calcium signals from up to 7 sites using a fiber bundle and camera-based
approach (Kim et al., 2016). Therefore, to improve the scalability of
simultaneous fiber photometry and fMR], in the current study we suc-
cessfully modified and combined it with fMRI in rats. Such setup allowed
camera based, dual channel simultaneous calcium fiber photometry and
fMRI, and can be conveniently scaled up to more brain regions in the
future. Furthermore, in contrast to most previous studies focusing on
cortical regions, we specifically examined the neurovascular coupling in
subcortical regions of superior colliculus (SC) and lateral geniculate nu-
cleus (LGN), taking advantage of the convenient subcortical access of
fiber photometry.

Using this novel setup, our results showed robust and region-specific
coupling in both SC and LGN for stimulus-related calcium and BOLD
signals, which is in good agreement with previous studies. In contrast,
the resting state calcium and BOLD signals in both SC and LGN were
much less correlated and the coupling exhibited a global, non-specific
patterns. Such spatial correlation between resting state calcium and
BOLD signals became progressively more specific upon regression of
white matter, ventricle signals and global signals in fMRI data. Overall,
the above results suggest differential coupling of calcium and BOLD
signals for subcortical regions between evoked and resting states, which
would require further examination in the future.

2. Method
2.1. Animals and surgery

Adult male Sprague Dawley rats (300-500g, Shanghai Laboratory
Animal Center, Shanghai, China) were used for the current study with
food and water ad libitum. All procedures were approved by the Institu-
tional Animal Care and Use Committee of Institute of Neuroscience,
Chinese Academy of Sciences. Rats were anesthetized with isoflurane
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(4% for induction and 2% for maintenance) and standard stereotaxic
surgery procedures followed. Craniotomies were made above the right
superior colliculus (SC) and lateral geniculate nucleus (LGN), and
800-1000nL AAV virus (rAAV-hSyn-Gcamp6f-WPRE-pA, BrainVTA,
China) was injected at each location (SC: 6.3 mm rostral and 0.8 mm
lateral to bregma, LGN: 4.7 mm rostral and 4.0 mm lateral to bregma)
using an microinjector (Nanoject I1I, Drummond Scientific Company). An
optic fiber (0.2 mm diameter) embedded in a 2.5 mm ceramic ferrule
(Thorlabs) was inserted above each injection site. Three ceramic screws
were placed in the skull far away from injection sites to further secure the
head implants. Dental cement was applied around the screws and
ceramic ferrule. The animals were returned to home cage for 4 weeks to
allow for recovery and viral GCaMP expression.

2.2. Simultaneous calcium fiber photometry and fMRI setup

The overall optical setup was modified from (Kim et al., 2016), and
was summarized in Fig. 1. Similar to Kim et al., a 470 nm LED and a
410nm LED (Thorlabs, M470F1 and M410F1) were used as excitation
sources for the Ca®"-dependent and Ca®*-independent isosbestic mea-
surements, respectively. Two LEDs were respectively filtered with
410-10-nm and 470-10-nm bandpass filters (Thorlabs) and fiber coupled
into dichroic cube holders each holding a 425nm longpass dichroic
mirror (DMLP425R, Thorlabs) and a 495 nm longpass dichroic mirror
(FF495-Di03, Semrock), and coupled into a 7 m long patch cable through
an objective (Olympus RMS20X, 0.4 NA). The patch cable had 2 optical
fiber bundled together with two ends towards the animal side (custom
made by Thorlabs). Each end of the patch cable was connected with one
implanted optical fiber in the animal head, and the emitted light was
transmitted back through the same patch cable, filtered with 535 nm
bandpass fluorescence emission filter (FF01-535/22-25, Semrock) and
finally imaged by a CCD camera (Retiga R1, QImaging).

To enable the concurrent recording of multiple channels per fiber, we
used a time-division multiplexing strategy to time-sequentially sample
each channel (470 nm and 410 nm) individually. Schematic of the time-
division multiplexing strategy was shown in Fig. 1C. Briefly, consecutive
camera frames were captured using alternating 470 nm and 410 nm
excitation source. Both 470 nm and 410 nm excitation durations were
20 ms and spaced 50 ms apart for 40% duty cycle. Excitation power for
both 470 and 410 nm at the tip of the fiber was ~30 pW. Images were
acquired at 20 Hz frame rate, thus the individual 470 nm and 410 nm
frames were sampled at 10 Hz. The optical acquisition was synchronized
with fMRI by TTL triggers from the Bruker scanner.

MRI experiments were conducted on a 9.4T Bruker scanner, with an
86 mm diameter volume coil for transmission and 20 mm diameter single
loop surface coil for receiving. Animals were initially anesthetized with
4% isoflurane, and a bolus of 0.05mg/kg medetomidine was injected
im. followed by continuous subcutaneous infusion of 0.1 mg/kg/h
10 min afterwards. Isoflurane level was then reduced and kept at 0.5%.
Animals’ temperature and respiration were monitored, and body tem-
perature was maintained at 36.5 + 0.5 °C (SA Instruments, Inc, USA).

Anatomical images were acquired using a T2 RARE sequence (matrix
size = 256 x 256; FOV = 3.2 x 3.2 cm; slice number = 20; slice thick-
ness = 0.8 mm). Functional gradient-echo EPI images were acquired with
the following parameters: repetition time (TR)=1s; echo time
(TE) = 15 ms; matrix size =80 x 67; FOV =3.2 x 2.68 cm; slice num-
ber = 20; and slice thickness = 0.8 mm, 600 repetitions. A separate op-
tical fiber (Fig. 1B) coupled with a blue laser was used for delivering
external visual stimulation (5Hz flashing light with 10s ON and 15s
OFF, resulting a inter stimulus interval (ISI) of 25s), and the tip of the
optical fiber for visual stimulation was placed in front of the rat’s left eye.
Each simultaneous fiber photometry and fMRI session consisted of 6-8
EPI scans, interleaved by visual stimulation scans and resting state scans.
Eight rats were used in this study. In total, 22 and 13 simultaneous fiber
photometry and fMRI scans were acquired respectively for SC and LGN
under visual stimulation, and 33 and 12 scans for SC and LGN in resting
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state, respectively. Among those session, 7 scans recorded calcium signals
from both SC and LGN under visual stimulation, and 10 scans in resting
state (Fig. S1).

2.3. Histology

Each rat was deeply anesthetized by 3% pentobarbital sodium
(40 mg/kg) and then perfused with phosphate-buffered saline (PBS)
followed by 4% paraformaldehyde in PBS. The brain was removed and
stored in 4% paraformaldehyde for one night and then in 30% sucrose
solutions in a refrigerator for 3-5 d. A freezing microtome was used to cut
each brain into serially ordered 60 pm thick sections. The brain sections
were mounted with DAPI and were used to visualize fluorescence to
confirm GCaMP expression and the injection site.

2.4. Data analysis

2.4.1. Preprocessing

The overall flow of simultaneous calcium fiber photometry and fMRI
data analysis was illustrated in Fig. S2. fMRI data analysis was performed
using custom scripts in MATLAB (MathWorks, Natick, MA) and SPM12
(http://www fil.ion.ucl.ac.uk/spm/). Raw data preprocessing pipeline
consisted of converting Bruker data format to NIFTI format, brain
extraction using ITK-SNAP (http://www.itksnap.org/), slice timing
correction, realignment, and registration to a template (Valde-
s-Hernandez et al., 2011) (http://www.idac.tohoku.ac.jp/bir/e
n/db/rb/101028.html) across rats for group analysis. Regression of
covariates for resting state data included three cases: (1) 12 head motion
(HM) parameters (6 realignment parameters and their 1st order de-
rivatives); (2) HM, white matter (WM), cerebrospinal fluid (CSF) signals;
(3) HM, WM, CSF and global signals (GS). Only head motion parameters
were used for visual stimulation data. Resting state data were further
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band-pass filtered at 0.001-0.1Hz, while task state data were high-pass
filtered at 0.001Hz. Both resting state and visual stimulation data were
spatial smoothed with a Gaussian Kernel (FWHM = 0.8*0.8*0.8 mm?).
The first fifteen volumes of each EPI scan were discarded prior to data
analysis to allow magnetization to reach a steady state.

The task-based fMRI data were then analyzed using SPM12. A simple
gamma function with faster onset and peak time was used instead of SPM
default hemodynamic response function (HRF) (Fig. S3A), to account for
faster HRF in rodents than in human. Standard 1st level general linear
model (GLM) was applied with 12 motion parameters as nuisance re-
gressors (Fig. S3B). Significantly activated voxels (p < 0.001 ) around
the tip of the optical fiber were used as masks for extracting averaged
BOLD time series in both task and resting state scans.

GCaMPéf fluorescence signals at 470 nm and 410 nm were obtained
by averaging the pixels inside optical fiber cores (red circles in Fig. 1C) in
optical images from the CCD camera. Signal baseline drifts were removed
by using the MATLAB function polyfit(). Similar to previous studies (Kim
et al., 2016; Ma et al., 2016), the 410 nm control signal was regressed
from the 470 nm signal using least-squares regression. The fluorescence
change (dF/F) was normalized by subtracting the baseline fluorescence
from the fiber fluorescence at each time point and then dividing the value
by the baseline fluorescence. The calcium and BOLD time series were
respectively down-sampled and up-sampled to 5Hz by using the MAT-
LAB function interp1() and then used for the subsequent HRF estimation.

2.4.2. HRF estimation

To examine the transfer function from calcium to BOLD signals
(thereafter we loosely use the term of HRF for convenience), the least-
square deconvolution technique was applied (Pedregosa et al., 2015;
Rangaprakash et al., 2018). For a linear time-invariant system, the
convolution can be expressed as:

)
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Fig. 1. Schematic illustration of the simultaneous calcium fiber photometry and fMRI setup. (A) upper right, the optical components mounted on an optical table. The
optical acquisition was synchronized with fMRI by TTL triggers from the Bruker scanner. Upper left, the anesthetized rat in the scanner bore tethered to the optical
patch cable. (B) The fiber-optic implant in the animal head. The green areas were SC and LGN. (C) Left side, the diagram of sequential acquisition of 470 nm and
410 nm channel signals (blue: 470 nm; cyan: 410 nm; black: camera frames). Right side, calcium fiber photometry data from O's to 200 s in one scan. The red circles

were masks for extracting the optical signals.
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ory = Xh+ 1, where X is the system input, which is change in calcium
signal; y is the system output, which is BOLD signal; h is the response
function, which is the HRF in the context of neurovascular coupling; and
5 is the noise component. As Least Square Errors (LSE) based direct
deconvolution amplifies the noise component in the results, we defined a
new cost function as follows:

~ ~2 ~2
E(h)=y — Xh, + AV, h,

where & is the fitting result, the definition of 1 is based on ‘l-curve’
principle (Hansen, 2000) and V5 is 2-order differential operator:
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MATLAB function Isqnonlin() with lower and upper bounds of
00--0]L, and [11 - 1]} , was then utilized to find the optimal I,

which minimized the cost function of E.

2.4.3. Processing

For N pairs calcium (corrected fluorescence signal) and BOLD signals
(whole brain BOLD time courses), “leave one out” approach was applied
to estimate the correlation between calcium and BOLD signals. Firstly, N-
1 pairs calcium and BOLD signals (extracted from the 4 significantly
activated voxels underneath the fiber tip, Fig. S3B) were used for HRF
estimations by deconvolution with “ten-folder cross validation”. Sec-
ondly, the optimal HRF was convolved with the “remaining one” cal-
cium signal to generate the predicted BOLD signal. Thirdly, we obtained
one correlation map between the HRF predicted BOLD and whole brain
BOLD time courses (“remaining one” BOLD signals). Finally, for N pairs
calcium and BOLD signals, one sample t-test was applied to N correla-
tion maps (after Fisher-z transformation) for each voxel. The resulting t-
map represented the statistical significance of correlation between cal-
cium predicted time courses and the actual BOLD signals, and the sig-
nificance level was set to uncorrected p < 0.005. Additionally, as a
control, time reversed calcium signals were used for the same correlation
analysis for the resting state data, similarly with a previous study (Pan
et al., 2013).

To probe the correlation between stimulus-related and non-stimulus-
related calcium signals and BOLD signals, the calcium signal under visual
stimulation was further divided into two components: stimulus-related
component (0-0.8 Hz) and non-stimulus-related component (0.8-5 Hz)
using a 10-order Butterworth filter. The frequency of the stimulation
paradigm was 0.04 Hz (1/25s), therefore the cutoff frequency of 0.8 Hz
was chosen to minimize higher harmonics aliasing of the stimulation
paradigm frequency.

3. Results

3.1. Novel camera based, dual site simultaneous calcium fiber photometry
and fMRI

We established the camera based, dual site simultaneous calcium
fiber photometry and fMRI setup (Figs. 1 and 2). Such scalable setup
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allows dual sites, potentially multiple sites in the future, calcium fiber
photometry with additional 410 nm channel as an isosbestic control.
Using this setup, evoked calcium signal responses at 470 nm were
robustly observed upon visual stimulation (Fig. 2B upper panel and
Fig. 2C), while calcium signals with sparse spontaneous firings in resting
state were shown in Fig. 2B (lower panel). In addition, small but visible
stimulus evoked signal decrease was observed in 410nm channel
(Fig. 2B, upper middle panel). Such decrease might be related to robust
hemodynamic changes (e.g., CBV increase) in brain tissues around the
optical fiber upon stimulation, which changed the signal intensity at
410 nm channel (Ma et al., 2016). Therefore, such change in the GCaMP
isosbestic control signal necessitated the correction of GCaMP 470 nm
signals. Regression of 410 nm signals from 470 nm signals clearly altered
the temporal pattern in 470 nm signal (Fig. 2C), with more sustained
peaks during stimulation and no negative response immediately after the
stimulation. Similar results after isosbestic control correction were
shown in Fig. S4 for LGN in both task and resting state using the same
approach. The expression and location of GCaMP6f protein were verified
by histology in all animals (Fig. 2A, left panel).

3.2. Spatiotemporal coupling between calcium and BOLD signals

During visual stimulation, the stimulation paradigm, calcium signal
and BOLD signal were clearly correlated with each other for both SC and
LGN (Fig. 3A and B, upper panel). An HRF based approach (Fig. S2, see
Methods section for details) was utilized to examine the coupling rela-
tionship between calcium and BOLD signals. The optimal HRF (Fig. 3E)
was deconvolved from pairs of calcium and BOLD signals by “ten-folder
cross-validation” approach for both evoked and resting states. Notably
the HRFs during visual stimulation were much faster than those during
the resting state (time to peak ~2s v.s. time to peak ~4s). Calcium
signals were then convolved with derived HRFs to generate calcium
predicted BOLD signals. Such predicted signals in both SC and LGN
showed robust coupling with BOLD signals in visually responsive areas
including SC, LGN and part of visual cortex (Fig. 3A and B, middle and
lower panels). In contrast, during the resting state, such correlation was
much weaker (Fig. 3C and D). Both SC and LGN calcium predicted signals
exhibited widespread and non-specific correlation with whole brain
BOLD signals, with relative strong correlation in areas immediately
under the optical fibers. Importantly, such correlation was not mere noise
correlation, as time reversed calcium signals were used as a control, and
predicted BOLD signals from those control signals showed almost no
correlation at all with the actual BOLD signals (Fig. 3C and D, lower right
panels).

To further examine the roles of stimulus-related and non-stimulus-
related components in the visual stimulation data, the calcium signals
were further divided into two frequency bands (0-0.8 Hz, stimulus-
related; 0.8-5Hz, non-stimulus-related) as described in Methods sec-
tion, and their HRFs and the relationship with BOLD signals were
calculated respectively (Fig. 4 and Fig. S5). It was clear that for the
stimulus-related component, the HRFs were similar to those from the
broadband calcium data in Fig. 3. Spatially, the stimulus-related spatial
correlation between calcium predicted BOLD signal and empirical BOLD
signals was robust and region-specific (Fig. 4C, upper panel), which was
also similar to those from the broadband stimulation data. For the non-
stimulus-related component, the pattern was similar to those from the
resting state data (Fig. 4C, lower panels). Spatial correlation maps
without thresholding were also shown in Fig. 4D for better visualization
of the spatial extent. Similar results were found with LGN calcium re-
cordings (Fig. S5).

We next explored the impact of nuisance signal regression on calcium
and BOLD coupling in the resting state. We compared the results from 2
additional resting-state fMRI preprocessing regressor choices: (1) head
motion, WM and CSF signals, (2) head motion, WM, CSF and global
signals (Fig. 5 and Fig. S6), in addition to the previous head motion only
regression shown in Fig. 3. With additional WM, CSF and global signal
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regression, the spatial extents of the correlation became gradually
reduced (Fig. 5C and Fig. S6C; middle and lower panels). Notably, upon
additional global signal regression, only the area immediately under the
fiber tip showed significant correlation (Fig. 5C and Fig. S6C; lower
panel). Such reduction of spatial correlation among three regressor
choices was also mirrored in resting state fMRI based functional con-
nectivity maps (Fig. S7). The above results suggested that potentially
different signal components were retained in resting state fMRI data
using different preprocessing strategies.

Finally, to take advantage of our dual site fiber photometry recording,
we examined whether the strength of dual site calcium signal correlation
was correlated with the strength of BOLD signal correlation between SC
and LGN. A significant correspondence of calcium and BOLD functional
connectivity between SC and LGN was shown in Fig. 6 in both task
(R2=0.82, p<0.01) and resting states (R>=0.55, p < 0.05). BOLD
functional connectivity between SC and LGN was calculated using resting
state fMRI data with head motion only preprocessing. This result pro-
vided preliminary evidence of the neural basis of the functional
connectivity.

4. Discussion

In the current study, we established a novel scalable, dual site,
simultaneous fiber photometry and fMRI setup in rats, and utilized this
setup to examine the coupling between the calcium and the BOLD signals
in subcortical regions of SC and LGN. Our results suggested differential
coupling relationship between calcium and BOLD signals in the task
evoked and resting states. Robust and region-specific coupling under
visual stimulation was observed while such coupling in the resting state
was weaker and non-region-specific. The spatial specificity of such cor-
relation in the resting state was improved upon regression of white
matter, ventricle and global signals in fMRI data, suggesting the impor-
tance of preprocessing strategies.

Neurolmage 200 (2019) 405-413

4.1. Technical novelty of the simultaneous fiber photometry and fMRI
setup

In recent years, simultaneous fiber photometry and fMRI has become
a popular technique to acquire neural signals inside the MRI scanner,
primarily for its simplicity compared to simultaneous electrophysiology
and fMRI (for a detailed comparison between the two techniques, see
Table 1 in Schlegel et al., 2018). However, previous studies mostly
employed the photon detector based single site recording setup, which
cannot be scaled up conveniently or inexpensively to record multiple
sites. Camera based fiber photometry has provided a scalable alternative
approach for measuring multiple brain regions (up to 8 sites) with
comparable performance to the traditional approach (Kim et al., 2016).
Therefore, we adopted this approach and combined it with fMRI in rats.
Our results clearly demonstrated the feasibility of using this approach
inside the scanner, and measuring neural activities from multiple sites
simultaneously with fMRI is particularly beneficial for future investiga-
tion of neural basis of the functional connectivity, such as the preliminary
examination in the current study (Fig. 6).

Another important advantage of the current setup is an additional
isosbestic control (410 nm) channel for 470 nm calcium signal. In addi-
tion to account for confounding factors like head motion, it has been
shown that at the calcium signal acquired by wide field optical imaging
was affected by hemodynamic signal changes, as both excitation and
emission wavelengths of GCaMP fluorescence can be absorbed by he-
moglobin and deoxyhemoglobin (Ma et al., 2016). Our isosbestic control
signal clearly showed such interference, when 410 nm channel signal
showed stimulus evoked decrease (Fig. 2B, C and Fig. S4A). This decrease
is likely due to the CBV increase during visual stimulation. Therefore,
acquisition of the 410 nm isosbestic control could reduce the crosstalk of
the calcium and hemodynamic signals, which is particularly important
for studies examining the coupling of the calcium and BOLD signals.
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Fig. 2. Stimulus evoked and resting state GCaMP based fiber photometry recording. (A) left panels, histological characterization of GCaMP6f protein expression.
Yellow arrows indicated SC and LGN. Middle panels, T2 weighted structural images. Right panels, T2* weighted functional images. Red arrows indicated implanted
optical fibers. (B) Stimulus-evoked signals (upper) and resting state signals (lower) in 470 nm and 410 nm channels and the corrected calcium signal by regressing the
410 nm signal from the 470 nm signal in SC. (C) Averaged 470 nm, 410 nm and corrected calcium signals. Blue shades indicated the visual stimulation period.
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Fig. 3. Correlation between calcium and BOLD signals in SC and LGN in stimulus evoked and resting states. (A, B) Upper panels, representative calcium (green) and
BOLD (black) time courses in SC and LGN under visual stimulation. Middle panels, the spatial correlation maps between calcium predicted and empirical BOLD signals
(uncorrected p < 0.005 with a minimum cluster size of 10 voxels). Lower panels, correlation maps without thresholding. (C, D) Upper panels, the spatial correlation
maps between calcium predicted (left) or time-reversed calcium predicted (right) and whole brain BOLD signals (uncorrected p < 0.005 with a minimum cluster size of
10 voxels). Lower panels, correlation maps without thresholding. (E) HRFs estimated from evoked and resting state data in SC and LGN. TTP, time to peak.
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Fig. 4. Stimulus related and non-stimulus-related spatiotemporal coupling between calcium and BOLD signals in SC in the stimulus evoked state. (A) Estimated HRFs
based on two frequency bands (stimulus related: 0-0.8 Hz, non-stimulus-related: 0.8-5Hz) of calcium signals and the simultaneously acquired BOLD signal. (B)
Representative time courses of empirical BOLD signals and calcium predicted BOLD signals at two calcium frequency bands (upper, 0-0.8 Hz, lower, 0.8-5 Hz). (C)
Spatial correlation maps from two calcium frequency bands (upper, 0-0.8 Hz, lower 0.8-5 Hz). Uncorrected p < 0.005 with a minimum cluster size of 10 voxels. (D)
Correlation maps without thresholding.

4.2. Validity of subcortical calcium signals in the resting state states, and the correlation maps between calcium and BOLD signals were
weaker and non-specific, compared to those from the evoked states. It

It can be clearly noted that the resting state fluctuations of calcium might not be clear whether such results represented biologically relevant
signals from SC and LGN were less prominent compared to the evoked features of those two regions or system noises. However, it was less likely
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to be the latter case with the argument below:

Firstly, the resting state and visual stimulation sessions were acquired
in an interleaved fashion (i.e., for a given animal, a visual stimulation
session was acquired, and then followed by a resting state scan and so
on). The animal condition and other factors affecting the signals could be
assumed almost identical between the task evoked and resting state
sessions. Both stimulation evoked calcium signals and BOLD fMRI signals
showed good responses to flashing light, suggesting good signal quality.
It would be difficult to postulate, under the identical condition, the
resting state data were entirely noises. In fact, examples of resting state
calcium time series of SC (Fig. 2B) and LGN (Fig. S4B) showed visible
spike-like features in the 470 nm channel.

Secondly, our setup included a 410 nm isosbestic control, which was
intentionally added in the design to remove potential non-neural fluc-
tuations. We did not observe any significant fluctuations in the 410 nm
channel due to non-neural sources (e.g., head motion or hemodynamic
artifacts). Even if there were such confounding effects, they would be
greatly reduced by regressing out the 410 nm channel signal from the
470 nm channel.

Thirdly, the resting state spatial correlation maps in left panels of
Fig. 3C and D (and later Figures) were statistically significant, with the
strongest correlation at the tip of the optical fiber. Such patterns suggest
the non-random feature of the correlation. In addition, those correlation
maps might look like “noisy” due to their global patterns, but such
pattern has also been reported before between locally recorded electro-
physiological signals and resting state BOLD signals (Fig. 3 in Scholvinck
et al., 2010). Importantly, as control analysis, correlations were also
calculated between time reversed resting state calcium signals generated
BOLD signals and BOLD time series (Fig. 3C and D; right panels). Such
“time reversed” control has been applied to coherence analysis between
LFP and BOLD signals in a previous study (Pan et al., 2013). Those
control t-maps showed almost no correlation at all, which was very
different from the correlation maps from the actual resting state calcium
signals. This sharp contrast also suggests the observed patterns were less
likely to arise from pure noises. Moreover, the spatial specificity of such
correlation was much improved when more nuisance regressors were
applied (Fig. 5 and Fig. S6), further suggesting its potential biological
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relevance.

Fourthly, as primary sensory relay nucleus, it is not surprising that
both SC and LGN exhibit lower baseline firing rates, compared to stim-
ulation periods. For example, our previous study showed SC baseline
firing rate was much lower compared to the stimulus evoked condition
(Fig. 3A, Liang et al.,, 2017). Even during the same resting state,
subcortical primary sensory nuclei generally show lower firing rates
compared to the cortex. This might in part contribute to the discrepancy
between the current subcortical recordings and previous cortical, espe-
cially S1, recordings in earlier studies (Schlegel et al., 2018; Schwalm
et al., 2017). Overall, it was not unreasonable to observe less prominent
fluctuations in the subcortical resting state calcium signals.

Taken together with the points discussed above, it is likely that the
reported results here were not entirely due to noises. However, it might
still be possible that actual signal in the resting state was so weak that the
recorded signal was dominated by system noises. Even in such “worst
case scenario”, we argue that the current data could provide valuable
information to the field: the resting state calcium signals in SC and LGN
were much weaker than the evoked state. This will require caution when
interpreting resting state BOLD fMRI results from such subcortical
regions.

4.3. Differential neurovascular coupling in task and resting state

In our present study, during the visual stimulation calcium signals
from both SC and LGN, two visually responsive subcortical regions, were
robustly coupled with the BOLD responses (Figs. 3 and 4 and Fig. S5). Not
surprisingly, further examination showed such coupling was mainly
contributed by the stimulus-related component (0-0.8 Hz) which
included the basis frequency of the task paradigm (0.04 Hz), both in
terms of temporal characteristics (i.e., HRF shapes) and spatial correla-
tion patterns (Fig. 4 and Fig. S5). In contrast, at non-stimulus-related
frequency band (0.8-5 Hz) temporal and spatial coupling patterns were
similar to these the resting state data. Therefore, it can be speculated that
the coupling in the stimulus evoked state can be divided into two com-
ponents: stimulus related, fast and spatially specific one and non-
stimulus-related, resting state like, weaker and non-region-specific one.

3 10

2

3 OMW

E 1.0+ v T T "

g 10

]

5 °WW

E 1.0+ r v r "

3 10

2 k h A OM%,{,\—\,Q& 9@7

£ 0

E 04 . . . ,
0 50 100 150 200

Time (s)

t
-5.0 EEI5.0

Fig. 5. Impact of three nuisance regressor choices in SC on the resting state coupling between calcium and BOLD signals. (A) Estimated HRFs based on the calcium
signal and the simultaneously acquired BOLD signal with three nuisance regressor choices. (B) Representative time courses of calcium predicted BOLD signals and
empirical BOLD signals with three nuisance regressor choices. (C) Spatial correlation maps with uncorrected p < 0.005 and a minimum cluster size of 10 voxels. (D)
Correlation maps without thresholding. HM, head motion. WM, white matter. CSF, cerebrospinal fluid. GS, global signal.
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Fig. 6. The correspondence of calcium and BOLD functional connectivity (FC) between SC and LGN in task (A) and resting states (B). The correspondence of calcium
and BOLD FC was generated from dual site (SC and LGN) calcium and BOLD recordings. The calcium (or BOLD) FC was the Pearson correlation coefficient between the

calcium (or BOLD) signal of SC and the calcium (or BOLD) signal of LGN.

Such notion of separable evoked and spontaneous activities in the evoked
state has long been previously proposed (Fox et al., 2006) and the current
study might further support such notion from a neurovascular coupling
perspective.

It was surprising, but not entirely unexpected, to observe the whole
brain, non-specific correlation patterns in the resting state in both SC and
LGN. Both Schwalm et al. and Schlegel et al. reported cortex wide cor-
relation from a locally recorded cortical calcium signal (Schlegel et al.,
2018; Schwalm et al., 2017), but it is unclear whether those studies
performed any regression (e.g., motion parameters, white matter,
ventricle or global signals) on their resting state fMRI. Another earlier
study, using electrophysiology and fMRI in macaques, also reported
widespread correlation in resting state fMRI from locally recorded LFP
signals (Scholvinck et al., 2010). The above studies all focused on the
cortical regions, and the current study provided additional evidence of
such whole brain correlation from subcortical recordings in the resting
state.

Interestingly, such spatial coupling in the resting state was dependent
on the preprocessing strategies of fMRI data. Upon additional regression
of white matter, ventricle and global signals, the global correlation was
drastically reduced to a small area under the tip of the optical fiber.
Regression of white matter/ventricle and/or global signals is common in
resting state fMRI preprocessing, which is generally believed to remove
unwanted residual motion and non-neural physiological fluctuations in
the resting state data, although the use of global signal regression is not
without controversy. The drastic effect of the additional nuisance
regression resembled the known effect of such regression on resting state
functional connectivity (Fox et al., 2009), which was also observed in our
data (Fig. S7). Therefore, we speculate that in the resting state, the neural
activities and related coupling can also be divided into whole brain and
local components. It would further suggest that in the resting state f{MRI
preprocessing, both minimal (i.e., head motion only) and full nuisance
regression might both reflect potentially different parts of underlying
neural fluctuations, and the choice of the regression will ultimately
depend on the specific research questions.

In addition to the temporal and spatial differences to the evoked ac-
tivity related coupling, one noticeable difference in the non-evoked ac-
tivity related coupling was its much weaker coupling strength. Such
weaker correlation was in great agreement with a recent simultaneous
optical imaging and electrophysiology study in awake mice (Winder
et al., 2017), but in contrary to other studies (Ma et al., 2016; Mateo
et al., 2017; Matsui et al., 2016; Schlegel et al., 2018; Schwalm et al.,
2017). Winder et al. reported a strong coupling between local field po-
tential and CBV signals in the somatosensory cortex during whisker
stimulation and volitional whisking, but much weaker coupling during
rest. However, several other studies, employing a variety of techniques,
reported strong correlation between neuronal measurements (e.g., cal-
cium or electrophysiological signals) and hemodynamic signals. For
example, Mateo et al. reported intrinsic ultra-slow (0.1 Hz) fluctuations
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in arteriole diameter was entrained by the envelope of y-band activity
(Mateo et al., 2017). Such discrepancy can be potentially attribute to the
following factors.

Firstly, the definition of the resting state is critical for examining the
neural basis of the resting state BOLD signal. In animal studies, we can
only rely on the external behaviors or stimulation to define the “resting
state”. Winder et al. employed detailed behavioral monitoring to spe-
cifically exclude all spontaneous behavior (e.g., volitional whisking) in
head-fixed awake mice to establish the “resting state” periods. This step is
especially important in the regions like somatosensory cortex, as the
periods during volitional whisking or other body movements should be
counted as the evoked state. The importance of those often overlooked
small motor activity in the ongoing neural activity was emphasized in
their recent review (Drew et al., 2018). In the current study the visual
system was examined, and the it had little or no input inside the
constantly dark scanner bore, thus ensuring a clean “resting state”. Sec-
ondly, almost all previous studies examined the coupling relationship in
the cortex, and the current study focused on the subcortical nuclei of SC
and LGN. This could be an important difference, as SC and LGN differ
from cortical regions from spontaneous neural activity to vasculature.
Thirdly, different animal states (i.e., awake, sedated or anesthetized)
might contribute to the variations of the results, as the animal state af-
fects the spontaneous neural and vascular activities. Overall, the coupling
of neural and hemodynamic signals in the resting states requires further
examination to reach a consensus.

4.4. Technical limitations

The simultaneous calcium fiber photometry and fMRI approach,
while being relatively convenient, has its own limitations. The calcium
signal mainly reflects the spiking activity, which is one component of the
overall neural activity. Previous studies have generally suggest the BOLD
signal during the task was more correlated with LFP (indicator of syn-
aptic activity) than MUA (multi-unit activity, indicator of spiking activ-
ity) (Logothetis et al., 2001; Logothetis and Wandell, 2004), as the
synaptic activity is more energy consuming. This fundamental limitation
of the calcium fiber photometry would limit our ability to examine the
neurovascular coupling in both evoked and resting states. Ongoing
development of various voltage sensitive indicators might overcome this
limitation, but currently suffers from much lower SNR than calcium in-
dicators like GCaMP6 (Kulkarni and Miller, 2017). Another limitation of
the current study is no physiological parameters (e.g., respiration and
cardiac signals) were recorded, thus future studies with additional
physiological recording are needed to disentangle the complex rela-
tionship among physiological, neural and BOLD signals. Moreover, we
have to assume some degree of spatial synchrony in the BOLD fMRI data
for studying neurovascular coupling using the current fiber photometry
approach, similar with most methods for recording neural activities,
including electrophysiological recordings like LFP and MUA. In the
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current analysis, time courses of 4 voxels immediately underneath the
fiber tip were assumed to be related to the calcium signal. Additional
limitation of the current study includes the use of anesthesia. The current
anesthesia method, combined dexmedetomidine and low dose of iso-
flurane, was shown to preserve robust evoked BOLD signals and resting
state functional connectivity (Brynildsen et al., 2017). However, anes-
thesia will inevitably affect some aspects of neural and vascular proper-
ties (Gao et al., 2017), and thus efforts need to be made to conduct similar
research in awake animals in the future.
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