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BOLD — Blood oxygen level dependent

MRI — Magnetic resonance imaging

fMRI — Functional magnetic resonance imaging
LFP — Local Field Potential

MUA — Multi-unit activity

GECIs — Genetic encoded calcium indicators
GFAP — Gilial fibrillary acidic protein
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FP-S1 — Forepaw somatosensory cortex

SEP — Sensory evoked potential
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Abstract

BOLD fMRI has been wildly used for mapping brain activity, but the cellular contribution of
BOLD signals is still controversial. In this study, we investigated the correlation between
neuronal/astrocytic calcium and the BOLD signal using simultaneous GCaMP-mediated calcium
and BOLD signal recording, in the event-related state and in resting state, in anesthetized
and in free-moving rats. To our knowledge, the results provide the first demonstration that
evoked and intrinsic astrocytic calcium signals could occur concurrently accompanied by
opposite BOLD signals which are associated with vasodilation and vasoconstriction. We show
that the intrinsic astrocytic calcium is involved in brain state changes and is related to the
activation of central thalamus. First, by simultaneous LFP and fiber optic calcium recording, the
results show that the coupling between LFP and calcium indicates that neuronal activity is the
basis of the calcium signal in both neurons and astrocytes. Second, we found that evoked
neuronal and astrocytic calcium signals are always positively correlated with BOLD responses.
However, intrinsic astrocytic calcium signals are accompanied by the activation of the central
thalamus followed by a striking negative BOLD signal in cortex, which suggests that central
thalamus may be involved in the initiation of the intrinsic astrocytic calcium signal. Third, we
confirmed that the intrinsic astrocytic calcium signal is preserved in free moving rats. Moreover,
the occurrences of intrinsic astrocytic calcium spikes are coincident with the transition between
different sleep stages, which suggests intrinsic astrocytic calcium spikes reflect brain state
transitions. These results demonstrate that the correlation between astrocytic calcium and fMRI
signals is related to the thalamic regulation of cortical states. On the other hand, by studying
the relationship between vessel-specific BOLD signals and spontaneous calcium activity from
adjacent neurons, we show that low frequency spontaneous neuronal activity is the cellular

mechanism of the BOLD signal during resting state.



Introduction

Blood oxygen level dependent (BOLD) contrast in the functional magnetic resonance imaging
(fMRI) signal reflects the dynamic ratio of the oxyhemoglobin and deoxyhemoglobin in the
vessel. The changes in hemodynamic signals follow the altered metabolic demand or blood flow
(Ogawa et al., 1990). The main topic of more than 2,000 papers published in the last decade is
“BOLD fMRI,” according to PubMed. However, it remains controversial to use the BOLD signal
as a surrogate for brain activity since the BOLD signal reflects the brain activity indirectly. The
understanding of origins and the cellular contributions of BOLD signal are crucial for

interpreting and manipulating the BOLD signal in the healthy and pathological brain.

Previously, simultaneous electrophysiology and BOLD fMRI recording has shown that the local
field potential (LFP) is better than multi-unit activity (MUA) for estimating the BOLD response
(Logothetis et al., 2001), indicating that neuronal input and intracortical processing cause the
BOLD signal rather than neuronal output (Buzsaki et al.,, 2012; Logothetis et al.,, 2001;
Logothetis and Wandell, 2004). However, it is technically demanding to compensate for the
electromagnetic interference produced during BOLD signal acquisition. Furthermore, glial cells
are not electrically excitable (Perea and Araque, 2005), which make it difficult to address the
linkage between glial cells and the BOLD signal. Alternatively, calcium concentration is a
potential indicator for cellular activity in neuronal and glial cells in the MRI scanner (Clapham,
1995). Schulz et. al developed a platform to monitor the neuronal and glial calcium activity and
the BOLD signal simultaneously (Schulz et al., 2012b). Despite its success in studying the
correlation between cell-type specific activity and the BOLD signal, questions have been raised
about the cell-type specificity (Hoogland et al., 2011; Nimmerjahn et al., 2004; Schulz et al.,
2012b) and bioeffects (Kang et al., 2010; Rasmussen et al., 2016) of the calcium sensitive dyes,
which were used in this study. The development of genetically encoded calcium indicators
(GECls, e.g., GCaMP) makes it possible to further study the cellular contribution to the BOLD

signal from neurons and astrocytes directly.

The term “neurovascular coupling” is used to refer to the temporal and the spatial coupling
between the neural activities and cerebral blood signals (changes in blood flow, blood volume,

or hemodynamic signal) (Cauli and Hamel, 2010). Logothesis et al. reported that the increased
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neuronal activity evoked by sensory stimuli drives the positive BOLD signal in anesthetized
(Logothetis et al., 2001) and awake (Goense and Logothetis, 2008) monkeys. Additionally, it
has been shown that the decreases in neuronal activity correlate with negative BOLD signal
beyond the stimulated regions of the cortex in the monkey (Shmuel et al., 2006), and that it is
relative to spontaneous neuronal activity and arteriolar vasoconstriction (Devor et al., 2007).
The astrocyte is well suited to relay the signal from neurons to vessels because of its processes
surrounding the synaptic cleft and because its endfeet cover more than 99% of the arterial
surface (Anderson and Nedergaard, 2003; Harder et al., 1998; ladecola and Nedergaard, 2007;
Takano et al., 2006). In the past two decades, a number of research groups have reported that
astrocytes serve as a mediator in neurovascular coupling, although several studies have shown
controversial results (Hillman, 2014). In summary, the signaling of neuron-glia-vascular network
underlies the fMRI signals, which primarily reflect the blood flow and hemodynamic vascular

signal.

Interestingly, previously studies have shown that the elevated astrocytic calcium signal coupled
with both vasodilation (Takano et al., 2006; Zonta et al., 2003) and vasoconstriction (Attwell et
al., 2010; Mulligan and MacVicar, 2004) in varied conditions (Gordon et al., 2007; MacVicar and
Newman, 2015). Evoked dilations are mediated by the formation of prostaglandin E2 (PGE2)
and epoxyeicosatrienoic acids (EETs), while constrictions are mediated by the 20-
hydroxyeicosatetraenoic acid (20-HETE) (Attwell et al., 2010; Mishra et al., 2011). However,
there is no direct study to clarify how the astrocytic calcium could be involved in the bidirectional
regulation of the fMRI signal. This thesis elucidates the correlation between the BOLD and
calcium signals in neurons or astrocytes, and then highlights the contribution of astrocytic
calcium to the BOLD signal through simultaneous BOLD and calcium recordings. It is organized as
follows. Chapter 2 introduces the experimental setup we developed for fiber optic calcium
recording, and demonstrates the electrophysiological basis of calcium in neurons or astrocytes.
Chapter 3 examines the correlation between the BOLD signal and calcium either in neurons or
astrocytes. Chapter 4 describes the spatiotemporal features of intrinsic astrocytic calcium.
Chapter 5 studies the relationship between the spontaneous neuronal calcium and resting state

BOLD signal. The sixth and final section is the discussion and outlook for this study.



2

Development of a fiber optic recording system for cell-type
specific calcium recordings in the rat brain

2.1 Motivation

The first aim of this project is to specify the cellular contribution to BOLD fMRI signals through
studying the correlation between cell-type specific activity and BOLD signals. Therefore, ideally,
BOLD signals and cell-type specific activity should be monitored simultaneously. However,
electromagnetic interference compensation is technically demanding with simultaneous
electrophysiology and BOLD recordings. Furthermore, it is not suitable to monitor the astrocytic
activity by electrophysiology because of the passive current characteristics of astrocytes
(Filippov et al., 2003). Therefore, an MRI-compatible method to read out the neuronal and
astrocytic activity needs to be developed (This chapter describes the platform which was used
in Apendix 1 and 2).

Intracellular ionized calcium as a second messenger (Clapham, 1995) is an ideal surrogate for
neuronal (Baker et al., 1971; Kerr et al., 2000; Sabatini et al., 2002) or astrocytic activity
(Scemes and Giaume, 2006; Sofroniew and Vinters, 2010). Several studies have shown that
astrocytic calcium increases in processes preceding the onset of functional hyperemia. This
suggests that astrocytes are a potential regulator of neurovascular coupling (Lind et al., 2013;
Otsu et al., 2015; Winship et al., 2007). Genetically encoded calcium sensors (GCaMP)
composed of GFP, calmodulin and M13 make it possible to probe the neuronal and astrocytic
activity by the cell-type specific promoters. Here, we decided to develop a fiber optic recording
system for cell-type specific calcium recordings. The calcium activity recorded by the optical
fiber is the integrated fluorescence signal in the vicinity of the fiber tip. Notably, the range of the
signal source are comparable with the LFP and the BOLD signal (voxel size = 400x400 um )
located underneath the fiber tip. By this means, it is reasonable to investigate the correlation
between electrophysiology (LFP) and calcium signals as well as the correlation between

calcium and BOLD signals in this study.



2.2 Methods

Viral transfection (transduction) was used to express GCaMP6f in either neurons or astrocytes
by cell-type specific promoters (Syn promoter for neurons (Hioki et al., 2007); GFAP promoter
for astrocytes (Nolte et al., 2001)). Immunostaining was used to verify the cellular specificity.
Additionally, to show the GCaMP expression in the forepaw somatosensory cortex (FP-S1) of

the whole brain slice, a wide-field fluorescent image was acquired.

Simultaneous electrophysiology and calcium signals were recorded to study the correlation
between electrophysiology and calcium signals in neurons or astrocytes. The electrode and
fiber optic probe were attached together with close contact between the fiber optic tip and
electrode tip, and then inserted into the FP-S1. To elicit FP-S1 responses we used forepaw (FP)
electrical stimuli (3Hz, 4s at different stimulation intensities; or 3Hz, 1.0mA at different

stimulation durations).

2.3 Results and discussion

GCaMP was expressed in either neurons or astrocytes by cell-type specific promoters in FP-S1
of the rat brain. A striking difference in the GCaMP expression patterns was observed in cortical
neurons and astrocytes, which exhibited the morphology properties of neurons and astrocytes
(Shigetomi et al., 2013a). The immunostaining shows that GCaMP was mainly observed in
NeuN positive cells by transduction with the NeuN promoter, which is the neuron-specific

marker.

The electrode and fiber optic probes were attached with the tips close together, and then
inserted into the FP-S1. Upon the electrical stimulation, we observed the sensory evoked
potential (SEP) and the calcium signal in the traces. In the enlarged view, we could see the
individual SEP and calcium signal for each stimulation pulse. Response latency of neuronal
calcium is about 15 ms with a full width at half maximum (FWHM) of 150~200 ms. The
amplitude of the SEP and calcium response are positively correlated as shown in the scatter
plot figure (See in Fig.S1, appendix 1). It is worth noting that intrinsic neuronal calcium spikes
coupled with the peaks of the spontaneous LFPs, which is the basis to study the correlation

between neuronal activity and resting state BOLD signals in the fifth section.

On the other hand, we also expressed GCaMP in astrocytes by the viral vector with the Glial
fibrillary acidic protein (GFAP) promoter, which is the specific marker for astrocytes (Nolte et al.,
2001). In contrast, the sensory evoked astrocytic calcium signal was a unitary event aftera 4 s
train of stimulation pulses, and the FWHM was proportional to the duration of stimulation. In
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addition, the individual trace showed that there is roughly 1~1.7 s response latency, which is
slightly shorter than previously reported calcium signal onsets (Nizar et al., 2013; Petzold et al.,
2008; Schummers et al., 2008; Wang et al., 2006), but fall into the early onset range in a few
recent studies (Lind et al., 2013; Otsu et al., 2015; Winship et al., 2007). Recently, Yo Otsu et al.
reported that astrocyte processes reliably respond to sensory stimulation with a rapid onset that
is comparable with that of surrounding neurons. However, the astrocyte soma shows a relatively
slow response onset (Otsu et al., 2015). This may account for the early onset astrocytic calcium
signal in this study. Since the astrocytic calcium signal that we recorded is the integrated
fluorescence signal underneath the tip of the fiber, fiber optic recording cannot distinguish the

calcium in the astrocyte processes from somata calcium.

2.4 Conclusion
Both the GCaMP express patterns and the colocalization of the GCaMP and cell-type specific
markers shows that the GCaMP expression in neurons and astrocytes is well separated in our

results by cell-type specific promoters.

Simultaneous electrophysiology and calcium recording show a highly positive correlation
between neuronal activity and calcium signal in neurons or astrocytes. Furthermore, neuronal
and astrocytic calcium show different response profiles to sensory stimulation in rats. These
results indicate that calcium is an ideal surrogate for cellular activity. Furthermore, they
demonstrate the technical potential to monitor the cellular specific activity by fiber optic calcium

recording.

All of these conclusions suggest that it is feasible to monitor the cell-type specific activity in the
MRI scanner by GCaMP mediated fiber optic calcium recording, which is the basis to study the

cellular contribution to the BOLD signal.



3

The correlation between neuronal/astrocytic calcium and
simultaneously acquired fMRI signal

3.1 Motivation

Real-time activity monitoring from neurons and astrocytes with simultaneous BOLD signal
recording is essential for studying the cellular contribution to BOLD signals because the neuron-
glia-vascular coupling is dependent on the brain’s physiological condition. The BOLD signal and
activity of two populations of cells (i.e., neurons and astrocytes) should ideally be detected
simultaneously in the same brain region. The combination of GCaMP and RCaMP (red-shifted
variant, genetically encoded calcium indicators) yields a new method for multi-color cell-type
specific activity imaging (Akerboom et al., 2013). Nevertheless, the co-expression of GCaMP (in
astrocytes) and RCaMP (in neurons) is problematic as revealed by our preliminary results. On
the other hand, because the calcium affinity, binding kinetics, and expression efficiency are
different between GCaMP and RCaMP, it is not appropriate to compare the neuronal and

astrocytic calcium signals detected by different indicators (Akerboom et al., 2013).

Fiber optic calcium recording makes it feasible to monitor the GCaMP mediated calcium signal
from astrocytes or neurons in deep cortical layers (or nuclei) in rats, even using the multiple
channels to simultaneously monitor the calcium activity at multiple sites at large brain scales,
e.g., monitoring the calcium in the bilateral hemisphere or the circuit dynamics across the brain
(Kim et al., 2016a). In this study, we develop a two-channel fiber optic calcium recording system
to monitor the BOLD and calcium signals from neurons or astrocytes in bilateral FP-S1,

respectively.

3.2 Methods

GCaMP was expressed in neurons from left FP-S1, and in astrocytes from right FP-S1. Upon
bilateral FP electric stimulation at different intensities, the evoked BOLD signals, as well as the
neuronal and astrocytic calcium signals from bilateral hemispheres, were recorded

simultaneously.



3.3 Results and discussion

The amplitude of the evoked neuronal and astrocytic calcium signals is proportional to the
stimulation intensities, matching the corresponding BOLD signals. The scatter plots of the
amplitude of BOLD versus the calcium responses show a strong positive correlation between

BOLD and neuronal/astrocytic calcium signals (See in Fig.1F, appendix 1).

However, there is an outlier shown in the scatter plot of the astrocytic calcium versus the BOLD
responses (See in Fig.1F, appendix 1). Consequently, we checked the raw traces of the BOLD
and the calcium signal with the outlier event, which shows a relatively higher astrocytic calcium
spike paired with lower BOLD signal response compared with the other responses (See in
Fig.1G, appendix 1). This unexpected outlier event suggests that the increased astrocytic
calcium signal may correlate with the varied BOLD signal and may play different roles in
neuroglial and gliolvascular regulation. In some cases, it may even be independent of sensory

stimulation.

Then we record the spontaneous astrocytic calcium signal with LFP. Interestingly, we also
observed strong intrinsic astrocytic calcium spikes, which coincide with a reduced LFP signal
shown in the traces and the spectrogram. After aligning all of the LFP and the corresponding
astrocytic calcium spikes based on calcium peaks, we detected a robust reduction of LFP
spectral power. Certainly, when we performed the astrocytic calcium recording with resting-state
fMRI simultaneously, we also observed the intrinsic calcium spikes. Then we used the spike
timing and amplitude signal as a regressor to correlate with the resting-state fMRI signal. A
strong negative correlation was shown in the whole cortex of the brain. The time course of the
fMRI signal from the whole cortex shows that the intrinsic astrocytic calcium spikes were
coincident with the decreased BOLD signal. Therefore, the intrinsic astrocytic calcium signal is
correlated to both negative neuronal and BOLD signal. Further study shows that the intrinsic
astrocytic calcium negatively correlated with the neuronal calcium signal during resting state by
simultaneous bilateral calcium recording (neuronal calcium, left FP-S1; astrocytic calcium, right
FP-S1).

3.4 Conclusion

The evoked neuronal calcium signals are positively correlated with neuronal activity and the
BOLD signal. In contrast, we found two distinct astrocytic calcium correlated neurovascular
coupling events: the evoked astrocytic calcium signals were positively correlated to the neuronal

activity (LFP and calcium) and BOLD signals; however, the intrinsic astrocytic calcium signals
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were correlated to negative neuronal and BOLD signals. As a result, we revealed two different

neurovascular coupling events in the brain.
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4

Intrinsic astrocytic calcium spikes correlated with the brain
states transition

4.1 Can intrinsic and evoked astrocytic calcium occur concurrently?
Given the previous outlier observation, the first question that we would like to answer is whether
the intrinsic and evoked astrocytic calcium signals could occur concurrently, and how this

phenomenon regulates the BOLD fMRI signal.

To answer this question, we first need to distinguish the intrinsic astrocytic calcium signals from
the evoked ones. The results in section 3 show that the duration of the intrinsic astrocytic
calcium signal is about 8 s (See in Fig.2B and 2E, appendix 1), and that the evoked astrocytic
calcium signal is proportional to the period of the stimulation (See in Fig.S3, appendix 1). This
means that we may separate the intrinsic from the evoked astrocytic signal by further extending
the stimulation duration. Here, we applied 30 s FP stimulation with 90 s off period in the block
design experiment. Interestingly, besides the typical plateau-like evoked astrocytic calcium
responses, the astrocytic calcium spikes were occasionally superimposed in the early phase of
the 30 s stimulation periods. Whenever the astrocytic calcium spikes occurred, the
corresponding BOLD signal is relatively reduced in the FP-S1 and cortex (See in Fig.3D-3F,
appendix 1). The intrinsic astrocytic calcium spikes were also detected in the middle or end of
the 30 s stimulation period, and even during the stimulation-off period (See in S8, appendix 1).
Furthermore, the intrinsic astrocytic calcium spikes are independent of the arterial blood

pressure and respiration (See in Fig.S18 and S19, appendix 1).

We grouped the astrocytic calcium responses into two distinct categories, the Evoked Only and
Concurrent events (evoked + intrinsic) based on the occurrence of astrocytic calcium spikes,
and then we averaged the calcium and BOLD traces, respectively. The average of BOLD
responses showed evident reduction upon the Concurrent events in comparison to the Evoked

Only events (See in Fig.3E and 3F, appendix 1).

The time-lapse function maps from MRI demonstrate the overall BOLD signal change in the

brain and show a typical evoked fMRI signal in the FP-S1 for Evoked Only events. However, for
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Concurrent events, we observed a clearly reduced fMRI response in the FP region,
accompanied by a broad negative BOLD signal through the whole cortex during the early phase

of the 30 s stimulation (See in Fig.3F, appendix 1).

We also performed another experiment where two optic probes were inserted into FP-S1 and
into barrel cortex (BC). The evoked astrocytic calcium showed a local response in FP-S1 upon
the forepaw electrical stimulation (4 s, 3 Hz, 330us pulse duration), whereas the intrinsic
astrocytic calcium signals were detectable in both brain regions. Accordingly, we use the
astrocytic calcium spikes in BC as the indicator for the occurrence of intrinsic astrocytic calcium.
The results show that the intrinsic astrocytic calcium signal could occur during the stimulation,

and correlates with the negative BOLD signal in the cortex (See in Fig.3A-3C, appendix 1).

These results demonstrate that the evoked and intrinsic astrocytic calcium could occur
concurrently and correlate with the opposite (positive or negative) fMRI signal with unique
spatial localization in the brain. Previous studies have reported that elevated astrocytic calcium
was correlated with vasoconstriction and vasodilation in different conditions (Attwell et al., 2010;
MacVicar and Newman, 2015; Mulligan and MacVicar, 2004; Takano et al., 2006; Tran and
Gordon, 2015; Zonta et al., 2003). As far as we are aware, this is the first study to demonstrate
that astrocytic calcium related vasoconstriction could coexist with vasodilation through

neurovascular coupling from a whole-brain perspective.

4.2 Propagation speed of the intrinsic astrocytic calcium signal

The next step is to investigate the spatiotemporal features of the intrinsic astrocytic calcium
signal. The previous results have shown that the intrinsic astrocytic calcium signal is coupled
with the negative BOLD signal in the whole cortex. Now, we would like to ask whether the
intrinsic astrocytic calcium signal exhibits the similar spatial features as the whole-cortex
negative BOLD signals. For the temporal features, it has been reported that the astrocytic
calcium signal could propagate in the brain with a relatively slow speed as waves (Cornell-Bell
et al., 1990), so-called calcium waves, which are induced by neuronal activity (Dani et al., 1992)
and mediated by glutamate (Cornell-Bell et al., 1990) as well as ATP (Guthrie et al., 1999)
release. The reported speed of propagation from either pathological or normal conditions varied
from 4 to 60 um/s (Chuquet et al., 2007; Haas et al., 2005; Kuchibhotla et al., 2009; Kuga et al.,
2011; Miyazaki et al., 1986; Parri and Crunelli, 2001).

These studies motivated us to explore the spatial and propagation features of the intrinsic

astrocytic calcium signal detected in this work. Here, we expressed GCaMP in astrocytes
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bilaterally in the FP-S1 with two-channel fiber optic recordings upon the activation of left FP-S1.
We also observed distinct Evoked Only and Concurrent events using simultaneous fMRI and
astrocytic calcium recording as described in previous results. Interestingly, the intrinsic
astrocytic calcium spikes elicited by forepaw stimulation are detectable in both hemispheres.
However, the evoked astrocytic calcium signals can only be detected in a local area (See in
Fig.4A, appendix 1). This result indicates that the intrinsic astrocytic calcium could travel

through the cortex.

By subtracting the Evoked Only events from the Concurrent events, we could determine the
intrinsic calcium signal in the activated FP-S1. Then, we superimpose the intrinsic calcium
signal detected in the two hemispheres. The enlarged figure showed little difference in the
latencies between the two hemispheres (See in Fig.4B, appendix 1). The scatter plot illustrates
the estimated latencies of the intrinsic calcium spikes simultaneously recorded from two
channels (See in Fig.4C, appendix 1). We observed that the latencies varied from 2 to 4 s. This
may be caused by the fact that we cannot control the occurrence of the intrinsic astrocytic
spikes after the forepaw stimulation. However, there is no significant difference in the latencies

of the intrinsic calcium spikes from two hemispheres.

Our original assumption was that the intrinsic calcium signal is initiated from the activated FP-S1
and then propagates to the other regions. This would mean that we could calculate the speed of
propagation for intrinsic calcium spikes by the latency difference and the distance between two
recording sites. However, the results reject this original assumption, and instead demonstrate
that the intrinsic astrocytic calcium signal occurs globally and instantaneously in the cortex,
which indicates that subcortical nuclei projecting to the cortex may be involved in the initiation of

the intrinsic astrocytic calcium signal.

4.3 ldentifying the subcortical nuclei involved in the intrinsic astrocytic calcium
spikes

The results shown in section 4.2 drove us to identify the potential subcortical regions which are
relevant to the intrinsic astrocytic calcium spikes. Since we could perform fMRI with
simultaneous astrocytic calcium recording, we could investigate the two distinct Evoked Only
and Concurrent events using on/off block design trials. By mapping the event-related whole
brain function, we can search for the brain activity specific to the Concurrent events, compare
with Evoked Only events, and then specify the region which may relate to intrinsic astrocytic

calcium signal. Upon stimulation, we observed typical activation of FP-S1 during the Evoked
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Only events. However, for the Concurrent events, there is an apparent activation in the central
and mediodorsal thalamus, which is even extended to the midbrain reticular formation in the
early phase of the Concurrent events. Immediately following the central thalamus activation,
there is a global negative BOLD signal with reduced positive BOLD response in FP-S1 (See in
Fig.5B and 5C, appendix 1). By co-registering the activation map with the brain atlas, we could
identify the activated thalamic and midbrain regions(See in Fig.5D, appendix 1), which are the
major components of the ascending arousal system (Steriade et al., 1993). The group analysis
of the BOLD signal changes from FP-S1 and cortex shows a reduced BOLD signal during
Concurrent events, but in the central thalamus, there is an increase of the BOLD signal during

the early phase of stimulation (See in Fig.5E, appendix 1).

These studies suggest that the activity in the subcortical arousal pathway may contribute to the
astrocytic calcium related fMRI signal changes through thalamic regulation. Furthermore, to
verify the central thalamic activity coinciding with Concurrent events, we recorded the LFP in the
central thalamus simultaneously with cortical astrocytic calcium and LFP recordings (See in
Fig.6A, appendix 1). The position of the electrode tip was confirmed by MRI after the recording
(See in Fig.S11, appendix 1). We observed an accumulated increase in LFP power before the
Concurrent events in FP-S1 and the central thalamus. By calculating the average of the LFP
spectrogram, we could observe a strong LFP power increase in both the thalamus and the
cortex before stimulation during Concurrent events, followed by reduced power. Moreover, there
is a definite increase in the beta band detected in the central thalamus during Concurrent events
in the early phase of the stimulation, which may directly contribute to the increased BOLD signal

detected only during Concurrent events (See in Fig.6, appendix 1).

The results showed that central thalamus activities are related to the intrinsic astrocytic calcium,
which coupled with the negative BOLD signal in the cortex. Now, we would like to know how the
central thalamus activities regulate the cortical activity. Experiments on optogenetic stimulation
of neurons in the central thalamus conducted by Jia Liu et al. (Liu et al., 2015) have shown that
the central thalamus could frequency-selectively control the cortical activity in rats. In addition,
electrical stimulation of the central thalamus could improve the level of consciousness after

seizure (Gummadavelli et al., 2015).

In summary, these results demonstrated that the central thalamus is involved in the astrocytic
calcium related fMRI signal changes, which may be associated with transition between brain

states.
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4.4 Intrinsic astrocytic calcium spikes are preserved in free moving rats

Until now, all the results were acquired from anesthetized rats with alpha-chloralose (AC), which
is known to enhance GABAergic inhibition throughout the brain and central nervous system. As
it works similarly to other GABAergic anesthetics, AC enhances the inhibitory effect of
interneurons. It is crucial to determine how much of the observation of the negative relationship
between the intrinsic calcium signal and the negative BOLD signal is related to the anesthetic
drug. Urethane has been used extensively for electrophysiological recordings in animals. In this
study, we also repeated simultaneous fMRI and astrocytic calcium recordings in the urethane-
anesthetized rat. We observed similar correlation patterns to rats anesthetized with alpha-
chloralose. This result demonstrates that the negative correlation of intrinsic astrocytic calcium
signal with the BOLD signal is not caused by the alpha-chloralose specific anesthetic effect.
However, the negative coupling pattern of the BOLD signal with intrinsic astrocytic calcium
spikes may vary across different animals due to the various anesthetic effects of urethane. On
the other hand, it is not feasible to reproduce our finding in rats with all kinds of anesthetics to

exclude that the finding is drug dependent.

All of these factors drove us to reproduce the finding in free moving rats. Astrocytic calcium
signal and LFP were recorded simultaneously in free-moving rats, and the result shows that
intrinsic astrocytic calcium spikes are preserved in free moving rats. Furthermore, the intrinsic
astrocytic calcium spikes correlate with the transition between different sleep stages (See in
Fig.S15, appendix 1). The features of LFP were used to identify and characterize the sleep
stages. These results further highlight the involvement of the intrinsic astrocytic calcium signal in
the mediation of brain state changes, similar to what has been reported in urethane-

anesthetized rats (Poskanzer and Yuste, 2011).
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5

Neuronal calcium and the resting-state BOLD signal

Resting state fMRI was used to map widespread functional connectivity by BOLD signal
coherence in the brain during rest (Lee et al., 2013). Simultaneous electrophysiology and BOLD
recording suggested that neuronal activity is coupled with the global BOLD signal fluctuations
under resting state conditions (Schélvinck et al.,, 2010). In most of the previous reports, the
functional connectivity was calculated based on the resting-state BOLD signal, which is
acquired from large voxels (0.4x0.4x0.4 mm® in rats; 3.0x3.0x3.0 mm?® in human). Using
neuronal activity to specify the basis of the conventional resting-state BOLD signal
may be questionable due to the significant gap in spatial sensitivity between neuronal activity
recordings and the BOLD signal in each voxel. Our previous work has demonstrated the
possibility to map vessel-specific BOLD signal (single-vessel BOLD) from distinct vessel-
dominated versus parenchyma-dominated voxels in rat brains (See in Fig.1, appendix 3) (Yu et
al., 2016a). In the present study, our results have shown that the evoked neuronal calcium
signals are positively correlated with both LFP and BOLD signals On the other hand, the
spontaneous neuronal calcium peaks were coupled with the activity of spontaneous LFP (See in
Fig.S1, appendix 1), which shows that the neuronal calcium signal is an ideal indicator of

neuronal activity in resting state.

In this study, to specify the neuronal basis of the resting-state BOLD signal, we monitored the
single-vessel BOLD signal with an in-plane resolution of 100 x 100 um?; the temporal resolution
was 1 s, with simultaneously calcium signal recording from the adjacent neurons. We observe a
clear positive correlation between neuronal calcium in the 0.01 to 0.1 Hz range and vessel-
specific BOLD signal (See in Fig.4 and 5, appendix 2). At the same time, spontaneous neuronal
calcium signal shows an LFP coupled oscillation (See in Fig.6, appendix 2), and power
spectrogram shows higher power in 1-10 Hz than the GFP control group. The average calcium
signal spectral power in the 1-10 Hz band was correlated to the vessel-specific BOLD signal as
well. These results indicate that neural activity is the origin of the vessel-specific BOLD signal
fluctuations in resting state brain. Further study was performed in awake humans, and spatially
smoothing the functional signal from 1 mm to 5 mm (FWHM) indicates that vessel connectivity is

the basis of the large voxel-based signal in resting state correlation maps (See in Fig.7,
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appendix 2). Therefore, these results reveal that the spontaneous low frequency neuronal
activity is the cellular mechanism of the resting-state BOLD signal by studying the correlation

between vessel-specific BOLD signal and spontaneous calcium activity from adjacent neurons.
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6

Optogenetically driven single-vessel fMRI

In the previous chapters, we demonstrated that the evoked BOLD signal is positively correlated
with the increased calcium signal in either neurons or astrocytes; The intrinsic astrocytic calcium
spikes involved in the brain state transition through the thalamocortical pathway; The low
frequency spontaneous neuronal calcium activity is highly correlated with the fluctuation of the
resting-state BOLD signal in adjacent vessel. But the causality between cellular activity and the

BOLD signal is still elusive.

Optogenetics is the technology to control the cellular activity (excitation or inhibition) with high-
temporal and high cell-type specificity by delivering the optic stimulus. Optogenetics is an ideal
technique to study the causality between cellular activity and BOLD signal directly. In present
study, we establish a platform to investigate the causal association between the neuronal
activity and BOLD signal by combining the BOLD recording with optogenetics. To increase the
spatial and temporal resolution of the BOLD signal, we used the line-scanning-based FLASH
fMRI method to monitor both arteriole and venule signal at 50 x 50 ym in-plane resolution and
100-ms temporal resolution (See in Fig. S2, appendix 3). We also compared the BOLD
responses driven by FP stimulus and optogenetic stimulus. The results demonstrate that BOLD
signal evoked by sensory or optogenetic stimulus shows similar vascular response pattern (See
in Fig. 2E and 2F, appendix 3). This means that optogenetics is an alternative way to study the

cellular source of the BOLD signal.

On the other hand, the fMRI signal can be acquired at different echo-times (TE, 3~30 ms) with a
100 ms sampling rate (See in Figs. 1B-1C and S1, appendix 4). This method detects the TE-
dependent fMRI signal, which extends the single-vessel dynamic mapping and assists the

optimization of quantitative fMRI modeling.
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Discussion and Outlook

The objective of this project is to illuminate cellular contributions to the BOLD signal. We
focused on how astrocytic calcium is associated with BOLD fMRI signals, and how the
astrocytic calcium is involved in brain state transitions. Using simultaneous GCaMP-mediated
calcium and BOLD signal recording, we observed that evoked and intrinsic astrocytic calcium
signal could occur concurrently with opposite BOLD signals which are related to vasodilation
and vasoconstriction. We show that the intrinsic astrocytic calcium related brain state changes

are mediated by the central thalamus.

In this study, we first developed a simultaneous LFP and fiber optic calcium recording platform.
We verified that the coupling between LFP and calcium signals in neurons or astrocytes,
indicating that the calcium signal is an ideal surrogate for neuronal activity. Secondly, we
identified two distinct astrocytic calcium signals, evoked and intrinsic, which are related to
opposite BOLD signal. Event-related fMRI mapping reveals that the central thalamus may be
involved in the initiation of the intrinsic astrocytic calcium signal. Thirdly, the intrinsic astrocytic
calcium signal is detectable in free moving rats, which excludes the possibility of an anesthetic
effect. Moreover, the occurrences of the intrinsic astrocytic calcium spikes are coincident with
the transition between different sleep stages, which suggests that intrinsic astrocytic calcium
spikes are involved in the brain states transition. Finally, we also studied the relationship
between the vessel-specific BOLD signal and spontaneous calcium activity from adjacent
neurons. In summary, this study demonstrates that: 1) intrinsic astrocytic calcium mediates
brain state transition through thalamic regulation; 2) spontaneous neuronal activity at low

frequency is the cellular mechanism of the BOLD signal during resting state.

The suppression of fast potential changes (observed as the depression of LFP) is an index of
spreading depolarization/depression, which can cause vasoconstriction and ischemia, and also
exhibits a decreased BOLD signal in the brain (Ayata and Lauritzen, 2015). In the clinic,
spreading depression is considered as the mechanism and therapeutic target of the
pathophysiology of numerous diseases, such as migraine (Ayata et al., 2006; Lauritzen, 2001),
ischemic stroke and brain injury. However, it also can be induced by an overabundance of

noxious conditions, such as the mechanical lesion, potassium, vigorous electrical stimulus,

19



hyperthermia, neurotransmitters, etc. (Ayata and Lauritzen, 2015). These reports drove us to
verify whether the intrinsic astrocytic calcium spikes we found in this study are related to
spreading depolarization/ depression. In fact, in this study, fiber optic implantation was seen to
induce a focal lesion. In some cases, we observed the vigorous stimulation-induced spreading
depression related calcium elevations (See in Fig.S9, appendix 1), which show distinct
spatiotemporal features from intrinsic astrocytic calcium. First, the amplitude of the spreading
depression related astrocytic calcium signal is much greater than the intrinsic/evoked calcium
signal. However, unlike the intrinsic astrocytic calcium signals, the spreading depression related
astrocytic calcium signals are not bihemispherically detectable. Second, intrinsic astrocytic
calcium signals occurred instantaneously in the two hemispheres accompanied by the activation
of the central thalamus and midbrain reticular formation. Nevertheless, during spreading
depression, the astrocytic calcium signal is initiated in a local brain region and then propagates
slowly to other regions (Chuquet et al., 2007). Third, intrinsic and sensory evoked astrocytic
calcium signals could occur concurrently and regulate the BOLD signal in opposite directions.
Spreading depression is accompanied by dramatic disruption of brain ion homeostasis, causing

the electrical silence and the silencing of neuronal responses (Kunkler and Kraig, 2003).

The occurrence of intrinsic astrocytic calcium signals is associated with the activation of the
central thalamus and midbrain reticular formation, which is related to the regulation of brain
state. Although most of the results were acquired from rats anesthetized with alpha-chloralose
or Urethane, it is still possible that the brain state changes occasionally under normal
physiological conditions. Interestingly, simultaneous astrocytic calcium and LFP recordings in
free-moving rat exhibit intrinsic astrocytic calcium spikes, and are coincident with the transition
between sleep stages. Sleep stage was classified using the features of LFP. This result
excludes the possibility that intrinsic astrocytic calcium is anesthetic dependent and indicates
that intrinsic astrocytic calcium is involved in brain state transition. Simultaneous calcium and
fMRI recording in the awake animal offers further prospects for studying the correlation between

cellular activity and brain state changes.

In this study, although there is considerable consistency among the results showing the
correlation between the LFP and calcium signals as well as between the calcium and BOLD
signals, the causal association between intrinsic astrocytic calcium signal and the negative
BOLD signal needs to be further clarified. The astrocytic calcium signal is assumed to relay
signals from neurons to vessels. A recent study shows neuronal activity-associated vasodilation

perseveres in IP3 type-2 receptor (R2) knock-out mice (IP3R27), in which the primary pathway
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for astrocytic calcium release from the stores in blocked, implying a parallel astrocytic calcium-
independent neurovascular coupling pathway (Nizar et al., 2013). More recent evidence reveals
that astrocytic calcium is elevated not via release from calcium stores but via entry through
ATP-gated channels in the membrane (Mishra et al., 2016). Also, it suggests that astrocytes
mediate neurovascular coupling via capillary pericytes. One prospective direction to study the
causality between the astrocytic calcium and BOLD signal is by using transgenic mice with

inhibited the astrocytic calcium pathways or modified function of capillary pericytes.

In this study, immunostaining and the profiles of calcium responses demonstrate the high cell-
type specificity of genetically encoded calcium indicators. Fiber-optic recordings monitored the
integrated signal of distinct cell populations underneath the tip of the fiber. The development of
the miniature fluorescence microscope (Miniscope) offers the possibility to study cellular
mechanisms of hemodynamic responses by monitoring individual cell or sub-cell units activity in
the MRI scanner (Cai et al., 2016; Ghosh et al., 2011). This is crucial, especially for astrocytes
because of the distinct calcium spatiotemporal features in the somata and processes (Otsu et
al., 2015). Moreover, fiber optics can access most of the brain area in theory, and it is feasible
to study the brain circuit dynamics from a whole-brain perspective by combining optogenetic

and multi-channel fiber optic recording (Kim et al., 2016a)
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Astrocytic Ca?*-mediated gliovascular interactions regulate the
neurovascular network in situ and in vivo. However, it is difficult
to measure directly both the astrocytic activity and fMRI to relate
the various forms of blood-oxygen-level-dependent (BOLD) signal-
ing to brain states under normal and pathological conditions. In
this study, fMRI and GCaMP-mediated Ca>* optical fiber recordings
revealed distinct evoked astrocytic Ca%* signals that were coupled
with positive BOLD signals and intrinsic astrocytic Ca%* signals
that were coupled with negative BOLD signals. Both evoked and
intrinsic astrocytic calcium signal could occur concurrently or re-
spectively during stimulation. The intrinsic astrocytic calcium sig-
nal can be detected globally in multiple cortical sites in contrast
to the evoked astrocytic calcium signal only detected at the ac-
tivated cortical region. Unlike propagating Ca?* waves in spread-
ing depolarization/depression, the intrinsic Ca®* spikes occurred
simultaneously in both hemispheres and were initiated upon
the activation of the central thalamus and midbrain reticular
formation. The occurrence of the intrinsic astrocytic calcium sig-
nal is strongly coincident with an increased EEG power level of
the brain resting-state fluctuation. These results demonstrate
highly correlated astrocytic Ca?* spikes with bidirectional fMRI
signals based on the thalamic regulation of cortical states, depict-
ing a brain-state dependency of both astrocytic Ca?* and BOLD
fMRI signals.

BOLD-fMRI | astrocyte | calcium | brain states | glia-vascular coupling

he blood-oxygen-level-dependent (BOLD) signal is used in
many fMRI studies as a surrogate for brain activity, but the
link between the two signals is indirect, which makes the in-
terpretation of BOLD signals problematic. The neurovascular
coupling that underpins functional MRI (fMRI) brain mapping
(1) has been characterized by simultaneous intracortical re-
cordings and fMRI (2). Among the neurovascular signaling events,
it remains ambiguous how gliovascular interactions, especially that
mediated by the astrocytic Ca* signal, are involved in the neu-
rovascular network (3-6). Astrocytic Ca®* signals in both in situ
and in vivo environments can occur in coordination with, or in-
dependently of, each other, suggesting specific and variable cou-
pling mechanisms (5, 7-13). It is difficult to directly measure
astrocytic activity, which may vary according to different normal
brain states and pathological conditions (14-17), while simulta-
neously utilizing fMRIL
It is possible to use genetically encoded Ca>* indictors (GECIs,
e.g., GCaMP) to acquire cell type-specific Ca** signals via optical
fiber, which can be measured during fMRI imaging without radio-
frequency and magnetic gradient-switch induced interference (2,
18-21). In particular, GCaMP6f shows fast Ca®* binding kinetics
and high sensitivity comparable to the Ca**-sensitive dyes, such as
Oregon Green BAPTA-1 (OGB-1) (18, 20). Besides two-photon
microscopy (22) or wide-field calcium imaging (23), the Ca**-sensitive
dye and GCaMP-mediated Ca*" signal can be directly recorded

www.pnas.org/cgi/doi/10.1073/pnas.1711692115

using optical fiber implanted into animal brains (19, 24, 25). The
fMRI signal may be simultaneously acquired with the Ca** signal
from neurons or astrocytes specifically loaded with Ca**-sensitive
dyes (19). These studies show that it is feasible to monitor the
many possible ways that astrocytes mediate BOLD signals
through specific neurovascular coupling events.

We have observed the expected 2positive correlation between
the evoked neuronal/astrocytic Ca™ signals and BOLD fMRI
signal in activated cortical areas; however, an unexpected in-
trinsic astrocytic Ca”* signal showing negative correlation with
both neuronal and fMRI signals can occur concurrently with the
evoked neurovascular coupling events. In contrast to the spreading
depolarization/depression-based traveling Ca®* waves in the brain
(26, 27), this intrinsic astrocytic Ca®" signal represents distinct
spatiotemporal features that occur simultaneously in both hemi-
spheres without propagation delays (28-32). The instantaneously
altered brain activity that is associated with the intrinsic astrocytic
Ca** signal is a unique astrocyte-mediated change in brain state
(9, 33, 34).

We provide evidence that subcortical nuclei projecting to the
entire cortex are responsible for regulating the astrocytic calcium-
coupled bidirectional fMRI signal. By using astrocytic Ca®* signal-
based event-related fMRI analysis, positive BOLD signals were

Significance

The role of astrocytes on brain function is controversial in many
aspects. It remains challenging to specify the in vivo functional
impact of astrocytic calcium signal when mediating vasodilation/
constriction at varied physiological or pathophysiological condi-
tions. Here, we applied simultaneous fMRI and GCaMP-mediated
Ca’* optical fiber recording to detect distinct astrocytic Ca®*
signals (evoked vs. intrinsic) coupled to positive and negative
blood-oxygen-level-dependent signals, respectively and con-
currently, with unique spatial and temporal patterns. Not
only did we demonstrate the distinct neurovascular coupling
events coupled to the evoked and intrinsic astrocytic calcium
signals, but also revealed the thalamic regulation mechanism
underlying the astrocytic calcium-mediated brain state switch.
This astrocytic-relevant regulatory mechanism could underlie
numerous brain disorder and injury models relevant to
gliovascular disruption.
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detected at the central and mediodorsal thalamic nuclei extending
to the midbrain reticular formation, which is associated with the
intrinsic astrocytic Ca** signal followed by the negative BOLD
signals in the cortex. This result is consistent with a resting-state
fMRI study of unanesthetized macaques, showing increased tha-
lamic fMRI signals with widespread signal decreases in the neo-
cortex during elevated arousal states (15). This work demonstrates
that astrocytes might be involved in mediating the bidirectional
fMRI signal arising from the thalamic regulation of brain states,
demonstrating a way to bridge the study of brain function among
the cellular, network, and systems levels.

Results

Identifying the Neurovascular Coupling Events with Simultaneous
fMRI and Neuronal/Astrocytic Ca?* Recordings. We recorded the
cell type-specific Ca®* signal simultaneously with the local field
potential (LFP). GCaMP6f was expressed by viral injection into
the forepaw somatosensory cortex (FP-S1) of the rat brain,
specifically into neurons or astrocytes (Fig. 14). The sensory-
evoked Ca®* signal from neurons matched well with the
evoked LFP for each electrical stimulus, and the amplitude of
the Ca®* signal was positively correlated with that of the LEP, as
shown in Fig. 1B and SI Appendix, Fig. S1. Spontaneous Ca®*
spikes were also detected from neurons whose amplitudes were
positively correlated with those of the spontaneous LFPs (S7

\)
Bz “

Appendix, Fig. S1 D and F). The latency of the neuronal Ca**
signal reported by GCaMP6f was ~15 ms with a full width of half
maximum (FWHM) of 150-200 ms (SI Appendix, Fig. S24),
similar to the kinetics of GCaMP6f-mediated Ca®* signals
reported previously (20, 24).

In contrast to the neuronal Ca”" signal, the sensory-evoked
astrocytic Ca®* signal was a unitary event following a train of
electrical stimuli to the forepaw (Fig. 1B). The latency of the
astrocytic Ca”* signal was 1.0-1.7 s, and the FWHM was pro-
portional to the stimulus duration, matching the simultaneously
acquired BOLD signal (SI Appendix, Figs. S2 B and C and S3).
The latency detected by optical fiber could reflect fast astrocytic
Ca®" signals within astrocyte processes (11, 35). The spread
function of the astrocytic Ca** signal is derived from the sum of
individual astrocytes exposed under the tip of optical fiber,
which have varied response kinetics as observed in vivo with
two-photon microscopy (5, 10). These results clearly demon-
strated that the GCaMP6f-mediated Ca®* signal from either
neurons or astrocytes is specifically detectable in vivo via op-
tical fiber, showing distinct temporal features to sensory stim-
ulation. It is noteworthy that the evoked fluorescent Ca** signal
is independent of the hemoglobin-based intrinsic optical signal,
similar to the previous fiber optic Ca®* studies (details in Ma-
terials and Methods) (21, 25).
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Fig. 1. Sensory-evoked neuronal/astrocytic Ca%t recordings with simultaneous LFP or BOLD fMRI. (A) The colocalized GCaMP (green) with neurons (NeuN,
red), or with astrocytes (GFAP, red). (Lower) Immunostaining image (Left) and a schematic drawing (Right) for simultaneous LFP and fiber-optic Ca®t re-
cording. (B) Simultaneous LFP (red) and Ca®* signal traces (blue) from neurons or astrocytes in FP-S1 with forepaw electrical stimulation (3 Hz, 4 s, 1 mA).
(Center) Enlarged figures of the dashed box in Left. (Right) The averaged trace of evoked Ca* signal (gray lines are individual traces from six rats). (C) The
schematic drawing of the two-channel fiber-optic recording system with fMRI (CL, coupling lens; DM, dichroic mirror; EF, emission filter; PM, photomultiplier).
(D) The time courses of evoked fMRI signal from bilateral FP-S1 and simultaneous neuronal (Left)/astrocytic (Right) Ca®* signal (Inset, a representative color-
coded BOLD-fMRI map at 2.0 mA). (E) The stimulation intensity-dependent Ca?* signal from neurons or astrocytes. (F) The scatter plot of the evoked Ca®*
signal amplitude vs. simultaneous fMRI peak amplitude at different stimulation intensities (red dashed circle, outlier). (G) The traces of BOLD-fMRI and
astrocytic Ca®* signals show the outlier event (red dashed box) with increased astrocytic Ca®* signal, but reduced BOLD-fMRI signal (S/ Appendix, Table S1

shows the occurrence rate of the unexpected astrocytic event).
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A two-channel fluorescent signal recording system was de-
veloped to simultaneously detect the BOLD signal and the Ca**
signal from neurons and astrocytes from the forepaw somato-
sensory cortex of both hemispheres, respectively (Fig. 1 C and
D). The neuronal and astrocytic Ca®* signals were correlated
with the BOLD-fMRI evoked signal across electrical stimulation
intensities (Fig. 1 E and F and SI Appendix, Fig. S4). However, a
novel event was detected in which a high-amplitude astrocytic
Ca®* signal was coupled with a reduced amplitude BOLD fMRI
signal in a single trial-on/off block design paradigm. This outlier
indicates that astrocytic Ca>* signaling might play another role in
neuroglial and gliovascular interaction.

We investigated the properties of the intrinsic astrocyte Ca**
spikes and its relationship to the simultaneously acquired fMRI
signal. In rats anesthetized with a-chloralose, intrinsic astrocytic
Ca”" spikes occurred simultaneously with a transient frequency
shift in hypersynchronized LFP bursts (Fig. 24), previously de-
scribed as intermittent or continuous hypersynchrony during
different EEG stages (36). During the spontaneous LFP fre-
quency shifts, there was a transient suppression of the power
spectral density [Fig. 2 B and C, nonoverlapping confidence in-
tervals (Cls); SI Appendix, Table S2], as well as a decrease in the
fMRI signal throughout the cortex (Fig. 2 D and E). There was a
negative correlation between the resting state fMRI signal and
the intrinsic astrocytic Ca** spikes (Fig. 2D and SI Appendix, Fig.
S5). The astrocytic Ca®* spike-triggered average of the simulta-
neously acquired LFP power spectral profile and fMRI signal
were computed. The negative BOLD signal was much delayed

(—2.64 £ 0.25 s) (Fig. 2F) compared with the mean onset of the
astrocyte Ca®* spike (—4.29 + 1.04 s) (Fig. 2F and SI Appendix,
Fig. S6, the negative value is set from the zero time at the peak of
astrocytic Ca”* spikes, nonoverlapping Cis; SI Appendix, Table
S2). The mean estimated onset of LFP frequency shift (—4.77 +
1.44 s) preceded the estimated onset of the astrocyte Ca™" spike,
although the difference was not statistically significant. In addi-
tion, previous studies showed that the high frequency LFP power
reduction occurred earlier than the astrocytic Ca** spikes in both
the cortex and hippocampus of mice anesthetized with urethane
(9, 30). Thus, the intrinsic astrocytic Ca** signal elevation is
possibly involved in mediating this particular neurovascular
event. It is noteworthy that two-channel bilateral Ca®* recording
(left hemisphere, neurons; right hemisphere, astrocytes) during
the resting state also shows the negative correlation of the in-
trinsic astrocytic Ca®* spike to the neuronal Ca®* transients.
Power spectral analysis of the neuronal Ca®" transients shows
similar frequency suppression shift to that of the spontaneous
LFP signal (SI Appendix, Fig. S7).

Elevated astrocytic Ca>* signals can affect vasoconstriction or
vasodilation, depending on conditions (7, 8, 12, 37), but these
seldom coexist during neurovascular coupling events. Interest-
ingly, intrinsic astrocytic Ca** spikes can occur in the FP-S1 and
barrel cortex concurrently with the astrocytic Ca** signal evoked
by forepaw electrical stimulation (Fig. 3 4 and B). As with the
spontaneous astrocytic Ca** recording during the resting state,
the intrinsic astrocytic Ca®* spikes during stimulation were cor-
related with the negative BOLD signal throughout the cortex,
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Fig. 2. Intrinsic astrocytic Ca* spikes negatively correlate with neuronal and BOLD signals. (A) The representative traces of the LFP (Top), the power spectra
of LFP (Middle), and the intrinsic astrocytic Ca>* signal (Bottom) in FP-51 (1-s sliding window with 0.1-s steps, 9 tapers). (B) The average spectrogram of the LFP
is aligned based on the simultaneously acquired peak time of the intrinsic astrocytic Ca®* spikes (red dashed line as time 0). (C) The integrated LFP power
spectral density (2 ~ 50 Hz) at different phases according to the intrinsic astrocytic Ca%t spikes (*P = 9.5e-22; #P = 3.6e-11, paired t test; 54 traces of 6 rats).
(D) The representative traces of the intrinsic astrocytic Ca>* spikes and simultaneous fMRI signal acquired from the entire cortex (Upper Inset: color-coded
negative correlation map; Lower Inset: ROl in red contour; details in S/ Appendix, Fig. S5). (E) The averaged time course of the fMRI signal is aligned based on
the simultaneous acquired peak time of the intrinsic astrocytic Ca*t spikes (red dashed line as time 0, 52 traces of 6 rats). (F) Estimated onset times of the
intrinsic astrocytic Ca®* spikes, the LFP spectral power shift, and the fMRI signal reduction (time 0 at the peak time of the astrocytic Ca** spikes; one-way
ANOVA followed by Tukey’s multiple comparison test F = 31.94; *P = 5.1€-12, nigp ca = 6; Nimri_ca = 6 rats).
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Fig. 3. Two-channel recording of the evoked and intrinsic astrocytic Ca%*

Ca** signal and the fMRI signal from FP-S1 (Left) upon forepaw stimulation (3 Hz, 45, 1.5 mA), and the concurrent intrinsic astrocytic Ca**
the fMRI signal from the entire cortex except FP-S1 (Right). (B) The correlation map of the fMRI signal with the intrinsic astrocytic Ca®
shows negative correlation across the entire cortex except FP-S1. (C) The amplitude of the astrocytic Ca%t

&

signal in FP-S1 and barrel cortex (BC). (A) The time courses of the evoked astrocytic

signal from BC and
* spikes detected in BC
signal (evoked-only) is significantly lower than that

of the concurrent events in FP-S1 (Left, *P = 2.0e-15), but the fMRI signal change is significant lower in the concurrent events (Center, &P = 0.026). The fMRI
signal in the entire cortex except FP-S1 shows negative amplitude of the concurrent events, which is significantly lower than the evoked-only events (Right,
#P = 2.8e-07; evoked-only, trial # = 81; concurrent, trial # = 50, rats, n = 7). (D) The representative traces of astrocytic Ca%tand corresponding fMRI signals with
30-s forepaw stimulation (evoked-only vs. concurrent: epoch 2, 5 vs. 1, 3, 4). (E) The mean astrocytic Ca®* traces of the two events (Left) and the simulta-
neously acquired fMRI time course (Right; gray line, difference; evoked-only, trial # = 84 vs. concurrent, trial # = 23, mean + SEM, rats, n = 5). (F) The

representative time-lapsed BOLD-fMRI map shows FP-S1 activation during the 30-s stimulation of evoked-only and concurrent events.

with the exception of FP-S1 (Fig. 3 B and C, nonoverlapping ClIs;
SI Appendix, Table S2), where the FP-S1 BOLD signal with the
concurrent (intrinsic and evoked) astrocytic Ca** gznals was also
lower than that with the evoked-only astrocytic Ca”*signal (P =
0.026, Student ¢ test two-tailed), although it was not showing
nonoverlapping Cls (SI Appendix, Table S2). In contrast, the
amplitude of the intrinsic astrocytic Ca“* spike was significantly
higher than the normally evoked astrocytic Ca®* spike (Fig. 3C,
nonoverlapplng CIs; SI Appendix, Table S2). The concurrent
astrocytic Ca** spiking events were better characterized in the
30-s forepaw stimulation block design experiment, which showed
the intrinsic astrocytic Ca** splke superlmposed on the early
phase of the evoked astrocytic Ca** signal (Fig. 3D). The aver-
aged time courses and time-lapsed functional maps revealed the
reduced fMRI signal in the FP-S1 and the negative fMRI signal
from the whole cortex upon the intrinsic astrocytic Ca®* spiking
events (Fig. 3 E and F). Furthermore, the intrinsic astrocytic
Ca?* spikes were also detected at different phases of the 30-s
stimulation and the stimulation-off period (SI Appendix, Fig. S8 A
and B). These results clearly demonstrated that two independent
astrocytic Ca®" signals (evoked vs. intrinsic) could concurrently
occur with a unique combination of coexisting positive and neg-
ative BOLD signals in the brain.

Specifying the Spatiotemporal Features of the Intrinsic Astrocytic
Ca”* Spikes. Given that brain trauma may accompany the surgi-
cal procedure, we examined the possibility that the astrocytic
Ca®* signal is associated with spreading depolarization/de-
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pression (27). Astrocytic Ca** signals from two hemispheres in
the 30-s stimulation block design were measured to determine
whether the intrinsic astrocytic Ca®* spike elicited by the stim-
ulation traveled through the cortex. If the astrocytic Ca*" spike
was triggered from the activated FP-S1 due to the stimulation-
induced spreading depolarization/depression, it should appear as
a signal propagating through the cortex following stimulation
(26, 28, 31). Fig. 44 shows that the intrinsic astrocytic Ca**
spikes not only occurred in the activated FP-S1, but also were
detected in FP-S1 of the opposite hemisphere despite the fact
that no evoked astrocytic and fMRI signals were detected to-
gether with the negative BOLD signal through the cortex. The
onset of the intrinsic astrocytic Ca®* spike in activated FP-
S1 during stimulation was measured by subtracting the normally
evoked astrocytic Ca®* spike to clearly display the overlapping
onsets of the intrinsic astrocytic Ca** spikes detected from both
hemlspheres (Fig. 4B) The latencies of the intrinsic astrocytic
Ca”* spiking events in the two hemispheres varied from 2 to 4 s
after the stimulus, but with little difference between them (Fig.
4C, Left, 2.29 + 0.31 s vs. Right, 2.42 + 0.12 s, paired ¢ test, P =
0.26; CI values in SI Appende Table S2). Periodically, the in-
trinsic astrocytic Ca** spike appeared at a later phase of the 30-s
stimulation period and was detected in the other hemisphere
with the same onset time (SI Appendix, Fig. S8 C and D).

This simultaneous appearance of the intrinsic astrocytic Ca**
spikes in both hemlspheres is inconsistent with previously reported
astrocytic Ca** waves of spreading depression with propagation
speed at ~20-40 pm/s (31, 32, 38), as well as the astrocytic Ca**

Wang et al.
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2* spike in the
spike detected in the opposite

hemisphere (Right; mean + SEM, rats, n = 6). Inset is a magnified figure of the dashed box. (C) The scatter plot of the latency estimated from the intrinsic

astrocytic Ca®* spikes of two hemispheres (Trial # = 32; rats, n = 6).

wave propagation detected in the hlppocampus (60 pmy/s) (30).
The spreading depression events elicited Ca®* signals at a higher
intensity of electrical stimulation. Despite the high Ca®" signal
detected in both neurons and astrocytes upon the occurrence of
spreading depresswn in the stimulated hemisphere, no Ca®" signal
was detected in the other hemisphere (SI Appendix, Fig. S9),
consistent with a previous study showing that spreading depression
is confined to the ipsilateral hemisphere w1th focal ischemia (29).
This shows that the intrinsic astrocy‘uc Ca®* signal that mediates
global neurovascular coupling in the cortex is independent of
spreading depolarization/depression induced by brain lesions.

Using fMRI to Identify the Subcortical Functional Nuclei Correlated
with the Intrinsic Astrocytic Ca>* Signal. Subcortical nuclei that
project throughout the entlre neocortex could be responsible for
the intrinsic astrocytic Ca®*-mediated neurovascular coupling
events. Based on the on/off stimulation block design, the neu-
rovascular coupling events were separated into two groups: those
in which only the evoked astrocytic Ca** signal was present in the
activated cortex, i.e., evoked-only events, and those with con-
current evoked and 1ntr1n51c astrocytic Ca2* signals, i.e., con-
current (evoked + intrinsic) bllateral events (Fig. SA) The
amplitudes of the astrocytic Ca®* spike of the concurrent events
were significantly higher than those of the evoked-only events
(Fig. 3C) and were therefore also used to specify the two cate-
gories (Fig. 5B). The event-related fMRI analysis showed focal
FP-S1 activation for the evoked events, but for the concurrent
events, the amplitude of the BOLD signal in the FP-S1 was
significantly reduced and a prolonged negative BOLD signal was

Wang et al.

detected throughout the cortex as well as in the subcortical re-
gions (Fig. 5C and Movie S1). Interestingly, a positive BOLD
signal was also detected in the central and mediodorsal thalamic
nuclei at an early phase of the stimulation for concurrent events
(Fig. 5 B and C). In addition, the subcortical activity pattern
extended beyond the thalamus; particularly, from the central
lateral and mediodorsal lateral thalamus to the midbrain re-
ticular formation (Fig. 5D, brain atlas overlapped; SI Appendix,
Fig. S10, multislice functional map; Movie S2, 3D rendering
video). Simultaneous recording of fMRI and Ca2+ signals can
therefore be used to locate specific functional nuclei underlying
unique neurovascular coupling on a whole-brain scale.

To confirm the thalamic BOLD activation during concurrent
events, the LFP in the central thalamlc region was recorded si-
multaneously with the astrocytic Ca®* recording in the cortex.
The central lateral (CL) thalamic regions were specifically tar-
geted based on the BOLD functional map with the concurrent
events, showing bilateral activation pattern covering a region of
the brain atlas 400-500 pm in extant (Fig. 5D). For precise lo-
calization, the position of the electrode tip for each experiment
was imaged by MRI (SI Appendix, Fig. S11). Fig. 64 shows the
power spectral density of the LFP signal recorded from both the
central thalamic region and the FP-S1, as well as the astrocytic
Ca®* signal detected in the FP-S1 in response to electrical
stimulation of the forepaw. Interestingly, an elevated spectral
power level was detected in both the thalamus and cortex before the
induction of the intrinsic astrocytic Ca®" spike from the on/off
stimulation trial, followed by reduced power levels. A sunllar phe-
nomenon was shown by the two-channel bilateral Ca*" recording
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Fig. 5. Subcortical fMRI activation patterns underlying the intrinsic astrocytic Ca®* spikes. (A) The representative traces of the FP-51 astrocytic Ca* signals in
both hemispheres (Right FP-S1 activation, 12 epochs, 3 Hz, 4's, 1.5 mA,; Inset, fiber traces in the anatomical MRI image; concurrent events, epoch 3 and 10, red
arrows). (B) The averaged astrocytic Ca®* and simultaneous fMRI signal of the evoked-only and concurrent events. (C) The time-lapsed function maps at 1.5 s
(solid green box) and 4.5 s (dashed green box) after onset of stimulation (Left: evoked-only FP-S1 activation; Right: concurrent events, thalamic activation at
1.5 s, followed by the negative fMRI signal in the cortex and ventricle areas at 4.5 s). (D) The concurrent event functional maps at 1.5 s were overlapped on
three anatomic slices characterized from a 3D whole brain and the corresponding brain atlas (Right: the enlarged images with activity patterns on the FP-S1,
central thalamus, and the midbrain reticular formation region). (E) The time course of the BOLD fMRI signal from FP-S1, central thalamic region, and the

whole cortex except FP-S1 (trial # = 72; rats: n = 6, mean + SEM).

setup (left FP-S1, neuronal Ca®* vs. right FP-S1, astrocytic Ca®").
An increased EEG-like power level of neuronal Ca®* transients was
detected before the intrinsic astrocytic Ca** events upon electrical
stimulation, followed by reduced power levels as well (SI Appendix,
Fig. S12). These results indicate that the intrinsic astrocytic Ca**
events may rely on the brain state fluctuation.

The event-related analysis scheme used previously was applied
to acquire the mean power spectral density of the LFP signal
based on the evoked-only events and concurrent events of the
simultaneously recorded astrocytic Ca** signal (Fig. 6 B and C).
The power levels in different EEG frequency bands before and
after the stimulation in the evoked-only events indicated no
difference between recordings from the thalamus and cortex
(Fig. 6 B and C). In contrast, for the concurrent events, a higher
EEG power level occurred before the onset of stimulation and a
short transient in the EEG power spectrum was detected at
frequencies up to 40 Hz upon stimulation (Fig. 6B). Quantitative
analysis of the different EEG frequency bands in both the thal-
amus and cortex showed no detectable difference between both
events in the delta band (1-4 Hz). For concurrent events, both
the theta (4-8 Hz) and alpha band (8-13 Hz) power levels were
significantly higher before stimulation than in evoked-only
events (Fig. 6C, nonoverlapping Cls; SI Appendix, Table S2).
Similar patterns were also shown in the EEG-like power spectral
analysis for the simultaneously acquired neuronal Ca®* signal (SI
Appendix, Fig. S12). Also noteworthy is that the beta band (13-
30 Hz) power level increased upon stimulation and was signifi-
cantly higher than during the evoked events, which could contrib-
ute to the positive BOLD signal detected only in the concurrent
events (Fig. 6B). The increased power in the beta frequency band
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in the thalamus may be attributable to a desynchronized arousal
fluctuation that may shift the cortex to more alert brain states and
underlie the intrinsic astrocytic Ca**-mediated neurovascular
coupling events.

Discussion

Simultaneously recorded fMRI and GCaMP-mediated Ca**
signals were used to characterize the cell-specific neurovascular
coupling events underlying two types of fMRI signals in anes-
thetized rats. In addition to the conventionally evoked BOLD
fMRI signal positively correlated to the neuronal and astrocytic
Ca** signal, an intrinsic astrocytic Ca®* spike was observed that
showed unique spatiotemporal features in the cortex and was
accompanied by reduced power levels in the EEG across a broad
range of frequencies and a negative BOLD signal throughout the
cortex. Periodically, the intrinsic and evoked astrocytic Ca**
signals occurred concurrently with neurovascular coupling events
at opposite signs, demonstrating that two distinct gliovascular
effects on vessel constriction and dilation can occur in vivo under
the same conditions. Furthermore, both fMRI brain mapping
and LFP recording revealed that increased activity in the tha-
lamic nuclei preceded the intrinsic astrocytic Ca™* signal fol-
lowed by the negative BOLD signal throughout the cortex. This
suggests that the astrocyte-coupled bidirectional fMRI signal
originates from thalamic regulation of brain state changes, which
may be related to the anticorrelated thalamic and cortical fMRI
signals observed during fluctuations in the state of arousal (15).

Previous studies of simultaneous fMRI and electrophysiology
have demonstrated that the positive BOLD signal is correlated
with increased neuronal activity, and that the negative BOLD

Wang et al.
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Fig. 6. Simultaneous astrocytic Ca®*

recording and the LFP recordings in both central thalamus and FP-S1. (A) The representative trace of the FP-S1 astrocytic

Ca?* signal (Top Right), the LFP power spectrogram in FP-S1 (Middle Right) and the contralateral central thalamus (Bottom Right) with forepaw electrical
stimulation (3 Hz, 45, 1.5 mA; Inset, 2D slices with electrode insertion in the central thalamic region). (B) Evoked-only and concurrent events were separated to
show the averaged astrocytic Ca®* signal and LFP power spectrogram (1-s sliding window with 0.1-s steps, 9 tapers). (C) The normalized mean spectral power
of different EEG bands (evoked-only, red, trial # = 98; concurrent, blue, trial # = 57, rats, n = 4) at different phases of the stimulation on/off trials (before:
—40 to —20 s; during: 0-1.5 s; and after: 60-80 s; FP-S1: theta, *P = 1.5e-05, #P = 0.012; alpha, *P = 1.3e-07, #P = 0.019; beta, *P = 1.6e-07; central thalamic
region: theta, *P = 0.00018, #, P = 0.0025; alpha, *P = 3.3e-05, #, P = 0.0068; beta, *P = 0.00010, &P = 0.0022, #P = 0.0025; mean + SEM; delta power was

calculated from 4-s windows in 0.1-s steps).

signal from the surrounding cortical area is associated with de-
creased neuronal activity (2, 39). It has also been established that
the BOLD fMRI signal is directly linked to the hemodynamic
signal coupled to the blood flow changes mediated by vascular
activity, but the detailed neurovascular coupling events contrib-
uting to the bidirectional fMRI signal changes remaln unclear
(1). Earlier studies have shown that the astrocytic Ca** signal
plays a crucial role in controlling blood flow through gliovascular
interaction (3, 4) and especially vasoconstriction and vasodila-
tion under a variety of conditions (7, 8, 12, 40). Upon sensory
stimulation, increased neuronal activity (both LFP and neuronal
Ca®" signals) is correlated with the evoked astrocytic Ca** in vivo
signal as well as the BOLD fMRI signal, enabling the direct
measurement of the fMRI signal with the underlying neuron—
glia—vascular interaction (Fig. 1). Optical fiber was used to re-

Wang et al.

cord the Ca®* signal from astrocytes in deep cortical layers, in
contrast to the previous in vivo optical measurement from su-
perficial layers of the cortex (5, 10, 19, 41), enabling the de-
tection of the Ca®* signal from a population of astrocytes located
in layer 5 of the cortex. The optical fiber integrated the Ca®*
signal from both astrocytic soma and processes directly coupled
to pyramidal neurons located at layer 5, which could account for
the 1- to 1.7-s latency of the evoked astrocytic Ca>* signal, which
is shorter than reported in previous studies (5, 10). Several other
optical 1mag1ng studies have also reported the rapid onset of
evoked Ca*" s1gna1 in astrocytes in vivo (11, 35), as well as fast
miniature Ca®" transients in the hippocampal slice (42), i
dicating that the evoked astrocytic signal may be involved in
neurovascular coupled vessel dilation underlying the positive
BOLD fMRI signal. It is noteworthy that the activity-coupled
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vasodilation persists in mice with IP3-2 receptor knock-out
(IP3R277) to inhibit the astrocytic Ca®* intracellular release,
therefore indicating that there may be a parallel pathway to
mediate the astrocytic Ca”*-independent vasodilation (5, 43).
Interestingly, a recent study reported the astrocytic calcium
fluctuation in IP3R2™~ mice upon startle responses (44). In
contrast, the capillary dilation could be controlled by glial Ca®*
signal (43). In IP3R27~ mice, the capillary dilation is abolished
where the glial Ca** signal is reduced (6). This study suggests
that the astrocytic Ca®" signal may mediate the neurovascular
coupling through capillary control. In addition, the causal re-
lationship of the astrocytic Ca** signal with BOLD fMRI can be
further specified in transgenic mice with inhibited astrocytic Ca**
intracellular release and pericyte-deficient mice (5, 45).

Astrocytic Ca**-mediated vessel constriction has been ob-
served in vivo under spreading suppression (31). Similarly, the
death of pericytes in the ischemic brain also causes capillary
constriction in vivo (46). It remains to be determined whether
the elevated astrocytic Ca®* causes negative BOLD signal
changes through vasoconstriction during normal functioning.
Here, we showed that the intrinsic astrocytic Ca** spike was the
crucial linkage of neurovascular coupling to mediate the negative
BOLD signal in the whole cortex. The data show that the in-
trinsic astrocytic Ca®* spike is accompanied by decreased high
frequency (3—40 Hz) power of the spontaneous LFP signal with a
slight lag, consistent with two-photon imaging studies in mice
anesthetized with urethane (9). The absence of slow-frequency
oscillations in the present study could be due to anesthetics and
differences with a-chloralose (36, 47). Interestingly, in the hippo-
campus of mice anesthetized with urethane, astrocytic Ca** waves
have been reported to correlate with the decreased power level
in both infraslow and high-frequency ranges, as well as with re-
duced blood flow (30). Besides the spontaneous neuronal oscil-
lation, the astrocytic Ca** transients have also been reported to
be coupled with carbachol-induced oscillations in the hippo-
campal brain slices (34). Therefore, the intrinsic astrocytic
Ca?*-coupled negative BOLD signal may represent one of the
multiple ways that astrocytes affect neurovascular coupling and
modulate brain states (7).

What is the relationship between spreading depression of the
lesioned brain and the intrinsic astrocytic Ca>* signal with de-
creased BOLD signal? Spreading depolarization/depression can
be elicited by numerous noxious triggers, such as chemical
treatment with potassium and glutamate, hypoxia, and focal is-
chemia, as well as in the healthy intact cortex (26, 27). The
persistent depression of activity and reduction of blood flow
usually follows spreading depolarization in the cortex, which is
also accompanied with Ca®* waves propagating through the local
neuronal and astrocytic network from the triggered source (28,
48, 49). However, the novel intrinsic astrocytic Ca**-mediated
neurovascular coupling events showed spatiotemporal features
distinct from spreading depression (SI Appendix, Fig. S8). First,
intrinsic astrocytic Ca~* signals can occur concurrently with the
evoked astrocytic Ca®* signal, mediating, respectively, both
positive and negative BOLD fMRI signals in the brain. Although
the elevated astrocytic Ca** leads to the secretion of different
vasoactive agents, such as prostaglandin E2, epoxyeicosatrienoic
acids, and 20-HETE, under different conditions (7, 8, 12, 37),
the large-scale astrocytic Ca®*-mediated vasoconstriction that is
usually detected in the pathological conditions of the cortex is
not accompanied by simultaneous positive events in vivo (31).
Second, there was no propagation delay of the intrinsic astrocytic
Ca”* spikes in the two hemispheres (Fig. 4), which is different
from Ca®* waves traveling through the astrocytic network from
the source of spreading depression (31, 32). We presented evidence
that the intrinsic astrocytic Ca>* signals detected instantaneously
throughout the cortex (Figs. 3 and 4) were initiated by subcortical
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projections activating the intrinsic astrocytic Ca**-mediated neuro-
vascular coupling events (50, 51).

The intrinsic astrocytic Ca®* signal mediates the regulation of
brain states through the reticular formation ascending pathway,
which is known to regulate arousal (52). Although initiated in the
anesthetized rat brain, the intrinsic astrocytic Ca"-mediated
neuronal activity changes may shed light on the thalamic regu-
lation of the state switch leading to arousal. The simultaneously
acquired astrocytic Ca?" signal led to the identification of the
activated thalamic and midbrain reticular formation regions in
fMRI brain mapping based on the occurrence of the intrinsic
astrocytic Ca®* spikes (Figs. 5 and 6, SI Appendix, Fig. S10, and
Movie S2). Two striking features were detected: First, positive
BOLD signals were detected in the thalamic regions in contrast
to negative BOLD signals detected throughout the entire cortex.
These results are consistent with the fMRI activity pattern
reported in a recent resting-state fMRI study, showing that in-
creased fMRI signals in the thalamus and decreased fMRI sig-
nals in the whole cortex are correlated with state fluctuation
associated with arousal at eye opening (15). Optogenetic acti-
vation of the central lateral thalamus at low frequency also
initiates the negative BOLD signal across the whole cortex of
the anesthetized rat brain (53). Second, the increased alpha
power in both the thalamus and cortex was detected before the
occurrence of the intrinsic astrocytic spike, which was then
followed by decreased alpha power. This could provide insights
into what cortical states predispose toward the induction of
these Ca’* spikes. Alpha power is also reduced following
eye opening (54). The regulation of alpha-power oscillation-
dependent brain states is less efficient when delivered upon
the high alpha-power state (55, 56). It is plausible that the in-
trinsic astrocytic Ca** spikes may be involved in the sponta-
neous fluctuation of the alpha-band EEG activity to mediate
the brain excitability (56).

Two issues remain to be solved to better understand the in-
teraction of astrocytic calcium and BOLD fMRI signal during
the brain state fluctuation. The first issue is the brain state de-
pendency and potential anesthetic effects on the correlation of
astrocytic calcium signal and BOLD fMRI signal. Besides
a-chloralose, the negative BOLD signal coupled to the intrinsic
astrocytic Ca”* spikes was observed in rats anesthetized with
urethane (SI Appendix, Fig. S13). This result demonstrates that
the negative correlation is not just caused by the a-chloralose
anesthetic effect. Interestingly, the negative BOLD correlation
pattern varied across different animals, indicating a potential
dependency on the anesthetic effect of urethane (S/ Afpendix,
Fig. S14). In a preliminary experiment, the astrocytic Ca*" signal
was recorded simultaneously with LFP in free-moving rats,
showing the intrinsic astrocytic Ca®* spikes in coincidence with
the EEG state changes during sleep cycles (SI Appendix, Fig.
S15). This preliminary result further implicates the highly cor-
related intrinsic astrocytic Ca>* signals with brain state changes,
similar to what has been reported in the urethane-anesthetized
rats (9).

The second issue is to clarify the causal relationship of the
intrinsic astrocytic Ca** signal to the negative BOLD signal and
their underlying molecular mechanism. In the present study,
both intrinsic astrocytic Ca®* signal and negative BOLD signal
were dampened in rats anesthetized with medetomidine, an
adrenergic alpha-2 receptor agonist, which can inhibit norepi-
nephrine effect through negative feedback (SI Appendix, Fig.
S16). It has been shown that the locomotion- or startle-induced
astrocytic Ca®* signal can be blocked by trazodone or prazosin,
the inhibitor or antagonist of adrenergic receptors, and abolished
by neurotoxin DSP4 with local norepinephrine depletion (57,
58). These results indicate that the noradrenergic system may
mediate both intrinsic astrocytic Ca** signal and vasoconstric-
tion, respectively or sequentially (59). It is also possible that the
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central thalamic nuclei and the midbrain reticular formation are
directly mediated by the norepinephrine projections or are coac-
tivated to elicit the intrinsic astrocytic Ca®* signal and the negative
BOLD signal in the whole cortical area (60). Optogenetic acti-
vation of the locus coeruleus or central thalamic nulcei offers
further prospects for studying the causal relationship and the di-
rect norepinephrine-driven mechanism. The simultaneous astro-
cytic calcium recording with fMRI could be combined with
optogenetic activation to specify the molecular and circuit mech-
anism underlying astrocyte-mediated gliovascular interaction and
correlated brain state changes.

Materials and Methods

Detailed methods are provided in S/ Appendix, SI Materials and Methods.
The study was performed in accordance with the German Animal Welfare
Act (TierSchG) and Animal Welfare Laboratory Animal Ordinance (TierSchVersV).
This is in full compliance with the guidelines of the EU Directive on the
protection of animals used for scientific purposes (2010/63/EU). The study
was reviewed by the ethics commission (§15 TierSchG) and approved by the
state authority (Regierungsprasidium, Tuebingen, Baden-Wurttemberg, Germany).
A total of 88 Sprague-Dawley rats were used in this study.

Viral vectors were directly ordered and packaged from the University
of Pennsylvania Vector Core: AAV5.S5yn.GCaMP6f.WPRE.SV40 and AAVS5.
GfaABC1D.cyto-GCaMP6f.SV40 (Addgene52925; GfaABC1D.cyto promoter for
cytoplasmic expression of GCaMP6f; ref. 61).
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Similar procedures of fMRI animal preparation have been previously de-
scribed (62). The two-channel optical setup for fiber-optic Ca®* recordings
has been developed base on a previous report (Fig. 1C) (19). The astrocytic
calcium signal-dependent event-related fMRI analysis was applied to spec-
ify the subcortical brain activity patterns from the whole brain 3D-EPI
fMRI images.

A paired Student’s t test and one-way ANOVA were performed for sta-
tistical analysis. The data with error bars are mean + SEM in each statistic
graph. In addition, the mean and 95% Cls for the distribution of LFP power
spectra density, estimated onset times, amplitude of the astrocytic Ca®*, and
BOLD signal were calculated using the bootstrap procedure (63). The 95%
Cls are equivalent to hypothesis testing with a significance level of 0.05. Both
confidence intervals with (nonoverlapping Cls) and P values for all statistical
analysis were listed in S/ Appendix, Table S2. Sample size was not previously
estimated for the animal experiments, and no blinding and randomization
design was needed in this work.
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Supporting Information

S| Materials and Methods

Animal preparation and instrument setup

Viral injection. Four-week old male Sprague-Dawley rats were used for viral
injection to express GCaMP in either neurons (AAV5.Syn.GCaMP6f.WPRE.SV40)
or  astrocytes (AAV5.GfaABC1D.cyto-GCaMP6f.SV40 (Addgene52925;
GfaABC1D.cyto promoter for cytoplasmic expression of GCaMP6f (1)). Viral
vectors were directly ordered and packaged from the University of Pennsylvania
Vector Core. Rats were anesthetized with 5% Isoflurane in oxygen-enhanced air
(30% oxygen) in an induction box, and maintained (1.5~2%) via nosecone. The
depth of anesthesia was checked by the lack of pedal withdrawal reflex.
Temperature was monitored and controlled through a rectal probe and a 37°C
feedback controlled heating pad. A small amount of sterile ophthalmic ointment
(Puralube) was placed in eyes to protect it from drying. The animal head was
secured to a stereotaxic frame by earpieces and a tooth bar. Using a dissecting
microscope and a pneumatic drill, a small burr hole (up to 1.0mm diameter) was
made craniotomy above the region of interest, using stereotaxic coordinates from
the Paxinos & Watson rat brain atlas. The hole was made to allow the 35 gauge
needle attached to a WPI syringe, lowered precisely into the region of interest, and
viral vectors were delivered. AAV viral vectors (400 nL for Syn-GCaMP, 1.8ul for
GFAP-GCaMP) were injected to express the GCaMP6f in either neurons or
astrocytes in the rat cortex with a 10 yL WPI syringe at a rate of 100 nL/min
controlled by an infusion pump (Pump11 Elite, Harvard Apparatus). Stereotaxic
injections were delivered to two sites with the following coordinates: FP-S1,
Rostral, 0.2 mm, lateral, 3.8 mm, ventral, 1.5~1.0 mm; BC, caudal, 2.3 mm, lateral,
4.7 mm, and ventral, 1.5~1.0 mm, respectively, from bregma. The needle was
slowly withdrawn in 5 minutes after the injection. The hole on the skull was sealed
by bone wax and skin was sutured. Rats were subcutaneously injected with
Ketoprofen (5 mg/kg) to decrease postoperative pain. It usually takes more than 4
weeks for AAV viral vectors to express sufficient GCaMP for calcium recording.
The rat brain were perfused for immunohistochemistry and fluorescent staining to
examine the GCaMP expression level and cellular specificity.

Animal preparation for fMRI. Similar procedure has been previously
described (2). Briefly, rats were initially anesthetized with isoflurane. Each rat was
orally intubated with a mechanical ventilator (SAR-830, CWE) throughout the
whole surgical and imaging procedures. Plastic catheters were inserted into the
femoral artery and vein to allow monitoring of arterial blood gases and
administration of drugs. After surgery, all animals were given i.v. bolus of a-
chloralose (80mg/kg) and isoflurane was discontinued. Anesthesia was
maintained with a constant infusion of a-chloralose (26.5mg/kg/h). The rats were
placed on a heating pad to maintain rectal temperature at ~37°C while in the
magnet. Each animal was secured in a head holder with a bite bar to prevent head
motion. End-tidal COz, rectal temperature, tidal pressure of ventilation, heart rate,
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and arterial blood pressure were continuously monitored during the experiment.
Arterial blood gas levels were checked periodically and corrections were made by
adjusting respiratory volume/rate or administering sodium bicarbonate to maintain
normal levels during data acquisition. An i.v. infusion of pancuronium bromide (2
mg/kg/h) was delivered to reduce the motion artifacts. The rat was then implanted
with the fiber optic before it was transferred to the MRI scanner for the
simultaneous calcium recording and fMRI. Besides a-chloralose, urethane and
Domitor (medetomidine hydrochloride) were applied to examine the astrocytic Ca?*
signal-mediated gliovascular interactions with fMRI, as previously reported(3, 4).
For urethane anesthesia, following the similar surgical procedure with plastic
catheters inserted into the femoral vein, all rats were given i.v. bolus of urethane
(100-200 mg/kg) and isoflurane was discontinued. Anesthesia was maintained
with a constant infusion rate (100mg/kg/h) of urethane and pancuronium bromide
(1.5-2 mg/kg/h) to avoid the motion artifact during fMRI imaging. The astrocytic
Ca?* signal was recorded after rats were fully anesthetized in 1.5-2 hour. It is
noteworthy that blood pressure and end-tidal COz signal fluctuation were detected
during the first 1-2 hours in rats under urethane anesthesia, coupled to astrocytic
signal with varied BOLD signal changes mainly located at the sinus area in the
brain. For medetomidine anesthesia, all rats were given with i.v. bolus of
medetomidine (0.05 mg/kg) and maintained with a constant infusion of
medetomidine (100mg/kg/h). Also, rats were first anesthetized with a-chloralose
for simultaneous fMRI and fiber optic Ca?* recording and then were switch to
medetomidine to test the astrocytic Ca?* signal-mediated gliovascular interactions.

Fiber-optic / Electrode implantation. 200um fiber optic (Thorlabs, low-OH,
200EMT) / electrode (1 MQ, ~100 pm, Tungsten, FHC) were inserted into the deep
layer of FP-S1(caudal, 0.2 mm, lateral, 4.0 mm, ventral, 1-1.2 mm, BC (rostral, 2.5
mm, lateral, 5.0 mm, ventral, 1-1.2 mm) or central thalamus (caudal, 3.2 mm,
lateral, 1.5 mm, ventral, -55 mm). For simultaneous calcium and
electrophysiological recording, the dura was carefully removed and the fiber optic
and electrode were inserted into the cortex, and the reference and ground were
placed on a skull screw fixed over the right cerebellum. For simultaneous calcium
recording and BOLD fMRI, only the fiber optic was inserted into the FP-S1 or BC
under the surgical microscope. Super glue was used to secure the fiber to the skull
and the skin was sutured after the fixation for the acute terminal experiments.

Simultaneous  calcium  with  electrophysiological  recording. The
anaesthetized rats were adapted in a stereotaxic device for in vivo recordings
using similar anesthetics and surgical preparation to the fMRI experiments.
Electrode was attached to the fiber optic with closely contacted fiber optic tip and
electrode contacting point. The local field potential (LFP) was acquired through the
EEG module of the Biopac system (gain factor, 5,000; band-pass filter, 0.02—100
Hz; sample rate, 5,000/s). The GCaMP6f-mediated fluorescent signal was
acquired by the analogue input module of Biopac 150 system, which was also used
to generate triggers for electrical stimulation. In parallel, the blood pressure,
temperature, and heart beat signal was simultaneously recorded. Matlab scripts
were developed to extract the sensory evoked potential/calcium signals, as well as
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the stimulation trigger signal for signaling processing. The forepaw electrical
stimulus (330 us pulses repeated at 3 Hz, 4 s or 30 s duration) were delivered
through two needles inserted into interdigital plantar muscle for the forepaw with a
stimulus isolator (A365, WPI). The stimulation duration and frequency was
controlled by Master-9 A.M.P.| system (Jerusalem, Israel) with the trigger directly
set up by the Biopac 150 system or through the MRI scanner. Meanwhile, the
simultaneous LFP and astrocytic Ca?* recording in the free-moving rat. After the
Fiber-optic / Electrode implantation, all rats were given a 3 days of recovery time
before the recording, and the weight was monitored daily. The rat was placed in a
recording box (25x25x35cm), the LFP and astrocytic Ca?* signal in FP-S1 were
recorded during the sleeping cycle. The recording period lasted for about 60-120
mins every day.

Immunohistochemistry. The perfused brains after imaging or recording
were fixed overnight in 4% paraformaldehyde, followed by 15% and 30% sucrose
in 0.1 M PBS at 4 °C until tissues sank down. The brain were sliced with 30um
thickness by cryo-microtome (CM3050S, Leica). The floating sections were
blocked in a solution of 0.3% Triton X-100 (Sigma) and 20% normal goat serum
(Sigma) in 0.1 M PBS for 30 min at room temperature (RT). For the detection
of NeuN or GFAP, sections were incubated with primary antibodies (mouse anti-
NeuN, 1:200, Merck; mouse anti-GFAP, 1:30, BD Biosciences) overnight at 4 °C,
respectively. For fluorescent immunolabeling, sections were incubated for 2 hours
at RT with the secondary antibodies (goat anti-mouse conjugated with CY3, 1:500;
Abcam). A mounting medium with DAPI (VectaShield, vector) was used to stain
the nuclei and mount the brain slice. The cell-specific GCaMP expression was co-
localized with the NeuN / GFAP positive neurons or astrocytes using confocal
microscope (10x, Leica Sp2) (Fig. 1). In addition, a wide-field fluorescent image
was acquired to show the GCaMP expression in the FP-S1 of the whole brain slice
with an Apotome microscope (Zeiss, Germany).

Two-channel optical setup for fiber optic Ca®* recordings. The light path was
developed base on a previous report (Fig. 1C) (5). A 473 nm laser (MBL-Ill, CNI)
was served as the light source, then split it into two light beams for the two-channel
recording by beam-splitter (30R/70T, AHF). The beams were reflected via dichroic
mirrors (F48-487, reflection 471-491 nm, >94%; transmission 500-1200
nm, >93%; AHF Analysentechnik), and coupled into a multimode optical fiber (FT-
200-EMT; NA = 0.39; 200um diameter, Thorlabs) by an objective lens fixed on the
fiber launch (MBT613D/M, Thorlabs), then beams were focused on the fiber optic.
Laser intensity was measured at the fiber tip (~5 uW for neuronal calcium
recording; or ~30 uW for astrocytic calcium recording) by an optical power meter
(PM20A, ThorLabs). The emitted fluorescent signal was guided back to the optical
path through the same fiber optic. After passing the dichroic mirror and optical filter
(F37-516; 500-550 um band pass, AHF Analysentechnik), the GCaMP6-mediated
fluorescent signal was focused by tube lens (AC254-030-A1-ML, Thorlabs) to
directly project to a peltier-cooled silicon photomultiplier with trans-impedance
preamplifier (MiniSM-10035-X08, SensL). The signal from photomultiplier was
amplified by voltage amplifier (DHPVA-100, Femto) before detected by the
analogue input module of Biopac 150 system.
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MRI and fMRI procedures

Images were acquired with 14.1 T magnet (Magnex) interfaced to an
Avance lll console (Bruker) and equipped with a 12-cm gradient set (Resonance
Research). A homemade transceiver surface coil with an internal diameter of 2.0
cm was used for rat brain imaging.

EPI fMRI. A 3D gradient-echo EPI sequence was performed with the
following parameters: effective TE, 11.5 ms; effective TR, 31.25ms; total TR, 1.5
s; bandwidth, 134 kHz; flip angle, 12°; FOV, 1.92 x 1.92 x 1.92cm, isotropic
resolution, 0.4 x 0.4 x 0.4mm. The paradigm consisted of 30 dummy scans to reach
steady state, 10 pre-stimulation scans, 5 scans during stimulation (stimulation on
period 4 s or 30 s), and 35 or 75 post-stimulation scans with total 8-12 epoch for
each run.

Balanced steady state free precession fMRI (bSSFP-fMRI). A coronal slice
was acquired with bSSFP sequence with following parameters: TR/TE: 4.2/2.1 ms;
total TR, 200 ms; bandwidth, 19.5 kHz; flip angle, 9°; matrix, 48x48; slice thickness,
0.5 mm; in-plane resolution, 400x400 ym. The paradigm consisted of 25 dummy
scans to reach steady state, 175 pre-stimulation scans, 20 scans (4 s stimulation)
or 150 scan (30s stimulation) during stimulation, and 280 or 450 post-stimulation
scans with total 5-8 epochs for each run, and the total acquisition time was ~10
min to ~16 min. For the resting state fMRI imaging, the paradigm consisted of 25
dummy scans to reach steady state, 175 pre-trigger scans, 3000 post-trigger
scans, the trigger was used to offline synchronize the calcium with the fMRI signal.

Anatomical MRI images in the same orientation were acquired using a
FLASH sequence with the following parameter: TE 2.9 ms, TR 500 ms, flip angle
30°, matrix 256x%256%48. The locations of the electrode tip in central thalamus were
observed using a RARE sequence with the following parameter: TE 7.0 ms, TR
1.5 s, RARE factor 4, FOV1.92 x 1.92 x 0.16 cm, matrix 256 x256x4 (Fig. S11).

Data analysis and statistics

The Analysis of Functional Neurolmages (AFNI, NIH) and Matlab were used
to process the simultaneously acquired fMRI and calcium signals. The relevant
source codes can be downloaded through https://www.afni.nimh.nih.gov/afni/.
Detailed description of the processing was provided in a previous study(2). For
fMRI analysis, the EPI images were first aligned to anatomical dataset acquired in
the same orientation. The anatomical MRI images were registered to a template
across animals, as well as the EPI| datasets, for group analysis. The baseline signal
of EPI images were normalized to 100 for multiple trial statistical analysis of the
block design EPI time-courses.

For the correlation analysis of the simultaneous fMRI with intrinsic astrocytic
calcium transients detected during the resting state, an amplitude modulated
response model based on the AFNI script was implemented to perform linear
regression analysis (Fig. S5).

Amplitude Modulated Response Model:
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a, =value of k" AIACS (Amplitude of Intrinsic Astrocytic Calcium Spike), and a is
the mean AIACS value.

The hemodynamic response function (HRF) is the block function used in AFNI.

min(¢.L) 4

h(r):jo ste [[4*e ™ 1ds
Gamma variate function = s*es /4%e. L was the duration of the response. Different
duration was tested to optimize the hemodynamic response modeling for the
intrinsic astrocytic calcium transients, showing the most significant correlation
maps at 10s duration (Fig. S5). Voxel-wise correlation was calculated between the
amplitude modulated hemodynamic response and the resting state SSFP-fMRI
signal, showing mean negative correlation coefficient in the whole cortex (Fig. 2).

Given the simultaneous fMRI with calcium recording, the astrocytic calcium
signal was used to categorize the evoked only and concurrent (evoked + intrinsic)
astrocytic calcium events at different on/off block design epochs. Two criteria were
used to distinguish the two events. The concurrent event should show the peak
calcium signal three times higher than the standard deviation of the calcium signal
peak amplitude of events from all trials acquired for each rat. Meanwhile, the
concurrent events should show intrinsic calcium spike detectable from the other
non-activated cortical area, e.g. the barrel cortex (Fig. 3), or the FP-S1 of the other
hemisphere (Figs. 4 and 5). In addition, for the 30 s stimulation paradigm, the
concurrent events only focused on the intrinsic signal detected at the early phase
of the stimulation on period (Figs. 3 and 4; Fig. S8 shows concurrent events could
also occur at middle phase of stimulation or at rest of the stimulation period.). The
evoked only events were collected from the same runs with concurrent events. In
addition, evoked only events did not include the first epoch of each run to reduce
the potential desensitization-based variability. For the EEG band power analysis
between two events, to eliminate the effect of the intrinsic astrocytic calcium signal
on the next epoch, we excluded the epoch immediately following the concurrent
event and the epoch with the intrinsic astrocytic calcium spike detected at the inter-
stimulation period. Event-relevant fMRI analysis was performed based on the two
astrocytic calcium events. The HRF was estimated by the linear regression with
TENT basis function(2).

T(x) I-|x|, for—-l1<x<l1
X)=
0, for|x>1

The tent function is also called “piecewise linear spline”, which is used for
deconvolution of the HRF response with magnitude estimated as beta coefficient.

t—k*L
L

H(®)=Ro* T(/L)+B1*T((t-L)/L)+ B2*T((t-2*L)/L)+...+ B T((t-k*L)/L)

H(t) = iﬁk T ( ) or
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Here, H(t) is the HRF response, k is the total number of tent parametric fitting. Bk
is response (tent height) at time t = k-L after stimulation; L: tent radius(L can be
equal to TR). The beta value () was calculated to estimate the amplitude of fMRI
response at each TR (L=TR). The beta values were calculated to estimate the
amplitude of BOLD response at each TR. The time-lapsed voxel-wise beta map
was presented to illustrate the spatial pattern of the fMRI response at different time
points after the stimulus onset (Figs. 3F and 5C), as well as in videos (Movie S1).
To illustrate the localization of BOLD signal activation of concurrent astrocytic
calcium, the activation maps at 1.5 s after stimulation were overlaid onto
corresponding anatomical images with the rat brain atlas (Figs. 5C and S10). The
time courses of BOLD signal were extracted from region of interest (ROI), e.g. FP-
S1, BC, entire cortex or central thalamus, which were segmented on the
anatomical images base on the brain atlas (Paxinos and Watson, 2007).

Fiber optic calcium signals were low-pass filtered (at 20 Hz for neuronal
calcium, at 3 Hz for Astrocytic calcium) by zero-phase shift digital filtering. Relative
percentage change of fluorescence (AF/F) was defined as (F-Fo)/Fo, where Fo is
the baseline fluorescent signal. The amplitudes of the evoked neuronal fluorescent
signal in response to each stimulus were calculated as the maximum difference in
AF/F in a time window 300 ms after stimulus and the baseline is the average of
signal in a 30-ms pre-stimulation window. The amplitudes of the astrocytic
fluorescence signal in response to 4 s FP electric stimulus were calculated as the
maximum difference in AF/F in a time window 8 s after stimulation and the baseline
was the average of signal in a 2 s pre-stimulation window.

Multi-taper spectral methods were employed in calculating the spectrogram of
LFP and calcium signals (1s sliding window with 0.1s steps, 9 tapers). The target
spectral resolution was 0.6 Hz. The mean power spectral density was calculated
from theta (4-8 Hz), alpha (8-13 Hz), and beta (13-30 Hz), respectively. To
calculate the delta power in Fig 6C, the mean power spectral density was
measured from 4 s windows in 0.1 s steps. The target spectral resolution was 0.15
Hz.

To compare the temporal features among the evoked BOLD and calcium
spikes, as well as the intrinsic astrocytic calcium transients and correlated LFP
power and resting-state fMRI signals, a two-gamma-variate fitting process was
used to estimate the onset time and the full-width-of-half-maximum (FWHM) (6-8).

X X (=3
S

)" e

-1
) ke —bx(
pP*q rs

f)=ax(

(xis the variable; a, p, q, b, r, s are the coefficients for two-gamma-variate-function)

The onset time (To) was estimated as an intercept with the baseline by fitting a line
to the rising slope between 20% and 80% of the peak amplitude estimated from
the two-gamma-variate function (9). Alternatively, due to the difference of SNR
from multi-modal signals, the signal onset estimated as the earliest time point
reached 2 standard deviation of baseline was not implemented in this study (8).
Also noteworthy is that the high baseline level of the optical signal recorded from
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long fiber optic (8 m) vs. short fiber optic (2 m) could contribute to the difference of
the onset time and the FWHM (Fig. S17).

To rule out the potential concerns of the artifacts from the hemoglobin-based
intrinsic optical signal detected by fiber optic recording (10, 11), we have
introduced the hyperinflation breath (HB) scheme during the calcium recordings.
The hyperinflation scheme is similar to the breath holding experiments of human
fMRI studies, which show strong activity-independent global BOLD signal due to
hemodynamic changes(12). Fig. S18 shows no neuronal and astrocytic calcium
signal changes upon the hyperinflation events delivered through the ventilator
followed by blood pressure changes. Together with the distinct temporal features
of the evoked neuronal and astrocytic calcium signal and BOLD fMRI signal, this
control study demonstrates the hemoglobin-independent fiber optic calcium
detection system, which is consistent with the previously reported calcium
recording studies using fiber optometry (13, 14). In addition, the end-tidal CO:2
signal was acquired simultaneously with astrocytic calcium signals. Since we need
to set up long tubing to supply air to the animals inside the MRI scanner, the end-
tidal COz2 level from the exhaled air was detected with a delay around ~22 s and
no breath-dependent oscillatory readings were shown in the end-tidal trace. Figure
S19 shows the recorded physiological and astrocytic calcium signals in two
different conditions. Upon a manually controlled hyperinflation breath through
ventilator (red arrow in Figure S19A), both blood pressure and the end-tidal COz2
level were changed accordingly, but no astrocytic calcium signal was detected.
This result indicates that the blood flow and end-tidal signal changes do not directly
contribute to the astrocytic calcium signal. Secondly, we also monitored the blood
pressure and end-tidal CO2 during the forepaw electrical stimulation. As shown in
the astrocytic calcium trace, both evoked only and concurrent (evoked+intrinsic)
events were recorded in the stimulation on/off paradigm, but no corresponding
changes were observed in blood pressure and end-tidal CO:2 traces. These results
indicate that the cardiovascular or respiratory fluctuation do not cause the
astrocytic calcium signal, as well as the BOLD fMRI signal detected in the brain.
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Fig. S1. Simultaneous neuronal Ca?* and LFP recordings. (A) The representative
trace of LFP (red line) and GCaMP-mediated Ca?* signal in neurons (blue line)
with forepaw stimulation (blue dots marks the negative peaks of the LFP burst
spikes (<0.3mV); red dots mark the corresponding neuronal Ca?* spike, red bars
show the duration of FP stimulation). (B) The mean evoked LFP (red) and neuronal
Ca?* spikes (blue) in (A) (gray lines are individual trials). (C) The scatter plot of the
LFP amplitudes vs. the corresponding neuronal Ca?* spike amplitude (dashed line,
the non-linear fitting). (D) Spontaneous LFP (red) and GCaMP-mediated Ca?*
signal transients in neurons (blue line). (E) Enlarged image in the dashed box in

(D). (F) The scatter plot of the amplitude of spontaneous LFP burst spikes vs. the
corresponding neuronal Ca?* transients.
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Fig. S2. The estimated latency of sensory evoked GCaMP-mediated Ca?* signal
and BOLD signal with two-gamma-variate fitting. The onset time (To) was
measured as an intercept with the baseline by fitting a line to the rising slope
between 20% and 80% of the peak amplitude estimated from the gamma variate
function. (A) Representative data of the evoked GCaMP-mediated Ca?* signal from
neurons following individual stimulation pulses (pulse duration, 330 us, 3 Hz, 1mA;
total trial #=72). Right panel is the fitting line (red) of the averaged evoked Ca?*
signal spikes (nuns=18, from 4 rats). (B) Representative data of the evoked
GCaMP-mediated Ca?* signal from astrocytes following the forepaw stimulation
train (4 s on, 1.0 mA, 3 Hz; trial#=63 from 6 rats). Red bars show the duration of
forepaw stimulation. Right panel is the fitting line (red) of each evoked astrocytic
Ca?* spikes. (C) Representative data of the evoked BOLD signal from FP-S1
following the forepaw stimulation train (4 s on, 1.0 mA, 3 Hz; nruns=14 from 6 rats).
Red bars show the duration of forepaw stimulation. Right panel is the fitting line
(red) of the averaged evoked BOLD signal. (D) The mean onset latency of the
sensory evoked Ca?* in neurons / astrocytes and the BOLD signal (left). Right
panel is the R-squared values to show the goodness of fitting for each category.
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Fig. S3. The stimulation-duration dependency of simultaneous astrocytic Ca®* and
LFP signals. (A) The representative data of the GCaMP-mediated astrocytic Ca?*
signal at varied durations from 1 s to 15 s on/off block design with forepaw electrical
stimulation (1.0 mA, 3 Hz, pulse duration, 300 us). Red bars show the duration of
forepaw stimulation (1-8 s duration with 30 s each epoch; 15 s duration with 45 s
each epoch. (B) The simultaneous LFP signal detected with the astrocytic Ca?*
signal at different stimulation duration periods, showing the individual LFP spikes
upon electrical stimulation pulses (3 Hz, 1-15 s stimulation on period).
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Fig. S4. The stimulation-intensity dependency of simultaneous Ca?* and BOLD
fMRI signals. GCaMP6f was expressed in neurons of FP-S1 of the left hemisphere
and in astrocytes of FP-S1 of the right hemisphere of a representative rat. The
forepaw electrical stimulation was delivered bilaterally with varied intensities (0.5,
1.0, 1.5, 2.0, 2.5 mA, 3 Hz, 4 s). (A) The representative traces of simultaneously
recorded neuronal Ca?* (left panel) and BOLD fMRI signal (right panel) from the
left FP-S1 with 5 epochs, showing the amplitudes of both neuronal Ca?* and BOLD
signal increased as the function of the stimulation intensity. (B) The representative
traces of simultaneously recorded astrocytic Ca?* (left panel) and BOLD fMRI
signal (right panel) from right FP-S1 with 5 epochs, showing the amplitudes of both
astrocytic Ca?* and BOLD signal increased as the function of the stimulation
intensity (red bar, forepaw stimulation 4 s, 3 Hz).
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Fig. S5. The flow diagram to calculate the intrinsic astrocytic Ca?* signal-based
resting-state fMRI correlation map. (A) The astrocytic Ca?* signal and bSSFP-fMRI
signals were acquired simultaneously during the resting state. A representative
time course of astrocytic Ca?* signal was shown with intrinsic astrocytic Ca?*
transients (IACT). (B) The peak timing and amplitudes of the IACT were used to
create the regressor for the resting-state fMRI correlation. (C) The amplitude
modulated BOLD response models were generated base on the IACT-based
regressor with varied duration (L, 1 s, 10 s, 20 s). The ideal functions (HRF models)
of the representative time course of astrocytic Ca?* signal were shown (L=1 s, red;
L=10 s, green; L=20 s, blue). (D) The voxel-wise correlation maps of the resting-
state bSSFP-fMRI signal with the simultaneously acquired astrocytic Ca?* signal
at varied HRF models. The duration (L=10 s) provides the optimal correlation map.
(E) The representative time course of the bSSFP-fMRI signal from the entire cortex
shows the negative fMRI signal correlated to the occurrence of the intrinsic
astrocytic Ca?* transients.
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Fig. S6. The onsettime estimation of LFP frequency power shift, intrinsic
astrocytic Ca?* transients and correlated cortical BOLD signal decrease with the
two-gamma-variate fitting. All trials were aligned by the peak time of the intrinsic
astrocytic calcium transients (red dashed line), which was set time zero. (A)
Simultaneous LFP and fiber optic recording of the intrinsic astrocytic Ca?*
transients in FP-S1 (top panel, the averaged power spectrum density of the LFP,
sampled with 500ms window in 250ms steps; lower panel, the intrinsic astrocytic
Ca?* transients; trial #=54, gray lines from 6 rats). Right top panel shows the
representative traces of mean power profile (<30 Hz, blue) and fitting lines (red).
Right bottom panel shows the corresponding traces of the intrinsic astrocytic Ca?*
transients and the fitting lines (red). (B) Simultaneous fMRI and fiber optic
recording of the intrinsic astrocytic Ca?* transients in FP-S1 (top panel, the intrinsic
astrocytic Ca®* transients; lower panel, the time course of corresponding cortical
BOLD signal, trial #=52, gray lines from 6 rats). Right top panel shows the
representative traces of BOLD fMRI signal and fitting lines (red). Right lower panel
is R-squared values to show the goodness of fitting for each category.
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Fig. S7. Astrocytic Ca?* recording with simultaneous neuronal Ca?* and blood
pressure monitoring. (A and B) Representative data shows intrinsic astrocytic
Ca%*spike occurred with a coincident depression of spontaneous
neuronal Ca?* activity, but not show a detectable change of blood pressure
(BP). Blood pressure (red), neuronal Ca?* (blue) in left FP-S1 and astrocytic
Ca?* (light blue) in right FP-S1 were recorded simultaneously. (C) Average
spectrogram of the neuronal Ca?* is aligned based on the simultaneously acquired
peak time of the intrinsic astrocytic Ca?* spikes (red dashed line as time zero). (D)
The integrated neuronal Ca?* power spectral density (0~15 Hz) at different phases
according to the intrinsic astrocytic Ca?* spikes (time zero at the peak time of the
astrocytic Ca?* spikes; one-way ANOVA followed by Tukey’s multiple comparison
test F = 66.13; * means p = 3.8E-19, 35 traces of 5rats).
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Fig. S8. Intrinsic astrocytic Ca?* transients detected at different phases of the
stimulation on/off block design period. (A) Three representative traces of the
astrocytic Ca?* signal show the intrinsic astrocytic Ca®* transients appeared in the
middle (trial 1) or later (trial 2 and 3) phases of the 30 s stimulation on period (red
arrows). (B) Three representative traces of the astrocytic Ca?* signal show the
intrinsic astrocytic Ca?* transients appeared in the stimulation off period (red
arrows). (C and D) The representative trace of bilateral astrocytic Ca?* signals and
corresponding BOLD signal (30 s on/off block design paradigm). The intrinsic
astrocytic Ca?* transient appeared at the later phase of the 30 s stimulation on
period, which was also detected in the ipsilateral FP-S1 to the stimulation side (C).
The intrinsic astrocytic Ca?* transient appeared at the stimulation off period, which
was also detected in the ipsilateral FP-S1 to the stimulation side (D).
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Fig. S9. Simultaneous fMRI with astrocytic Ca?* signal recording during
stimulation-induced spreading depression. (A) A 2D anatomical MR image shows
the trace of inserted fibers in both FP-S1. GCaMP6f were expressed in FP-S1
neurons of the left hemisphere and FP-S1 astrocytes in the right hemisphere. (B)
The spreading depression was elicited in the left hemisphere with 30 s forepaw
electrical stimulation (2 mA, 3 Hz). The representative trace of the evoked neuronal
Ca?* signal showed high amplitude (>500%) at epoch 1 and 4 (red arrows),
followed with depressed neuronal Ca?* signal and BOLD signal in epoch 2, 3, and
5. In contrast, no astrocytic Ca?* transients were detected in the non-activated FP-
S1 of the right hemisphere. (C) The spreading depression was elicited in the right
hemisphere with 30s electrical stimulation (2 mA, 3 Hz). The representative trace
of the evoked astrocytic Ca?* signal showed high amplitude (>80%) at epoch 1
(red arrows) with depressed Ca?* signal and BOLD signal in the following epochs.
In contrast, no neuronal Ca?* transients were detected in the non-activated FP-S1
of the left hemisphere.
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Fig. S10. Subcortical activity patterns upon the evoked intrinsic astrocytic Ca?*
spikes. (A) The time-lapsed activation maps of the concurrent events (1.5 s after
stimulation onset) are overlapped on anatomical MRI images (upper panel). Low
panel is the 3D rendering projection views of the activation patterns with colored-
coded FP-S1 and subcortical areas. (B) The functional maps were overlapped with
the three additional anatomical images from Fig 5, which were superimposed with
the corresponding rat brain atlas. (C) The enlarged images of dashed boxes in (B)
shows the activated FPI-S1, central thalamic area and the midbrain reticular
formation area.
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Fig. S11. Localization of the electrode tip in the central lateral thalamic nuclei with
MRI. (A) The T2-weighted anatomical MRI images superimposed with the rat brain
atlas. The electrodes were directly mapped in the MRI images as dark stripes from
6 individual rats. (B) The location of the electrodes tips was summarized in the rat

brain atlas (red asterisks, n=6).
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Fig. S12. Sensory evoked intrinsic astrocytic Ca®* spikes was recorded with
simultaneous neuronal Ca?* and blood pressure monitoring.
(A and B) Representative data shows left FP electric stimulation (3 Hz, 30 s
duration (A) or 4 s duration (B), 1.0 mA) evoked intrinsic astrocytic Ca?* spike
coincide with the depression of spontaneous neuronal Ca?* activity. Blood
pressure (red), neuronal Ca?* (blue) in left FP-S1 and astrocytic Ca?* (light blue)
in right FP-S1 were recorded simultaneously. Spectrogram is calculated from the
neuronal Ca?*. (C) Evoked only and concurrent events were separated to show
the averaged astrocytic Ca?*signal and neuronal Ca?* power spectrogram
(sampled with 5 s window in 1 s steps). (D) The integrated spectral power of
neuronal Ca?* (evoked only, red; concurrent, blue; trial #=24, rats, n=5) at different
phases of the stimulation on/off trials (Prestimulus, -20 to 0 s; Poststimulus 20-40
s; ¥, p= 2.2E-06, paired t test).
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Fig. S13. Intrinsic astrocytic Ca?* spikes negatively correlate with BOLD signals of
rats anesthetized with urethane. (A) The representative traces of the intrinsic
astrocytic Ca?*spikes and simultaneous fMRI signal acquired from the entire
cortex. (B) The averaged color-coded negative correlation map from multi-2D MR
images. (C) The averaged time course (middle panel) of the fMRI signal (bottom
panel, individual traces) is aligned based on the simultaneous acquired peak time
of the intrinsic astrocytic Ca?* spikes (upper, panel, individual traces, red dashed
line as time zero, 15 traces in 5 rats).
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Fig. S14. The negative correlation maps of intrinsic astrocytic calcium spikes with
BOLD signals of five rats anesthetized with urethane.
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Fig S$15. The simultaneous astrocytic calcium recording in rats during sleep. (A)
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negative correlation maps of intrinsic astrocytic calcium spikes with BOLD signals
of five rats anesthetized with urethane. (B) The enlarged view to highlight the
changes of the EEG states in coincidence with an intrinsic astrocytic calcium spike.
(black box: the spindle-like EEG activity pattern, bottom panel) (C) The mean
power spectrogram graph of the LFP (bottom panel) is aligned based on the
simultaneously acquired peak time (red dashed line as time zero) of the intrinsic
astrocytic Ca?* spike (top panel, 32 traces of 3 rats). (F) The power spectral
density of the LFP (0~30Hz) at different phases before (-20~-10 s) or after (0-10
s) the peak time of the intrinsic astrocytic Ca?* spikes (*, p= 6.3E-5, paired t-test).
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Fig S16. Simultaneous astrocytic calcium recording with BOLD fMRI in rats
anesthetized with alpha-chloralose and Domitor. (A) The color-coded BOLD
functional maps for evoked only and concurrent astrocytic calcium spiking events
upon forepaw electrical stimulation in rats anesthetized with alpha-chloralose
(Concurrent event: negative BOLD signals spread in cortex). (B) The color-coded
BOLD functional maps in rats anesthetized with Domitor. (C) The representative
trace of astrocytic calcium signal in rats anesthetized with alpha-chloralose (upper
panel: activated FP-S1, red arrow indicates concurrent event; lower panel: the
contralateral FP-S1, red arrows indicates the intrinsic astrocytic calcium spike). (D)
The representative trace of astrocytic calcium signal in rats anesthetized with
Domitor (upper panel: activated FP-S1, evoked only events; lower panel: the
contralateral FP-S1, no intrinsic astrocytic calcium spike). (E/F) The representative
traces of astrocytic calcium signal in two other rats anesthetized with Domitor.
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Fig. S17. The comparison of the intrinsic astrocytic ca?* transients recorded by 2
m and 8 m fiber optic. (A) The representative traces of the intrinsic astrocytic ca?*
transients recorded by 2 m fiber optic (lower, for simultaneous LFP and calcium
recording) or 8 m fiber optic (upper, for simultaneous BOLD fMRI and calcium
recording). To keep the same output power level form the fiber tips (30 uw out of
200um fiber tip), the baseline reading of the 2 m fiber optic is much lower than that
of the 8 m fiber optic due to the compensation of the laser power and the Raman
scattering (15). (B) The mean time courses of the intrinsic astrocytic ca®* transients
from 2 m (light blue, AF/F>4%, n= 45 from 6 rats for LFP recording) and 8 m (grey,
AF/F>4%; n= 40 from 6 rats for BOLD-fMRI) fiber optic. The onset time of intrinsic
astrocytic ca®* transient can be better characterized by the 2 m fiber optic. (C) The
full width at half maximum (FWHM) of the intrinsic astrocytic ca?* transients
recoded by 2 m fiber optic is significantly longer than that recorded by 8 m fiber
optic(*, p= 6.26E-08, nam= 45 from 6 rats, nsm= 40 from other 6 rats, two-tailed t-
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Fig. $19. The simultaneous blood pressure and end-tidal CO2 monitoring with
astrocytic calcium recording and fMRI. (A) The representative traces for breath
pressure (ventilated), blood pressure, end-tidal COz2, and astrocytic calcium signal
during manually introduced hyperinflation breath (red arrows). (B) The
representative traces for breath pressure (ventilated), blood pressure, end-tidal
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(red arrow, concurrent event; green arrows, evoked only events).
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Table S1. The occurrence rate of the intrinsic astrocytic Ca?* transients

Rat No. Total Runs with intrinsic Rate of the runs with
runs* astrocytic Ca%*t intrinsic astrocytic Ca?* (%)
1 18 3 16.67
2 45 14 31.11
3 6 2 11.11
4 17 6 17.14
5 25 8 25.00
6 18 11 48.57
7 19 13 40.63
8 24 11 30.56
9 25 7 25.00
10 31 18 58.06
11 8 3 20.00
12 24 11 27.50
13 24 12 42.86
14 17 13 52.00
15 27 10 22.22
16 28 23 62.16
17 15 7 30.43
18 45 17 37.78
19 24 10 41.67
20 17 6 35.29
21 31 21 67.74
22 29 13 44 .83
23 54 28 51.85
24 21 9 42.86
25 20 11 55.00
26 42 31 73.81
27 15 10 66.67
28 33 17 51.52
Total 854 351 41.10+£3.20

" Total runs show the number of the run with simultaneous fMRI signal with astrocytic
Ca?* recording. Rats without intrinsic astrocytic Ca?* detected are excluded in this table.

TRuns with intrinsic astrocytic Ca?* signal show occasional spontaneous or concurrent
Ca?* spikes among the multiple epochs.
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Table S2. The list of quantitative means with 95% confidence intervals (Cls)

Fig 2C (uV2/Hz)

Power(-20~-10s)
Power(0~10s)
Power(30~40s)

Fig 2F (s)
PSD of LFP

Astrocytic Ca?*
SSFP BOLD

Fig 3C (%)

Evoked only
Concurrent

Evoked only
Concurrent

Evoked only
Concurrent

Fig 4C (s)

left FP-S1
right FP-S1

Fig 6C

Evoked only
Concurrent

Lower Upper S
Cl Mean Cl Significance
Paired t-
test
2031 2164 2315 _ p=9.5E-22
1339 1442 1572 NOmoverapeing
1775 1908 2055 p=3.6E-11
One-way
ANOVA
-5.268 -4.734 -4.240
'4582 ‘4301 '4031 Non_over|apping p:51 E'1 2
-2900 -2.501 -2.096 Cls
Student’s t-
test
Astrocytic Ca?* signal
5208 6096 7251 Non_over|apping _
13.70 1585  18.12 Cls p=2.0E-15
BLOD, FP-S1
9.696 10.58 11.40
=0.02
8340 9285  10.21 p=0.026
BLOD in cortex except FP-S1
_03172 002010 03539 Non_over|apping p:28E-07
2484  -1.986  -1.492 Cls
Paired t-
test
Latency of astrocytic Ca?*signal
2.129 2.291 2.460 p=0.2642
2.266 2.428 2.598
Student’s t-
test
PSD in FP-S$1
Theta-before stimulation
0.9603 0.9754 0.9887 - i
Non-overlapping p=1.5E-05

1.012 1.025 1.039 Cls
Theta-after stimulation
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Evoked only
Concurrent

Evoked only
Concurrent

Evoked only
Concurrent

Evoked only
Concurrent
Evoked only

Concurrent

Evoked only
Concurrent

Evoked only
Concurrent

Evoked only
Concurrent

Evoked only
Concurrent

Evoked only
Concurrent

Evoked only
Concurrent

0.9923 1.012 1.042

0.9226 0.9575 0.9875
Alpha-before stimulation
0.9462 0.9631 0.9788

1.021 1.037 1.054
Alpha-after stimulation
0.9792 1.003 1.043

0.8991 0.9400 0.9791
Beta-before stimulation
0.9643 0.9763 0.9857

1.014 1.024 1.036

PSD in central thalamus

Theta-before stimulation
0.9186 0.9449 0.9674
1.032 1.055 1.081

Theta-after stimulation

0.9551  0.9823 1.005

0.8756  0.9082 0.9520
Alpha-before stimulation

0.8956 0.9259 0.9514

1.049 1.074 1.105
Alpha-after stimulation

0.9433 0.9715 1.004
0.8545 0.8938 0.9422

Beta-before stimulation
0.9230 0.9465 0.9674

1.032 1.054 1.077
Beta-during stimulation
0.9747 1.022 1.078
1.103 1.166 1.234
Beta-after stimulation
0.9572  0.9827 1.011
0.8878 0.9165 0.9464

Non-overlapping
Cls

Non-overlapping
Cls

Non-overlapping
Cls

Non-overlapping
Cls

Non-overlapping
Cls

Non-overlapping
Cls

Non-overlapping
Cls

Non-overlapping
Cls

Non-overlapping
Cls

Non-overlapping
Cls

Non-overlapping
Cls

p=0.012

p=1.3E-07

p=0.019

p=1.6E-07

p=1.8E-04

p=2.5E-03

p=3.3E-05

p=6.8E-03

1.0E-04

2.2E-03

2.5E-03
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Movie legends

Movie_S1 - The subcortical fMRI activation patterns underlying the intrinsic astrocytic

Ca”* spikes.

Upon the left forepaw electrical stimulation (epochs, 3 Hz, 4 s, 1.5 mA), the time-lapsed fMRI
functional maps were analyzed based on the evoked only and concurrent events. Left shows
the right FP-S1 activation for the evoked only events. Right shows the positive fMRI signal at
both FP-S1 and the subcortical regions at 1.5 s after the stimulation onset, followed by the

negative fMRI signal in the entire cortex except right FP-S1, as well as at ventricle areas.

Movie_S2- The 3D projection view of the subcortical fMRI activation patterns in the

whole brain contour.

Left is the fMRI activation pattern based on the evoked-only events. Right is the fMRI activation

pattern based on the concurrent events, showing the subcortical activation pattern.
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SUMMARY

Functional MRI has been used to map brain activity
and functional connectivity based on the strength
and temporal coherence of neurovascular-coupled
hemodynamic signals. Here, single-vessel fMRI re-
veals vessel-specific correlation patterns in both ro-
dents and humans. In anesthetized rats, fluctuations
in the vessel-specific fMRI signal are correlated with
the intracellular calcium signal measured in neigh-
boring neurons. Further, the blood-oxygen-level-
dependent (BOLD) signal from individual venules
and the cerebral-blood-volume signal from individual
arterioles show correlations at ultra-slow (<0.1 Hz),
anesthetic-modulated rhythms. These data support
a model that links neuronal activity to intrinsic oscil-
lations in the cerebral vasculature, with a spatial cor-
relation length of rv2 mm for arterioles. In comple-
mentary data from awake human subjects, the
BOLD signal is spatially correlated among sulcus
veins and specified intracortical veins of the visual
cortex at similar ultra-slow rhythms. These data sup-
port the use of fMRI to resolve functional connectivity
at the level of single vessels.

INTRODUCTION

The cerebralvasculatureis aninterconnected network that sup-
plies metabolites to the brain and mediates chemical signaling
betweenthebrainandthe body. Cerebralcirculationis mediated
by an electrogenic vascular system, composed of intercon-
nected endothelial cells that transmit signals between neigh-
boringvesselstocontrolthetoneofarteriolesmoothmuscle (Ay-

dinetal.,19971; Longdenetal.,2017) in addition to forming the
lumen ofthe vessels. The vascular system exhibits anumber
of rhythms of neurological and vascular origin (Obrig et al.,
2000;Taketal.,2015;Zhuetal.,2015).Respiratory-and car-
diac-based rhythmic components can be regressed out of the
fMRI data. Yet an ultra-low frequency (0.1 Hz) fluctuation in the
diameter of arterioles, known as vasomotion (Intaglietta, 1990),
remain. Far from a confounding factor (Murphyetal., 2013),
these fluctuations form the basis of resting-state fMRI (Biswal
etal., 1995; Fox and Raichle, 2007). Critically, vasomotion has
been shown to be entrained by similarly ultra-slow oscillations
in neuronal signaling (Mateo et al., 2017). It has been hypothe-
sized that these covaried vasomotion and oscillatory neuronal
patterns may contribute to the physiological basis of the
resting-state fMRI connectivity mapping. This would provide
the underpinning to observations of concurrent ultra-slow
neuronal and hemodynamic signals, acquired optically (Schulz
etal.,2012;Duetal.,2014; Maetal.,2016) and electrophysio-
logically (Shmueland Leopold,2008;Schd Ivincketal.,2010).

It is an open challenge to merge the optically acquired
neuronal and vessel-specific hemodynamic signaling events
with fMRI recordings to directly interpret the vascular basis of
the resting-state fMRI signal (Logothetis et al., 2001). In most
past work, the resting-state fMRI signal is acquired from large
brainvoxels (Heetal.,2008; Shmueland Leopold, 2008; Scha I-
vincketal., 2010). However, more recently high-resolution fMRI
has allowed us to map vessel-specifichemodynamic signal from
distinct vessel-dominated versus parenchyma-dominated vox-
elsenriched with capillaries inanimal brains with either cerebral
blood volume (CBV) fMRI or blood-oxygen-level-dependent
BOLD (fMRI) (Yu et al., 2012; Moon et al., 2013; Poplawsky
etal., 2017). Using line-scanning fMRI methods, the iron oxide
particle-based CBV-weighted signal is localized at penetrating
arterioles (Yu etal., 2016), while the BOLD signal is detected at
penetrating venules (Mansfield etal., 1976; Silva and Koretsky,
2002;Yuetal.,2012,2014).Thus, the high-resolution fMRIwill
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single-vessel fMRI method (Yu et al.,

permit us to follow neurovascular-coupled hemodynamic signals
as they propagate from the arteriolar network, e.g., in terms of
a CBV-weighted signal that will be sensitive to changes in
vascular diameter, to the venous network, e.g., in terms of the
BOLD signal, to gain a vascular-specific view of hemodynamic
signaling with fMRI.

The technical goal of this work is 2-fold. The first is to detect
thevessel-specificfluctuationsinfMRIsignals during the resting
state. This goal must be accomplished across a plane
through cortex with sufficient speed to accurately determine
the magnitude and phase of correlation mediated by vasomotor
fluctuations across vessels. The second is to measure these
fluctuations concurrent with calcium signal recordings from
neighboringneurons.Qurapproach builds onourabilitytoiden-
tify brain arterioles from venules with MRland our line-scanning
method to map the single-vessel hemodynamic signal (Yu etal.,
2016).Theline-scanning schemereshuffled the k-space acquisi-
tion so that each image was reconstructed from data acquired
along the entire experimental time series with a fast sampling
rate, but notin real time (Silva and Koretsky, 2002; Yu et al.,
2016).Here, we develop asingle-vessel resting-state fMRI map-
ping methodto specify the unique temporal dynamic features of
neurovascular oscillatory signals, as well as to characterize the
spatialdistribution of fluctuationsinthe fMRIsignalinbotharte-
riolarand venous networks. We ask: (1) can the balanced steady-
state free precession (bSSFP) method be used to detect vessel-
specificfMRIsignal fluctuations during resting state? The bSSFP
method has higher SNR per time unit than the line-scanning
method and presents less image distortion with reduced extra-
vascular effect than the echo-planar imaging (EPI) method for
high-field rat brain fMRI (Scheffler and Lehnhardt, 2003). (2)
Can both BOLD and CBV signals be detected at the scale of
penetrating vessels, the finest spatial scale within the brain in

2 Neuron97,1-15, February 21,2018

2016).(3)Asameanstoconnectneural
activity with hemodynamics, does the
neuronal calcium signal atthe location of
corticalvessels studied with fMRImatch all or part of the fMRI
signal with the context of low-frequency fluctuations in brain
state (Schulzetal.,2012;Duetal.,2014;Maetal.,2016)?(4)
Lastly,canthesingle-vessel fMRIschemebe extendedtomap
the vessel-specific long-range correlation patterns in the gray
matter of the human brain?

RESULTS

Single-Vessel Mapping of the Evoked BOLD and CBV-
Weighted Signal with bSSFP-fMRI

Balanced steady-state free precession (bSSFP) single-vessel
fMRI was implemented to map the evoked BOLD and CBV-
weighted fMRI signal in the forepaw region of primary sensory
(S1) cortex rats under a-chloralose anesthesia. Although anes-
thesiawill alter brain rhythms, and lower the ultra-slow fluctua-
tions to below their awake, resting-state value of rv0.1 Hz
(Chanetal., 2015), the use of anesthesia is currently necessary
for stability in these initial single-vessel fMRI measurements.
Ourstimuluswas transientelectrical stimulation of the forepaw.
To acquire a high spatial resolution 2D bSSFP image, we ac-
quired each spin echo every 7.8 ms to shorten the total acquisi-
tiontime foreach2Dimage, comprisinga96 3128 matrix (FOV,
9.6312.8mm)foranin-planeresolutionof1003100mm,toa
TR of 1 s. As described previously (Yu et al., 2016), a multi-
gradient-echo (MGE) sequence was used to distinguish among
individualarterioles (brightdots, duetotheinfloweffect)and ve-
nules (dark dots, due to fast T2* decay of deoxygenated blood)
from the anatomical single-vessel 2D images, i.e., the arteriole-
venule (A-V) map (Figure TA). Also noteworthy is that the A-Vra-
tio is 0.85 + 0.04 (Table S1), demonstrating more penetrating
veins than arteries, which is consistent with what has been pre-
vious reported in rodents (Hirsch etal., 2012; Blinder et al., 2013).
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Further, the sensory-evoked single-vessel BOLD and CBV-
weighted fMRIsignalwas detected by the bSSFPsingle-vessel
fMRI before and after iron oxide particle injection. The data of
Figure 1B show that the peak BOLD signals are primarily located
atthevenulevoxelswiththetime course ofthe positive BOLD
signalfromaselectedvenule (FigureS1). Afteraninjection of
ironoxide particles,the bSSFPfMRIsignalwas acquiredinthe
same 2D slice and shows that the evoked CBV-weighted signal
correspondstoadecreased T2*-weighted MR signal (Figure 1C).
Note that the T2*-weighted signal drops since activity-evoked
vasodilation leads to an increased blood volume with more iron
oxide particles in a given voxel, which shortens the magnitude
of T2* and diminishes the signal (Mandeville et al., 1998). The
peak CBV-weighted signal was mainly located atindividual arte-
rioles with the time course of the negative CBV-weighted signal
originated from a selected arteriole (Figures 1Cand S1). The
averaged hemodynamic time courses from regions of interest
of venule and arteriole voxels showed that the positive BOLD
signalis much higherinvenule thanarteriole voxels (Figure 1D).
Similarly, the negative CBV-weighted signal is much lower in
arteriole than venule voxels (Figure 1D). Interestingly, the CBV-
weighted signal in arteriole voxels returned to baseline faster
thanthatinvenules. An extended temporal response for the
CBV-weighted signal in venules has been previously reported
for CBV-based fMRI studies (Mandeville et al., 1999; Silva
etal.,2007; Drewetal.,2011)and may be inferred from optical
imaging(Drewetal.,2011).Theseresults demonstrate the feasi-
bility of bSSFP-fMRI for real-time single-vessel hemodynamic
mapping from arterioles. They complement the venule-domi-
nated approach for the positive BOLD signal mainly in terms of
oxy/deoxy-hemoglobin ratio changes.

Single-Vessel bSSFP fMRI Mapping the Resting-State
BOLD and CBV-Weighted Signals
Moving beyond the evoked single-vessel fMRI mapping, the
ultra-slow resting-state hemodynamic signal was directly map-
ped with the bSSFP single-vessel fMRI method. Individual arte-
rioles or venules identified from the A-V map were selected as
seed voxels to calculate the correlation maps of both BOLD
and CBV-based fluctuations in the fMRI signal (Figure 2); the
frequencyrangewas0.01t00.1 Hz. As showninthe example
data of Figure 2B, venule voxels were highly correlated to each
otherbutless correlated for arterioles in the resting-state BOLD
correlation maps (Movie S1). In contrast, as shown in the
example data of Figure 2C, arteriole voxels were highly corre-
lated but venules essentially uncorrelated in the resting-state
CBV-weighted correlation maps (Movie S2). The power spec-
tral density shows that the venule-specific BOLD and arte-
riole-specific CBV-weighted fMRI signal fluctuate within the
ultra-slow frequency range of 0.01 to 0.04 Hz (Figure 2D).
Similar to the evoked fMRI maps, the significant BOLD signal
correlations were primarily located at venule voxels,i.e., the
venule-specific connectivity map, and the significant CBV-
weighted signal correlation were primarily located at arteriole
voxels, i.e., the arteriole-specific connectivity map, during the
resting state.

To better characterize the spatial and temporal features of
the single-vessel fMRI fluctuations, the vessels identified in

the A-V mapwere pairedto calculate correlation coefficients
(Figure 3A). First,the values of the correlation coefficient for
all vessel pairs (arteriole pairs: A-A; venule pairs: V-V) were
plotted asthe function of inter-vessel distance. Forthe BOLD
signal fluctuation, V-V pairs show a stronger correlation than
that of A-A pairs in the large field-of-view, upto 5 3 5 mm.
This highlights the large-scale extent of the BOLD-based
venule functional connectivity (Figures 3B and 3F). In contrast
tothe case forBOLD, a stronger correlationwas detected for
the A-A pairs than the V-V pairs for the CBV-weighted signal
fluctuations. These correlations diminished over avessel sepa-
ration distance of 2 mm (Figures 3C and 3G). This spatial scale
is consistent with the scale for correlations in vasomotion
across arterioles, as detected by two-photon imaging of vessel
diameter (Mateo et al., 2017). This spatial scale also corre-
sponds to the rv2 mm electrotonic length for conduction
through endothelial cells (Segal and Duling, 1989). The color-
coded correlation matrices showed higher BOLD values of cor-
relation in V-V pairs than the other pairs (Figure 3D) and higher
CBV-weighted values of correlation in A-A pairs than the other
pairs (Figure 3E), which is quantitatively represented as the
function of vessel pair distance (Figures 3F and 3G).

Next, Spectral coherence analysis from paired venules or
arterioles was performed to characterize the full frequency
spectrum of the vessel-specifi fMRI signal fl ctuation during
the resting state. The coherent oscillation was mainly distrib-
utedinthe0.01-0.04 Hz frequencyrange forbothBOLD and
CBV-weighted fMRI signal fl (Figures 3H and 31,
similar to the spectral power, Figure 2D). Quantitative anal-
ysis demonstrates that the coherence coeffi of venule
pairsis signifi antly higherthan that of arteriole pairs forthe
BOLD signal fluctuation. In contrast, for the CBV-weighted
signal fluctuation, the coherence coefficient of arteriole pairs
is signifi higher than that of venule pairs for the 0.01-
1.4 Hz frequency bandwidth (Figures 3J and 3K). In addition
to the seed-based analysis, independent component analysis
(ICA) was used to determine the venule-specifi dynamic
connectivity for BOLD signal fluctuation and the arteriole-
specifi dynamic connectivity for CBV-weighted signal
fl (Figures S2A-S2G). One component appeared specifi
for vessel-specifi BOLD ultra-slow oscillations and another
for CBV-weighted the ultra-slow oscillations (Figures S2F
and S2G). These results confi m distinct vessel-specific
correlation patterns for BOLD and CBV-weighted signal
fl

Vessel-specific BOLD correlation maps were detected in rats
anesthetized with isoflurane (<1.2% [v/v]) (Figures S2H-S2M).
The frequency range of oscillations extended to rv0.1 Hz with
peak powerlevelsat 0.01-0.04 Hz, similartothose observed
with rats anesthetized with a-chloralose (Figure 2). This result
suggests thatwhile oscillation at frequencies above rv0.1 Hz
may vary depending on the anesthetized or awake brain state
(Obrig et al., 2000; Du et al., 2014; Ma et al., 2016; Mateo
et al., 2017), the ultra-slow frequencies are fairly stable
(<0.1 Hz) under uniform ventilation. It is noteworthy that blood
pressurewas acquired simultaneouslywith fMRI, butno clear ul-
tra-slow frequency fluctuation was observed from either of the
physiological parameters(FigureS3).
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Figure 2. Using bSSFP-Based rs-fMRI to Map Vascular-Specific Correlation Patterns

(A) The A-Vmap shows individual penetrating arterioles and venules (blue arrowheads, venules; red arrowheads, arterioles).

(B) The seed-based BOLD rs-fMRI correlation maps (0.01-0.1 Hz; seeds: cyan crosshairs) of two venule seeds (V1 and V2; left) and CBV rs-fMRI correlation maps
(0.01-0.1Hz; seeds: cyancrosshairs) oftwo arteriole seeds (A1 and A2; right). The lower panel is the BOLD signal time course of the two venule seed ROls and two

arteriole seed ROlIs.

(C) The seed-based CBV rs-fMRI correlation maps (0.01-0.1 Hz; seeds: cyan crosshairs) of two venule seeds (V1 and V2; left) and CBV rs-fMRI correlation maps
(0.01-0.1 Hz; seeds: cyan crosshairs) of two arteriole seeds (A1 and A2; right). The lower panel is the CBV signal time course of the two venule seed ROIs and two

arteriole seed ROIs.

(D) The power spectral density (PSD: arbitrary unit [a.u.]) of the venule and arteriole-specific resting-state BOLD (upper) and CBV (lower) fMRI time courses.

SeealsoFigures S2 and S3.

Comparison of Vessel-Specific BOLD and CBV fMRI
Signals with Simultaneous Neuronal Calcium Recording
Tocharacterizethe potential neural correlates ofthevessel-spe-
cificfMRIsignal fluctuation, agenetically encoded calciumindi-
cator, GCaMP6f, was expressed in neurons of forepaw S1 or
vibrissa S1 cortex for simultaneous intracellular [Ca®*] recording
and fMRI (Figure S4); immunostaining verified the GCaMP
expressionin cortical neurons (Figure S4B). Evoked and sponta-
neous intracellular [Ca®*] transients were recorded in the deep
layers with fiber photometry concurrent with the local field po-
tential (LFP) (Figures 4A and S4C-S4F). Evoked [Ca?*] spikes
were acquired simultaneously with single-vessel bSSFP-fMRI
for comparison with the venule-specific positive BOLD signal
and arteriole-specific negative CBV-weighted signal (Figures
S4EandS4F). Theseresults demonstrate the feasibility of simul-
taneous single-vessel fMRI with intracellular [Ca®*] fiber optic
recording.

4 Neuron97,1-15, February 21,2018

We sought to characterize the potential neuronal origin of the
vessel-specific fMRI signal fluctuation. We first considered the
correlation between changes in intracellular [Ca®*] in the 0.01
to 0.1 Hz band and the resting-state BOLD signal. It shows
vessel-specific positive correlation patterns that are similar to
the venule-seed based correlation maps from rats anesthetized
with a-chloralose (Figures 4B and 4C); time courses of represen-
tativevenules (V1,V2),and changesinintracellular[Ca®*] are
shown in Figure 4D. The correlation coefficient between the
intracellular [Ca®*] and the venule BOLD signal (Ca**-V) was
significantly higher than that with the arteriole BOLD signal
(Ca?*-A) (Figure 4F). Cross-correlation analysis between the
changes in intracellular [Ca?*] and the venule-specific BOLD
signal showed a positive peak at the averaged lag time of 2.3 +
0.2 s (Figures 4E and 4G). The vessels at the cortical surface
hadthelongestlag,upto3-5s(Figure 4C),which agreeswith
the lag reported previously by cross-correlation analysis of the
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Figure 3. Vascular Dynamic Network Connectivity in Rats at 14.1T

(A) The A-V map of one representative rat (arteriole ROIs in red and venule ROIs in blue).

(Band C) Scatterplots of the correlation coefficient (CC) of BOLD (B) and CBV (C) fMRI from venule-to-venule (V-V) pairs, arteriole-to-arteriole (A-A) pairs as the
function oftheinter-vessel distance from one representative rat.

(DandE)Thecorrelation matrices ofallvessel pairs fortheBOLD (D)and CBV (E) fMRIfromonerepresentativerat.

(Fand G) The mean CCvalue of the BOLD signal from the venule pairs is significantly higher than that of the arteriole pairs with large spatial inter-vessel distance
(>5mm)(F,n=5,mean +SEM, *, paired ttest, p <0.03). In contrast, the mean CCvalue of the CBV signal from the arteriole pairs is significantly higher than that of
thevenulepairswith smallspatialinter-vessel distance (rv2 mm)(G,n=5, mean+SEM, *, paired ttest,p<0.03).

(Hand 1) Theaveraged coherencegraph of paired venules and arterioles from BOLD/CBV fMRI (H),BOLD fMRI,n=5, (1), CBV fMRI, n =5 rats, mean + SEM.
(J) The mean BOLD coherence coefficient of the venule pairs is significantly higher than that of arteriole pairs at the low-frequency range (0.01-0.04 Hz) (n =5,
pairedttest,**p=0.0009).

(K) The mean CBV coherence value of paired venules is significantly lower than that of paired arterioles at the low-frequency range (0.01-0.04 Hz) (n =5 rats,
pairedttest,**p=0.007).

SeealsoFigures S2 and S3.

calcium signal and hemoglobin-based intrinsic optical signal  tothearteriole-seed based CBV correlation maps (Figure 41), the
(Duetal.,2014). highly correlated voxelswith changesinintracellular[Ca®*]were

We nextconsideredthe correlation of the calcium signalinthe  located mainly at arterioles, but with negative values of the cor-
0.01-0.1 Hz band with the single-vessel CBV-weighted fMRI  relationcoefficient(Figure 4));thetimecoursesofrepresentative
signal obtainedaftertheinjectionofironoxide particles.Similar  arterioles(A1,A2)andthecalciumsignalareshowninFigure 4K.
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Figure 4. Correlation Analysis of the Single-Vessel BOLD/CBV fMRI with GCaMP6f-Mediated Calcium Signal

(A) The coronal view of the anatomical MR image with the optic fiber targeting the vibrissa S1 (upper). The A-V map from a 2D slice covering the deep cortical
layer (lower).

(B) The seed-based BOLD correlation maps from one representative venule voxels (V1) overlaid on the A-V map.

(C) The correlation map between the BOLD fMRIsignal and the calcium signal (band-pass filter: 0.01-0.1 Hz). Insetis arepresentative color-coded lag time map
between the calcium signal with the BOLD fMRI of individual venules (CC > 0.25).

(D) The time courses of the BOLD fMRI signal from vessel voxels (V1: blue, solid line; V2: blue, dotted line) and the slow oscillation calcium signal (green).

(E) The cross-correlation function of the calcium signaland BOLD fMRI signal of two representative venules (Ca-V1 and Ca-V2) with positive peak coefficients at
the lagtime 2-3's.

(F) Themean correlation coefficientofthe calciumsignalwith the BOLD fMRIsignal of venulesis significantly higherthan thatofarterioles (n=7 rats, mean + SEM,
pairedttest,***p=2.53107).

(G) Thehistogramofvenuleswithlagtimesvariedfrom0.5to65s(CC>0.25)andmeanlagtimeat2.30+0.19s.(n=7,mean +SEM).

(H) The A-V map with the markers of arterioles (arteriole 1: A1, arteriole 2: A2, red arrowheads) and optical fiber (green arrowhead).

(I) The seed-based correlation maps of CBV fMRI from one arterioles voxel (A1) overlaid on the A-V map.

() Thecorrelation map between the CBVfMRIand calcium signal (band-pass filter: 0.01-0.1 Hz). Insetis arepresentative color-coded lag time map betweenthe
calcium signal and the CBV fMRI signal of individual arterioles (CC <-0.25).

(K) The time course of the CBV fMRI signal from arteriole voxels (red, solid and dotted lines) and the slow oscillation calcium signal (green).

(L) The cross-correlation function of the calcium signal and CBV fMRI signal of two representative arterioles (Ca-A1 and Ca-A2) with negative peak coefficients at
thelagtime 1-2s.

(M) The mean correlation coefficient of the calcium signal with the CBV fMRI signal of arterioles is significantly higher than that of venules (n = 4, mean + SEM,
paired t test, ***p=0.0002).

(N) The histogram of arterioles with lag times varied from 0.5 to 5 s (CC <-0.25). The mean lag time is 1.76 + 0.14 s (n = 4, mean = SEM), which is significantly
shorterthanthelagtimes ofthe calciumandvenuleBOLDsignal (BOLD,n=7,CBV,n=4,ttest,p=0.025).

(0) The schematic drawing of the spatial and temporal correlation patterns of the slow oscillation signal coupling from neurons to vessels.

SeealsoFigures S4-S7and S10and TableS2

Quantitative analysis showed that the correlation between the lagswithameanvalueat1.8+0.2s(Figure4N).Cross-correla-
intracellular [Ca?*] and the CBV-weighted signal of arterioles  tion of the intracellular [Ca?*] with the arteriole CBV-weighted
(Ca®*-A)was significantly higher than that of venules (Ca®*-V)  signal showed a shorter lag time than that with the venule
(Figure4M).Theoscillationinintracellular[Ca**]alsoledthearte- BOLD signal (Figures 4G and 4N). Meanwhile, the oscillation in
riole-specific CBV-weighted signal fluctuations, as observed by  intracellular [Ca®*] was found to be correlated with the CBV-
the cross-correlations of two representative arterioles as the weighted signal of a few venules with lag time of 5-10 s (Fig-
function of lag time (Figure 4L). Different arterioles showed varied ~ ure S5). This resultindicates the passive venule dilation usually
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Figure 5. The Correlation between the Calcium Power Spectral Profile with Vessel-Specific fMRI Signal

(A) The time course of the calcium signal (low-pass filter: 20 Hz) from one representative rat at the resting state with enlarged 5 s windows of the calcium spikes
identified atdifferent periods (dotted and solid yellowboxes).

(B) The time-varying power spectrogram of the calcium signal is plotted as the function of time from 0.5 to 15 Hz (discrete Fourier transform in 1 s Hamming
window; the sampling rate is 1 Hz to match the TR of fMRI signal).

(C) The normalized PSD from the rats with GCaMP6 (black, n=5) or GFP (cyan, n=4)indicates the mean PSD (1-10 Hz) of GCaMP6 is significantly higher than that
of GFP (**p=0.001, t test).

(D) The cross-correlation function of the calcium signal and the averaged power (1-10 Hz) profile from the calcium spectrogram (band-pass filter with 0.01-0.1 Hz)
illustrates the peak cross-correlation coefficient at 0 s lag time (n = 4, mean + SEM).

(E) The mean correlation coefficients of the averaged calcium power signal with the BOLD fMRI signal of venules are significantly higher than that of arterioles
(***p=1.93 10" pairttest,n=4, mean +SEM).

(F) The correlation maps between the SSFP-based BOLD fMRI signal and the slow oscillation calcium signal (band-pass filter: 0.01-0.1 Hz, upper) and the mean
calcium power spectral profile (1-10 Hz, lower) show similar venule-specific correlation patterns.

(G) Thetime series (band-pass filter: 0.01-0.1 Hz) of the slow oscillation calcium signal (green), the mean calcium spectral power profile (1-10 Hz) (black), the
BOLD fMRI signal from two venules (V1, V2; blue, solid and dotted blue lines).

SeealsoFigureS6.

detected as the post-stimulus undershoot of the evoked BOLD
signal results from increase blood flow following prolonged stim-
ulation (Buxtonetal.,1998;Silvaetal.,2007;Drewetal.,2011).

Besides the ultra-slow oscillation, the GCaMP6-mediated cal-
cium signal exhibited EEG-like rhythmic neuronal activity,
showing significantly higher spectral power at the 1-10 Hz fre-
quency range than that of the fluorescent signal detected from
the GFP-expressing cortex of control rats (Figures 5A-5C).
Cross-correlation of the spectral power in the 1-10 Hz and ul-

tra-slow oscillatory calcium signal fluctuation (0.1-0.01 Hz)
showedpeakpositive correlation coefficientatzerotimelag (Fig-
ure5D).Inaddition, the spectralpowerin 1-10Hzwas correlated
tothevessel-specific BOLD signal, showing the correlation coef-
ficient of spectral power with the venule BOLD signal is signifi-
cantly higher than that of the spectral power with the arteriole
BOLD signal, similar to the ultra-slow oscillatory calcium signal
fluctuation (Figures 4B-4D and 5E-5G). This result further dem-
onstrates the neuronal correlates of the vessel-specific fMRI
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Figure 6. The Spectrogram of Simultaneous Calcium and Electrophysiological Signal under A-chloralose Anesthesia

(A) Spectrogram of calcium signal during light anesthesia.

(B) Spectrogramoflocalfield potential (LFP) at lightanesthesiafrom multi-taper spectral estimates (1 s slidingwindowwith 0.1 s steps, 9tapers). Theright panel

shows the averaged power spectral density (PSD).
(C) The time course of the LFP signal under light anesthesia.

(D) The mean calcium spectral power profile (band-pass filter: 0.01-0.1 Hz of 1-10 Hz, green) and the mean LFP spectral power profile (0-50 Hz, black) at light

anesthesia.

(E) Thecross-correlationfunction ofthe averaged LFPpower (0-50Hz) from LFPspectrogramandthe averaged calcium power (1-10Hz) profile fromthe calcium
spectrogram (band-pass filter with 0.01-0.1 Hz) illustrates the peak cross-correlation coefficient at 0.8 s lag time at light anesthesia (n = 4, mean + SEM).

SeealsoFigures S5 and S6.

signal fluctuation in the cerebrovascular network. Finally, the
cartoon of Figure 40 summarizes the spatial and temporal pat-
terns of neurovascular hemodynamic signal fluctuation from
arteriolar to venous networks.

Also noteworthy is that the power spectral density shows
elevated power at frequencies below 0.1 Hz for the venule
BOLD and arteriole CBV-weighted signal, as well as for the
simultaneously acquired calcium signal at the light anesthesia
(Figures 2D and S6). In contrast, at the deep anesthesia level

8 Neuron97,1-15, February 21,2018

with a-chloralose, the ultra-slow oscillation pattern was unde-
tectable for both fMRI and changes in [Ca®*] concentration in
the samerats (Figure S6), but the evoked BOLD and CBV fMRI
signals and changes in [Ca®*] concentration remained (Figures
S4E and S4F). This result further supports the neural correlates
ofthe single-vessel fMRI signal fluctuation. Meanwhile, simulta-
neous LFP and intracellular [Ca®*] recording was performed to
specify the ultra-slow oscillatory signal at different anesthesia
levels (Figures 6 and S7). The spectrogram of the spontaneous
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LFP and intracellular [Ca®*] signal showed similar ultra-slow
oscillation patterns in rats under the light anesthesia level (Fig-
ures 6A-6D). Cross-correlation of the LFP and intracellular
[Ca?*] signal power profile showed positive correlation coeffi-
cients (0.46+0.06)atthetimelag(0.73+0.13s), showingthe ul-
tra-slowoscillatoryLFPsignalleads the intracellular[Ca%**] signal
(Figure 6E). Similar to the single-vessel fMRI data, these results
showed consistent correlation features at the light anesthesia
level (Figure 5) but not at the deep anesthesia (Figures S7A-
S7E).In addition, the ultra-slow oscillatory correlation of the
LFP power profile and intracellular [Ca®*] fluctuations were de-
tected in rats anesthetized with 1.2% (v/v) isoflurane (Figures
S7F-S71). These results suggest that the neuronal and vascular
hemodynamic oscillations are highly correlated in the anesthe-
tizedbrainandthatthecorrelationisdampenedwhentheneural
activity is suppressed with deep anesthesia.

Mapping Vascular Network Connectivity inthe Human
Brainunder 3T and 9.4T
The single-vessel mapping scheme was implemented to charac-
terize the prospects for vessel-specific fMRI correlation patterns
inawake human subjects. Although bSSFP shows greatadvan-
tage for the high-field fMRI in the rat brain as a consequence
of decreased distortion and reduced extravascular effect
comparedtotheEPImethod,thesingle-echobSSFPmethodac-
quires single k-space line perechoand takes longertime thanthe
EPI method to acquire multi-slice high-resolution images (Budde
etal., 2014). We established single-vessel fMRI human brain
mapping with the EPl method. First, the fMRI signal of sulcus
veins in the occipital lobe was mapped using EPI-fMRI at 3T.
Upon the checkerboard visual stimulation, the evoked BOLD
signal was located primarily at venous voxels with a sparsely
distributed patchy pattern that was previously reported (Menon
et al., 1993) (Figures 7A-7C and 7F; Movie S3). Besides the
task-related functional maps, the seed-based correlation maps
from resting-state fMRI demonstrated vein-dominated correla-
tion spatial patterns (Figures 7Dand 7G; Movie S4). The coher-
ence analysis of paired venous voxels showed coherent
ultra-slow oscillation of the awake human subjects up to
rv0.1 Hz (Figure 7H), which was much higher than the oscillation
frequency detected in anesthetized rats (Figure 3H). The correla-
tion coefficients of paired venous voxels were plotted as the func-
tion of the intra-hemispheric and inter-hemispheric vessel dis-
tances (Figure 7I). The values of the correlation decreased as
the function of the intra-hemispheric vessel distance but showed
significantlyhighervalues for the inter-hemisphericvenousvoxel
pairs (Figure 7)), similar to previously established spatial vaso-
motion correlation patterns in awake mice (Mateo et al., 2017).
The low-frequency oscillation around 0.1 Hz has been previously
reportedinthevisual cortex of the humanbrainwith conventional
resting-state fMRI method (Mitra et al., 1997). Also, when EPlim-
ages were spatially smoothed with different kernels from 1 to
5 mm, the vessel-specific spatial patterns merged to functional
blobs similar to the conventional functional connectivity maps
(Biswal etal., 1995; Smith et al., 2009) (Figures 7K and 7L).

The seed-based analysis was performed before and after the
regression of respiration and heartbeat relevant temporal arti-
facts (Figures S8A-S8F), showing the little difference in the

vessel-specific spatial patterns (Figures S8G-S8M). In addition,
ICAanalysis specified the highly correlated venous voxels at
multipleslices,showinga3Dvasculardynamiccorrelationstruc-
turethrough the main branches of cerebralvasculature (Figures
S9A-S9D; Movie S5). These results demonstrate that the hemo-
dynamic fMRI signals from central veins through sulci or at the
gyrus surface are highly correlated, representing large-scale
vascular dynamic network connectivity detectable with the 3T
MR scanner.

To characterize the hemodynamic signal fluctuation in vessels
penetrating cortical gray matter, we mapped the single vessel-
based resting-state fMRI signal at 9.4T. The multiple 2D EPl im-
ageswere acquired with anin-plane resolution of 5003500 mm?
and 800mmthicknessataTRof 1 s.Inparallel,asingle-vessel
A-Vmapwas acquiredto better characterize the location of indi-
vidual sulcus arteries and veins, as well as a few intracortical
veins (Figures 8A-8C). Similarly, the BOLD signal was highly
correlated on venous voxels, but not on artery voxels (Figures
8D and 8E). Inthe enlarged correlation maps, afew intracortical
veins penetratingthegray matter could be spotted onthe A-V
map, given their unique vascular orientation through the 2D slice,
showing a strong correlation to each other (Figures 8B, 8C, S9E,
and S9F). Furthermore, coherence analysis of paired veins
showed acoherent frequencyrangelessthanrv0.1 Hz,which
is consistent with previous brain ultra-slow oscillation studies
(Obrig et al., 2000) (Figure 8G). This result provides a good
example for the illustration of vascular correlation of the selected
intracortical veins penetrating cortical gray matter at 9.4T. This
result shows the translational potential of high-resolution sin-
gle-vessel fMRIto associate anatomical vascular biomarkers
with prognostic dynamic indicators of neurovascular disease
andvascular dementiain the brain.

DISCUSSION

We have demonstrated that a single-vessel fMRI mapping
scheme reveals the spatial and temporal features of vessel-to-
vessel hemodynamic correlations in anesthetized rats and in
awake human subjects. With regard to rats, BOLD-specific
venous signals and the CBV-specific arteriolar signals evolve
at ultra-slow timescales, with frequency components between
1.1 and0.04 Hz (Figure 3). Both signals show a causal relation-
ship to the simultaneously acquired calcium signal (Figure 4).
With regard to humans, the ultra-slow oscillation was observed
inthe BOLD signal for frequencies upto 0.1 Hzand vessel-to-
vessel correlations are strong (Figure 8). This work demonstrates
the feasibility to apply a multi-modal fMRI platform to measure
the neuronal correlates of resting-state hemodynamic signal
fluctuation from arteriolar to venous networks at the scale of in-
dividual vessels.

Technical Advances

The attainment of single-vessel imaging with high SNR was
achieved based on three factors: a high magnetic field to
enhance the transverse signal; a bSSFP sequence with high
SNR efficiency per time unit; and a small radio frequency coil
with appropriate sample loading to optimize the detection from
local cortical regions. These factors ensured that the temporal
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Figure 7. The Task-Related and Resting-State Single-Vessel fMRI Mapping in Awake Human Subjects at 3T
) Asagittalviewofthehumanbrainwitha2DEPIslicelocatedintheoccipitallobe.

B) AnaveragedEPlimage showsthe pialveinsinsulciasdarkdots.

C) The checkerboard visual stimulation-evoked BOLD functional map with peak BOLD signals located at pial veins.

E) The magnified view of the averaged EPlimage from one representative subject (vein ROIs, left hemisphere, blue, right hemisphere, cyan).
F and G) The time courses of two veins in the task-related (F) and resting-state (G) (0.01-0.1 Hz) conditions.

(A
(
(
(D) The seed-based BOLD correlation maps (0.01-0.1 Hz; seeds: two veins [V1 and V2]) demonstrate vessel-dominated patterns.
(
(
(H

H) The coherence graph of paired veins exhibits coherentoscillation atthefrequency range of0.01-0.1 Hz significantly higherthanthe higher frequencyrange

(0.1-0.2Hz;n=6,mean +SEM, **, paired ttest,p=0.008).

(I) The scatterplotofthe correlation coefficient (CC) fromintraand inter-hemispheric vein pairs.
(J) Themean CCofinter-hemisphericvein pairswiththeintervesseldistance between5-7 cmissignificantly higherthanthatofintra-hemisphericvein pairs with

distancebetween3-3.5cm. (***,n=6, mean+SEM, ttest,p=0.0002).

(Kand L) The evoked functional (K) and resting-state correlation (L) maps were smoothed from 1 mmto 5 mm (FWHM).

SeealsoFigures S8 and S9.

fluctuation of the vessel-specific fMRI signal was not dominated
by machine-based technical noise, but rather represented the
physiological state of the brain. This issue was further verified
by the anesthetic dose-dependent study, which indicated that
the vessel-specific fMRI signal fluctuation could be dampened
even though the SNR remained unchanged (Figure S6). Besides
the technical noise, artifacts from physiological motion can be
erroneously intrinsically linked to the functional connectivity
(Hu etal., 1995; Murphy et al., 2013). Numerous strategies
have been developedtoregress out the potential artifacts, or
identify the functional node-specificcomponentusing ICAanal-
ysis (Glover etal.,2000; McKeown et al., 2003). Nonetheless, a

10 Neuron97,1-15, February 21,2018

lack of standard criteria to distinguish the contribution from brain
signal fluctuation versus physiological motion artifacts limits the
reliability of functional connectivity. We nominally expect that the
pattern of correlations should be insensitive toglobal motionar-
tifacts. Further, theenhanced correlationsinthe BOLDresponse
for pairs of venules versus arterioles (Figures 3F, 3H, 3J, and 8F)
andtheenhanced correlationsinthe CBVresponse forarterioles
versus venules (Figures 3G, 31, and K) as a function of frequency
are highly unlikely to result from known artifacts.

The detected bSSFP signal change is a mixture of intravas-
cular and extravascular contributions. The intravascular signal
is given by the steady-state contrast of passband bSSFP, which
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is proportional to T =T (Scheffler and Lehnhardt, 2003).

Given

the high spatial resolution of the bSSFP fMRI imaging, the BOLD
contrast from venules and the CBV-based contrast from arteri-
oles of vessel voxels remained highly T2-weighted because of
the fast T2 decay of deoxygenated venule blood and iron oxide
enriched arteriole blood (Lee et al., 1999; Blockley et al., 2008).
The extravascular contribution depends on the vessel size. As
for spin echoes, the rapid refocusing in bSSFP produces dy-
namic averaging that reduces the extravascular effects of the
cortical penetrating vessels larger than 10-20 mm (Bieri and
Scheffler, 2007; Scheffler and Ehses, 2016). Therefore, the
observed signal changes with high spatial resolution bSSFP
were mainly intravascular. It is noteworthy that the blood flow
could contribute to the BOLD fMRI signal fluctuation based on
thein-flow effect, giventhe short TR of the bSSFPsequence at
agivenflipangle (Kimetal., 1994). This is especially true forar-
terioles. However, the BOLD signal fluctuation in arterioles
showed ssignificantly lower correlation than thatof venules, indi-
cating thatthe in-flow effectis notthe primary contributortothe
vasculardynamic correlation patterns (Figures 2 and 3).

BOLD versus CBV-Weighted fMRI Signals

IncontrasttothevenusBOLDsignal,forthe CBVsignalfluctu-
ation, the arteriole-dominated CBV-signal results from vaso-
motor fluctuations in vessel diameter. The vasomotion signal
shows ultra-slow oscillation with a broader frequency band
centered at 0.1 Hz in the anesthetized rat brain (Mayhew et al.,
1996; Kleinfeld etal., 1998)and 0.1 Hz in awake mice (Drew
etal., 2010). Although in the present study arteriole CBV signal
fluctuations were detected at a frequency band of <0.04 Hz in
a-chloralose anesthetizedrats, itis likely that this hemodynamic
signal corresponds tovasomotion. Furthertothis point, beyond
the neuronal effects of anesthetics (Brown et al., 2011; Mateo
etal.,2017),anesthetics may directly affect vasomotion and
directly contribute to the temporal dynamic patterns detected
by fMRI in anesthetized animals (Colantuoni et al., 1984; Hundley
etal., 1988). In addition, future studies will compare the arteriole-

-0.7 L T

Figure 8. The Intracortical Vascular Dy-
namic Mapping with 9.4T

(A) The A-V map is acquired from a 2D slice across
the occipital lobe.

(B and C) The intra-cortical veins (arrows) in the
magnified view of region 1 and region 2 in the A-V
map (left). The right panel shows the correlation
map based on the selected seeds (the intra-
cortical veins: blue arrows) with highly correlated
voxels detected on the other intracortical veins
(white arrows) in the gray matter.

(Dand E) The seed-based correlation maps with
vein 1 (V1), artery 1 (A1) as seeds, respectively
(seeds: cyan crosshairs).

(F) The coherence graph of paired veins (blue) and
arteries (red) identified by the AV map demon-
strates the slow fluctuations from0.01t0 0.1 Hz.
(G) The mean coherence coefficients of the paired
veins are significantly higher than that of the paired
arteries at low frequency (0.01-0.1 Hz) (n = 6,
mean + SEM, paired t test, **p =0.0009).
SeealsoFigureS9.

I N 0. 7
Correlation Coefficient

specific fMRI signal fluctuation in rat under anesthesia and
wakefulness to specify the dynamic patterns driven by vasomo-
tion. Lastly, our result is also consistent with the ““bagpipe”
model of active arteriole dilation with increased neuronal activity,
where arteriole dynamics dominate both spontaneous and
evoked blood volume changes in the brain (Drew et al., 2011).
Following the net increase of the arteriole blood reservoir, ve-
nules drain the blood with a delayed passive dilation, which is
consistent with undershoot of the evoked BOLD fMRI signal
(Mandeville et al., 1999).

The ultra-slow passive venule dilation was detected by single-
vessel CBV-bSSFP fMRI when iron oxide particles were deliv-
eredatalowerthannormal dosage sothatthevenule fMRIsignal
was not completely dampened due to shortened T2* decay (Fig-
ure S5). This observation also explains the small number of
venuleshighlighted by thearteriole-seed-based CBV correlation
maps (Figure 2C), which showed much longer lag time than arte-
rioles when analyzing the simultaneously acquired calcium ultra-
slow oscillation signal via cross-correlation (Figure S5). All told,
single-vessel bSSFP-fMRI detects distinct spatial and temporal
patterns of vessel-specific dynamic connectivity in the anesthe-
tized rat brain.

Correlates of Neuronal [Ca?'] and Single-Vessel fMRI

A key observation was the correlation of ultra-slow calcium
oscillationwith single-vessel fMRIsignal fluctuation. Prior com-
bined fMRI and electrophysiological studies show that the
resting-state BOLD signal correlates with neuronal activity
oscillation (He et al., 2008; Shmuel and Leopold, 2008; Scho |-
vinck etal., 2010; Pan etal., 2013). The present study extends
the spatial resolution of resting-state fMRI down to single ves-
sels. The coherence of the ultra-slow oscillations from both
intracellular [Ca®*] and vessel-specific fMRI signals demon-
strates a potential link of the two events, with the calcium event
leading the vascular fluctuation (Figures 4E and 4L). In partic-
ular, the BOLD signal from individual venules and the CBV-
weighted signal detected primarily from arterioles showed
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varied lag times, ranging from 0.5 to 6 s, relative to the calcium
signal (Figures 4G and 4N).

Previous studies reported only long, i.e., 5to 6 s, lag times by
cross-correlation of the change ing-band power and the resting-
state BOLD signal (Schad Ivinck et al., 2010). This long lag time
could be caused by signal fluctuations in large voxels, with pri-
mary weighting on surface draining veins. In the present study,
the fMRI signal from draining veins also showed longer lag
time, which is consistent with the lag time between the calcium
and hemoglobin signal oscillation (rv0.1 Hz) detected from the
cortical surface (Du etal., 2014). In contrast to surface draining
veins, penetrating vessels at the deep cortical layers showed
shorterlagtimesof1.8+0.2sforthearteriole CBVsignaland
2.3+0.2sforthevenule BOLDsignal (Figure 4),whichisinco-
incordance with the signaling order of arteriole dilation followed
by oxygen saturation changes in venules for neurovascular
coupling(Devoretal.,2003;ladecola, 2004).

The arterio-venous (A-V) transit time of the resting-state he-
modynamic signal was calculated based on the cross-correla-
tion lag times of the BOLD and CBV-weighted signals to the
simultaneously recorded calcium signal (Figure S10 and Table
S2). The resting-state A-V transit time of 0.61 s at the deep
cortical layers is slighter shorter than the transit time of 0.8-
1.2 s, calculated by the time to half-maximal, t; ,, from surface
arterioles tovenules (Hutchinsonetal.,2006). This further sup-
ports the vessel-specific hemodynamic signal propagation.
Also noteworthy is that the variability of the measured
resting-state transittime is relatively higher than that of the
evoked A-V hemodynamic transit time (Yu etal., 2016) (Fig-
ure S10), indicating a more heterogeneous hemodynamic
coupling during the resting state. Lastly, cortical calcium
waves have been observed in the newborn and adult rodent
brain(Adelsbergeretal.,2005;Maetal.,2016)and can prop-
agatethroughthe cortexatafastspeed(Strohetal.,2013).It
will be interesting to determine whether these drive propa-
gating vascular events.

Single-Vessel Human Maps

Vascular dynamic network connectivity was directly mapped in
awake human subjects to demonstrate the translational potential
of single-vessel fMRI mapping. The vessel-specific ultra-slow
oscillation shares a similar frequency range to that of the long-
distance functional nodes detected by conventional resting-
state fMRI, as well as the spontaneous oscillation of the cerebral
hemodynamic signal detected by near-infrared spectroscopy
(Obrigetal.,2000). In addition, the smoothed single-vessel cor-
relation maps represented similar functional connectivity maps
in the visual area as detected by the conventional resting-state
fMRI (Smith etal., 2009) (Figures 7K and 7L). Together with the
rat data that show highly correlated calcium and single-vessel
fMRIsignalfluctuation, thevasculardynamicnetwork connectiv-
ity could represent the hemodynamic vascular correlation
coupled to neuronal signal oscillation in both anesthetized and
awake conditions. Interestingly, a recent resting-state fMRI
study showed that the connectivity strength of a given voxel
among the ‘““default mode” and other networks is inversely pro-
portional to its vascular volume fraction (Tak et al., 2015). This
observationindicates thatfunctional connectivity oflong-range
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nodes in the brain may be driven independently of the
vascular-specific hemodynamic fluctuation. Given the highly
correlated calcium signal to the hemodynamic signal fluctuation,
one possibleexplanation forthis discrepancyis thatvasculardy-
namic network connectivity represents the whole brain state
fluctuation with less region specificity (Chang et al., 2016), but
the functional connectivity may specify the network pattern of
long-distance functional nodes (Biswal et al., 1995; Smith
etal.,2009). Alternatively, because thevascularvolume fraction
was calculated from the largest extracerebral vessels detected
by MRl images, it is also possible that the reduced connectivity
may be caused by the lowSNR of voxels occupied by these ex-
tracerebral vessels.

Given the cerebral folds and fissures of the human brain, sin-
gle-vessel EPI-fMRI mapping mainly detects the central pial
veins through the sulci with diameters of a few hundred micro-
meters based on the T2*-weighted partial volume effect. Sin-
gle-vessel fMRIwith 9.4T at high spatial resolution.i.e., 5003
5003800mm?, showed the correlation patterns of the intracort-
ical penetrating veinsinthe human brain (Duvernoyetal., 1981)
(Figure 8). In contrast to studies focusing on excluding the
venous BOLD signal to improve spatial specificity for brain func-
tion and connectivity mapping (Barth and Norris, 2007; Curtis
etal.,2014),thiswork specifies the vascular network connectiv-
ity in gray matter of the human brain with the potential clinical
application of illustrating hemodynamic features of vascular de-
mentia (O’Brien et al., 2003; ladecola, 2013). Specifically, the
neural correlates of the vascular dynamic network connectivity
detected in the rodent brain display great potential for clinical
applications such as the diagnosis of cognitive impairments in
patients with cerebral small vessel diseases or degenerative
diseases such as Alzheimer’s disease (Schaeferetal.,2014).
The ability to specify the direct linkage of vascular pathology to
dysfunction of the neurovascular network remains elusive (Ste-
vens et al., 2014). The ability to map the hemodynamic origin
of the BOLD signal from anatomically distinguishable vessels
in human gray matter provides a key step to link vascular
biomarkers, e.g., microbleeds (Poels et al., 2012) or cortical mi-
croinfarcts (van Veluwetal.,2013;vanRoodenetal.,2014),with
dynamic indicators in patients with small vessel or Alzheimer’s
disease.

Caveats Going Forward

We developed the single-vessel fMRI resting-state mapping
scheme to characterize the spatial and temporal hemodynamic
signals in arteriolar and venous networks, concurrent with photo-
metriccalciumrecording. The highfield MRIscanner, 14T foran-
imals and 9.4T for humans, achieves sufficient SNR and high
BOLD contrast for high-resolution fMRI imaging. A redesign of
the radio frequency detection coil will be needed to extend the
single-vessel fMRI method to broader application with lower
magnetic field scanners. Toward this goal, a super-conducting
coil has been developed to boost the SNR of MRl images (Rater-
ing etal., 2008). Also, instead of the current 32- or 64-channel
coils for human brain imaging, region-specific array coils can
be developed to cover focal cortical areas with optimized geom-
etry toincrease the SNR. This step will help further resolve indi-
vidual intracortical vessels in gray matter of normal human
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subjects as well as patients with neurovascular dysfunction due
tovasculardementia.
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EXPERIMENTAL MODELS AND SUBJECT DETAILS

Animals

All experimental procedures were approved by the Animal Protection Committee of Tuebingen (Regierungsprésidium Tuebingen)
and performed in accordance with the guidelines. Thirty-five male Sprague-Dawley rats were employed in all experiments. Litter-
mates of the male rats (age: 2 - 3 months) were randomly assigned to experimental groups. Both evoked and resting-state
bSSFP-fMRI data with A-V maps were acquired from five of nine rats under alpha-chloralose anesthesia, of which both BOLD
and CBV signals were acquired under the same A-V map. To verify the effect of different drugs on vascular dynamic network con-
nectivity, five rats were utilized for resting-state BOLD bSSFP-fMRI data under isoflurane anesthesia. In addition, the rats (BOLD:
seven of eight, CBV: four of eight) with calcium indicator were employed for the statistics of simultaneous BOLD/CBV rsfMRI and
fiber-opticcalciumrecording studies. Some rats were excluded from statistical analysis due tothe large SSFPimage distortion intro-
duced bythe optical fiberinsertion. Inaddition, seven rats were employed toacquire simultaneous local field potential (LFP) and cal-
cium signal.

Human Subjects

All human subject experiments follow the guidelines of the regulation procedure in the Max Planck Institute, and the informed
consents were obtained from all human volunteers. For 3T MRl image acquisition, six healthy adult subjects (female, n = 3; male,
n=3;age: 20-35 years) were employed to obtain rsfMRI. For 9.4T MRI image acquisition, six healthy adult subjects (female,
n=2;male,n=4;age:20-35years)wereexaminedwith Echo-planarimaging(EPI) sequence.

METHODSDETAILS

Animal experiments

Animal preparation

All procedures were described in a previous study (Yu et al., 2010). Rats were initially anesthetized with isoflurane (5% induction,
1.5% maintenance). Each ratwas orally intubated and placed on amechanical ventilator (SAR-830/AP, CWE). Plastic catheters
were inserted into the right femoral artery and vein to allow monitoring of arterial blood gasses and administration of anesthetics.
Two different anesthesia treatments were delivered during fMRI (Table S3). For alpha-chloralose anesthesia, after surgery, each
rat was given an intravenous bolus of a-chloralose (60 mg/kg) and isoflurane was discontinued. Anesthesia was maintained with
two constant infusion rates of a-chloralose (15 and 26.5 mg/kg/hr) in combination with pancuronium bromide (4 mg/kg/hr) to reduce
motion artifacts. For isoflurane anesthesia, the ventilator maintained the rats breathing under isoflurane 1.2% in the magnet. The rats’
rectal temperature was maintained at around 37°C. To prevent head motion, rats were secured in a head holder with a bite bar. All
relevant physiological parameters (end-tidal CO2, rectal temperature, heart rate, and arterial blood pressure) were continuously
monitored during imaging (Figure S3, blood pressure and heart rate). The pulse sequence-based trigger and stimulation control
were established using the BioPac system (Goleta, USA) and Master-9 A.M.P.l system (Jerusalem, Israel).

Viral vector injection and optical fiber implantation

Theviral vectors (AV-1-PV2822 AAV5.Syn.GCaMP6f.WPRE.SV40) were procured from University of Pennsylvania Vector Core (Chen
etal.,2013).Viralvectorswere injected inthe barrel cortex (BC) or the forepaw region of the primary somatosensory cortex (S1FL) of
3 to 4 week old rats. For the stereotactic injection procedure, rats were initially anesthetized with isoflurane. After exposing the skull, a
small bur hole was drilled. A nanoliter injector (WPI, FL) was used to place a 35-gauge needle at the proper coordinates in the ste-
reotactic frame. Injections were performed slowly over 5-6 min and the needle was slowly removed after being keptin the injection
sitefor 10minafterfinishingtheinjection. Theinjectionsites of BCwere as follows with stereotacticcoordinates: AP=-2.35mm; ML:
4.8mm;DV=2;injectionseach400nLat1.2mmand 0.7 mm.Theinjectionsites of S1FLwere as follows: AP=0.2 mm;ML=3.7 mm;
DV =2 injections each 400 nLat 1.2 mm and 0.7 mm. After 6-8 weeks of viral expression, a 200-mm optical fiber (7 m length) was
insertedthroughtheburrholesontheskullintothe BC(stereotacticcoordinates: AP=-2.7 mm;ML=5.1 mm;DV=1.3 mm;tilt,
4°0rS1FL(AP=0.2 mm;ML=4mm;DV=1.3 mm).The opticalfiberwas fixed onthe skullwithglue. Then, the skinwas sutured
to cover the glue with the optical fiber extending outside of the rat head.

Simultaneous rsfMRI and calcium recording

The optical setup for calcium signal recording was built up based ona previous study (Schulzetal.,2012; M.W., Y.H., T.J. Sejnowski,
and X.Y., unpublished data). As shownin Figure S4A,a473 nmlaser (MBC-Ill, CNI) was set to deliver the fluorescent excitation light.
Thelaser beamwas firstaligned by areflection mirror toa correctangle better deflect off adichroic beam-splitting mirror (BSR4 88:
reflection471-491 nm,>94%; transmission 500-1200 nm, >93%; AHF Analysentechnik), whichwas coupled into a multimode fiber
(FT200EMT: NA = 0.48, 230 mm cladding diameter; Thorlabs) via amplifying lens (RMS4X; Thorlabs). Fluorescence excitation
occurredinthevicinityofthefibertipinside the MRIscannerandthe emitted fluorescence lightwas collected and guided back
tothe optical setup throughthe samefiber. The emitted fluorescent signalfromthefiber passedalens, dichroic mirror,and an emis-
sion filter (Semrock Razoredge; 488 Long Pass; AHF Analysentechnik), and was finally focused by a tube lens (AC254-030-A1-ML;
Thorlabs) onto a peltier-cooled silicon photomultiplier with transimpedance preamplifier (MiniSM-10035-X08; SensL). The signal
from the photomultiplier was amplified by voltage amplifier (DHPVA-100; Femto) and acquired by the analog input module of a Biopac
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MP 150 system (5-K sampling rate). Triggers from the MRI scanner were also recorded by the Biopac system and used to synchro-
nize calcium to BOLD fMRI offline. Laser intensity was measured at the fiber tip for neuronal calcium (rv5 uW) to avoid phototoxicity
forlong-termrecording by optical power meters (PM20A; ThorLabs).

Simultaneous calcium with electrophysiology recording

Theanesthetizedratswere adaptedinastereotaxicdeviceforinvivorecordings using similaranesthetics and surgical preparationto
the fMRI experiments. Tungsten microelectrode (1 MU, rv100 mm, Tungsten, FHC) was bonded to an optical fiber with closely con-
tacted fiber optic tipand electrode contacting point. The local field potential (LFP) was recorded through the EEG module of the Bio-
pac system (gain factor, 5,000; band-pass filter, 0.02 - 100 Hz; sample rate, 5,000/s). In addition, calcium dataand blood pressure
were digitized and recorded with Biopac MP 150 system ata sampling rate of 5 kHz. The spectrogram of LFPwas calculated through
multi-taper spectral estimation. (Figure 6,and S7, 1 s sliding window with 0.1 s steps, 9 tapers)

MRI image acquisition from rats

Allimagesfromratswereacquiredwitha14.1T/26 cmhorizontal bore magnet(Magnex)interfacedtoanAvancelllconsole (Bruker).
Atransceiver surface coil with a 6-mm diameter was used to acquire images.

bSSFP-fMRI

Balanced Steady-State Free Precession was implemented with the following parameters: TE, 3.9 ms; TR, 7.8 ms; flip angle (FA),129;
matrix, 96 3128;FOV, 9.6 312.8 mm; slice thickness =400 mm; in-plane resolution=1003100mm?, resulting in one slice repetition
timeof 1s.Theblockdesignwas 2 s stimulationand 28 s inter-stimulus interval. The duration of each trial of rsfMRIwas 15 min, and
2 - 5 trails of BOLD/CBV rsfMRIwere acquired for each rat. CBV fMRI signals were acquired after intravenous injection of 15 - 20 mg
of Fe/kg dextran-coated iron oxide (BioPAL, MA).

Single-vessel MGE imaging in rats

The imaging protocol was similar with our previous paper (Yu etal., 2016). To recognize individual arterioles and venules, we em-
ployed a 2D Multiple Gradient-Echo (MGE) sequence with the following parameters: TR=50ms; TE=2.5,5,7.5,10,12.5and
15 ms;flipangle=40°; matrix=1923192;in-planeresolution=503 50mm?; slicethickness =500mm.We averaged the MGE
images fromthe secondechotothefourthechoand created an arteriole-venule (A-V) map,where thevenulevoxels displayas
dark dots (blue marks) because of the fast T,* decay but arteriole voxels remain bright (red marks) owing to the in-flow effect
(Figure TA).

MRIimage acquisition from humans (3T)

All measurements were performed on a 3-T Siemens Prismawith a 20-channel receive head coil. Six healthy adult subjects (female,
n=3;male,n=3;age: 20- 35 years)were employed to obtaina BOLD signal using EPIwith the following parameters: TR=1,000 ms;
TE=29ms;FA=60° matrix=1213119;in-planeresolution=840mmx 840mm; 9sliceswiththicknessesof 1.5 mm. Parallelimaging
(GRAPPA factor: 3) and partial Fourier (6/8) were employed to accelerate image acquisition. The visual stimulation consisted of acir-
cular black and white checkerboard. For the resting state fMRI, the duration of each trial of rs-fMRIwas 15 min with the eyes-closed
condition. The Siemens physiologic Monitoring Unit (PMU) was used to monitor the respiration and pulse oximetry simultaneously.
Both PMU physiological log files and EPldata contain time tags, which were utilized to synchronize the temporal profile for statistical
analysis.

MRI image acquisition from humans (9.4 T)

Allimageswereacquiredwitha9.4-TMRIscanner (Siemens Healthcare, Erlangen, Germany)withahome-built 16-channeltransmit/
31-channelreceive head coil(Shajanetal.,2014). Alltheimaging protocols followthose of the 3-Tscannerbutatahigherresolution.
Sixhealthysubjects (female,n=2; male,n=4;age: 20-35years)wereexaminedwith EPIsequence: TR=1,000ms; TE=22 ms;
FA =50° matrix =300 3 300; in-plane resolution =500 mm 3 500 mm; 9 slices a thicknesses of 0.8 mm. Parallel imaging (GRAPPA
factor:4)and partial Fourier (5/8)were utilized to accelerateimage acquisition.

Single-vessel MGE imaging in humans
Weutilizeda2DMGEsequencewiththefollowingparameters:TR=61ms;TE=5.99,10.39,14.79,19.19,23.59,27.99,32.39,36.79,
41.19,45.59 ms; flip angle = 60°; matrix = 896 3 896; in-plane resolution = 19 3 19 mm?; slice thickness = 1,000 mm. An arteriole-
venule (A-V) map was acquired by averaging of the MGE images from the second echo to the ninth echo (Figure 8A).

Data processing

All data processing was performed using Analysis of Functional Neurolmages (AFNI) software (Cox, 1996) and MATLAB. The
relevant fMRI analysis source codes can be downloaded through https://www.afni.nimh.nih.gov/afni/. A detailed description
of the processing procedure conducted is provided in a previous study (Yu et al., 2012). To register the single-vessel functional
mapwiththe A-Vmap,thetag-basedregistration methodwas applied,which carried outtentotwelve tags (venule voxels) of
the averaged bSSFP fMRI images corresponding to those of the A-V map. No additional smoothing step was applied. For
evoked fMRI analysis,imageswere normalized by scaling the baselineto 100. Linear regression analysis was applied to esti-
mate the hemodynamic response function. The beta estimates were used to indicate the amplitude of the BOLD response in the
beta maps.
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Definition of the individual vessel
Theindividualvesselvoxelsin A-Vmapwereidentified bythe followingalgorithm:theintensities ofarteriole/arteryvoxelsare higher
thanthe mean signalintensities plus two times the standard deviation (s.d.) of the local areaina5 3 5 kernel, while the intensities of
venule/vein voxels are lower than the mean signal intensities minus two times the s.d. of local area, as shown in Figure TA(Yu et al.,
2016). The locations of individual vessel voxels defined in the A-V map were employed to extract the time courses from BOLD/CBV
fMRI of individual vessels.
Resting state fMRI analysis
The preprocessing analysis was performed using a modified AFNI resting state fMRI processing protocol (afni_proc.py). The time
courses ofthevessel seedvoxels were chosenforcorrelation analysis. The vesselvoxels from both arteriole and venules were deter-
mined based onthe A-Vmap. The detailed image processing procedure utilized was described previously (Yuetal.,2016). Thenthe
3dTcorr1D functionin AFNIwas employed to generate the correlation map. In addition, ICA analysis was also performed to charac-
terize the vessel specific correlation maps with the Independent Component Analysis (ICA) Toolbox (GIFT 4.0, MIND Research
Network). The ICA toolbox employed principal component analysis (PCA) to realign the data at a lower dimensionality (or reduced
variance in a simplified dimensional space). ICAwas utilized to generate ten independent components using Infomax algorithms,
which specialize in the separation of super-Gaussian sources (Bell and Sejnowski, 1995). After the back reconstruction step, the
spatial maps and time courses of components were scaled using Z-scores. Finally, a RETROICOR algorithm (Glover et al., 2000)
was implemented to correct physiological motion effects (Figure S8).
Power spectrum analysis
Depending on dataformat, power spectrum analysis was performed in AFNI (image format) or MATLAB (text format).In AFNI,
a 3dPeriodogram function was utilized to compute the power spectrum of time courses in all individual voxels. Then the averaged
power spectral density was calculated in venule voxels or arteriole voxels, respectively (FFT length: 256, Figures S6B and S6D).
INnMATLAB,we employed FastFourier Transform (FFT) to calculate the power spectral density of the physiologic data (respira-
tion/pulse oximetry) (Figure S8F) and calcium data (Figure S6F). The calcium signals under light/deep anesthesiawere sampled at
1 Hz and calculated by Welch’s power spectral density estimate method (FFT length: 256, the overlap: 50%).
Coherence analysis
Previously, coherence analysis was implemented to identify the functional connectivity between different brain areas (Drew et al.,
2008;Wangetal., 2012). For this study, to investigate the interactions of paired vessels, coherence analysis was employed as an
indicatoroffunctionalinteractionsandindicatorof howwelltheseedvesselcorrespondstoothervesselvoxelsatdifferentfrequency
ranges. The definition of coherence s as follows: t t
tPyofb t2
Cohyofp=__
P, 0fPP,, ofP

where x indicates the fMRI signal from one seed vessel, y represents the fMRI time course from another vessel. Py dfb and Py, dfp
are the power spectral densities of x and y, respectively, and P,,6fb is the cross power spectral density of x and y. The coherence
was calculated by using Welch’s overlapped averaged periodogram method with FFT (256-pointlength) anda256 s Hamming win-
dow,whichdividesxandyintoequal overlappingsections (240-pointoverlap,>90%overlap). The frequencyresolution of coherence
is1/256s=0.0039 Hzwhich provides enough resolution to observe the slow frequency range.

The calcium data analysis

The calcium signalwas down-sampledtoone TR per sample. Next, zero-phase digital filtering (0.01 - 0.1 Hz) was employed to
obtain the slow fluctuation of the calcium signal (filtfilt function in MATLAB). In addition, a cross-correlation between the slow fluc-
tuation of the calcium signal and individual venules was performed using the MATLAB function xcorr (Figures 4Eand 4L). A
3ddelay function from the AFNI library was utilized to estimate the time lag map between the slow fluctuation of the calcium signal
with BOLD fMRIof venules (CC>0.25) (Figure 4C, inset) or CBV fMRIof arterioles (CC<-0.25) (Figure 4}, inset). Forthe spectro-
gram of the calcium signal, a function timefreq from EEGLAB (Delorme and Makeig, 2004) was employed to get the averaged
power of the spontaneous calcium spikes (Figures 5B and 6A). A time-varying power spectrogram of calcium signal was
computed by using the discrete Fourier transform with a sliding Humming window. The sliding window was 1000 ms without over-
lap to match one TR of BOLD fMRI data.

Immunohistochemistry

Afterthe conclusion of the fMRIexperiments, the rat braintissues were perfused using a 4% paraformaldehyde fixative. The tissues
were thentransferred the to 15%sucrose in PBS and keep overnightat 4°C. Next, the prefixed tissues were moved to 30%sucrosein
PBS. After sinking, thetissueswere stored at-80°Cuntil use. Thetissueswere also utilized to prepare coronal sequential brain
sections (30-mm thickness, -20°C using Leica CM3050S microtome). The sections were incubated overnight at 4°C with primary
antibodies: mouse anti-NeuN (1:200; Merck). Afterward, sections were washed five times with PBS and incubated for 60 min with
thesecondaryantibodies: goat anti-mouse conjugatedwith CY3 (1:500; Abcam). Finally, mounting medium with DAPI (VectaShield,
vector)was utilized to protect the fluorescence signal and reveal nuclei. The expression position of GCaMPwas confirmed by
colocalizationwith NeuN using afluorescence microscope (ApoTome, Zeiss).
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QUANTIFICATION AND STATISTICAL ANALYSIS

ApairedStudent’sttestwas performedtocomparethecoherencevaluesof pairedvenules/veins and paired arterioles/arteriesinthe
ratand human resting-state fMRI data. The data with error bars are displayed as the means + SEM. The pvalues <0.05 were consid-
ered statistically significant. The sample size for animal experiments was not previously estimated. The sample size for human ex-
perimentswas estimated based on the statistical parameters derived from the animal data using G* power analysis. No blindingand
randomization designwas needed inthis work.
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Movie legend

MovieS1: The seed-based bSSFP BOLD rs-fMRI in the anesthetized rat brain.
(Related to Figure 2)

The white arrow indicates the location of the seed (radius:150um). When the seed is
moved to dark dots (venulevoxels), most venule voxels are highly correlated but less
so for arteriole voxels.

MovieS2: The seed-based bSSFP CBV rs-fMRI in the anesthetized rat brain.
(Related to Figure 2)

The white arrow indicates the position of the seed (radius:150um). When the seed is
moved to bright dots (arteriolevoxels), most arteriole voxels are highly correlated but
less so for venule voxels.

MovieS3: The evoked BOLD fMRI signal with voxel-wise time courses in the
human brain. (Related to Figure 5)

With the visual stimulation (8Hz checker board stimulation), the voxel-wise BOLD
fMRI signal changes (leftpanel) are shown from 5x5 voxel matrix covering one
individual vein through sulcus (the dark voxel in the green square, middle panel). The
red cursor in the timecourse is corresponding to the color-coded BOLD functional
movie time (rightpanel).

MovieS4:The seed-based rs-fMRI in the human brain. (Related to Figure 5)

The white arrow indicates the location of the seed (radius:1mm). The seed-based
correlation maps by the resting-state fMRI demonstrates vein-dominated correlation

spatial patterns.

MovieS5: Vascular dynamic network connectivity using ICA Analysis in human
at restingstate. (Related to Figure 5)

The left panel exhibits the ICA-based correlation maps with the averaged EPI images
as the background (dark voxels as veins). The video demonstrates the highly
correlated venous voxels at multiple slices, showing a 3D vascular dynamic
correlation structure (Z-scores>1.5) through the main branches of the cerebral

vasculature.
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Sensory and optogenetically
driven single-vessel fMRI

Xin Yul, Yi He!, Maosen Wang!, Hellmut Merkle?,
Stephen ] Dodd?, Afonso C Silva? & Alan P Koretsky?

Magnetic resonance imaging (MRI) sensitivity approaches vessel
specificity. Wedevelopedasingle-vesselfunctional MRI(fMRI)
method to image the contribution of vascular components

to blood oxygenation level-dependent (BOLD) and cerebral
blood volume (CBV) fMRI signal. We mapped individual vessels
penetrating the rat somatosensory cortex with 100-ms temporal
resolution by MRI with sensory or optogenetic stimulation.

The BOLD signal originated primarily from venules, and the CBV
signal from arterioles. The single-vessel fMRI method and its
combination with optogenetics provide a platform for mapping
the hemodynamic signal through the neurovascular network with
specificity atthelevel ofindividual arterioles and venules.

MAIN TEXT

fMRI maps brain activity by means of tight coupling of hemo-
dynamic responses in the local vasculature to neural activityl.
However, this neurovascular coupling limits fMRI specificity,
because of the complexity of the hemodynamic response35-7.
Given the large voxel size (on the order of millimeters) and slow
acquisition time (on the order of seconds) of conventional fMRI,
detailed high-resolution hemodynamic responses are usually not
sampled?-4, The spatial discrepancy between the vascular origin of
the fMRI signal and the neural source that produces the vascular
response remains a concern for fMRI brain mapping.

Recently, high magnetic field strengths have made it possible
to acquire high-spatiotemporal-resolution fMRI images with
increased signal-to-noise ratios8®. These increased signal-
to-noise ratios have been used to improve spatial and/or temporal
resolution in order to localize BOLD signal to venules in the rat
somatosensory cortex10 and correlate a punctate pattern of CBV
signal to arterioles in the cat visual cortex!l. Furthermore, very
high-temporal-resolution fMRI has detected fMRI onset at
specific cortical layers coinciding with neural projection inputs®.
In human brains, layer-dependent fMRI signal was mapped by
gradient-echo BOLD and vascular space occupancy-based
CBV methodologies at submillimeter resolution!2. However,
no study has mapped the fMRI signal from individual vessels in
deep cortical layers with sampling rates sufficient to define the
response. Here we developed a strategy to enable direct
imaging of both arteriole and venule responses to neural activity
at 100-ms resolution.

BRIEF COMMUNICATIONS |

Previously, a conventional fMRI-echo-planar imaging (EPI)
method®® was used to characterize BOLD signal from distinct
vascular components in midcortical layers of the rat somatosen-
sory cortex10. One can map different vascular responses by CBV
fMRI with iron oxide—particle injection using the EPI method
(Supplementary Fig. 1 and Supplementary Note 1). Recently we
adapted a line-scanning scheme to the fast low-angle shot (FLASH)
fMRI method and achieved very high temporal resolution®?
(Supplementary Fig. 2). We used the FLASH fMRI method to
map BOLD and CBV fMRI signal from 2D slices acquired perpen-
dicular to the vessels penetrating the midcortical layers of soma-
tosensory cortex of anesthetized rats (Supplementary Figs. 3-5,
Supplementary Video 1 and Supplementary Note 1). In contrast
to the positive BOLD signal, which was mainly due to the increased
ratio of oxygenated to deoxygenated blood in venules, the negative
CBV signal was caused by activity-evoked vasodilation leading to
increased blood volume, more iron oxide particles, a shorter T2*
relaxation time and, therefore, less signal in the imaged vessels.
Vasodilation has been attributed to arterioles, and there are reports
of vein and venule dilation as well'*. In addition, changes in capil-
lary diameter could be a major contributor to or initiator of changes
in cerebral blood volume?s. To detect single-vessel responses driven
by sensory (i.e., electrical stimulation of the forepaw or whisker
pad) or optogenetic stimulation through a fiber optic directly tar-
geting the cortex, we used a multigradient-echo (MGE) sequence
to anatomically map individual arterioles and venules penetrating
the midcortical layers of somatosensory cortex. The blood flow
delineates vessels: unsaturated MRI signal from blood flowing into
aslice can be detected as brighter signal in vesselsi®. In this study,
the specific in-flow effect resulted in brighter signal in both arteri-
oles and venules compared with surrounding voxels (Fig. 1a). The
deoxygenated blood in venules has a shorter T2* than surrounding
tissues and arterioles, which leads to less signal only in venules at
longer TE (time to echo). Here arterioles and surrounding tissues
had a similar but longer T2*, and thus brighter signal, compared
with venules (Fig. 1a and Supplementary Fig. 6), consistent with
previous results’”. MGE images acquired at different TEs enabled
us to create an anatomical map of penetrating arterioles and venules
(A-V map) (Fig. 1b). Using the FLASH fMRI method, we were able
to detect both BOLD and CBV fMRI signal from the same 2D slice
for the A-V map. The peak BOLD signal overlapped primarily with
penetrating venule regions of interest (ROIs), and the peak CBV
signal overlapped primarily with penetrating arteriole ROIs (Fig. 1c
and Supplementary Videos 2-9). 3D and 2D plots of the vessel-
specific spatial distribution of BOLD and CBV fMRI signal as a
function of the normalized signal intensity of individual voxels
from the A-V map showed peak CBYV signal on arteriole voxels,
whereas the peak BOLD signal was on venule voxels (Fig. 1d,e
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Figure 1| Single-vessel fMRI overlaps with a
the A-V map. (a) 2D MGE slicesfromadeep
layer of the forepaw S1 cortex (1.0-1.5 mm,
left) at different TEs (representative images
from experiments with seven rats). (b) The

A-V map derived from the imagesin a.
Arterioles and venules appear as brightand
dark voxels, respectively. (c) Zoomed views
ofthe areaoutlined in b with venule and
arteriole ROIs highlighted, BOLD and CBV
fMRImaps ofthe same 2D slice, and overlap
(active voxels are in purple in overlap images).
(d) Distribution of BOLD and CBV signals as a
function of voxel normalized signal intensity
(Sl)in A-V maps (n=5, denoted by different
colorsof plotted points). (e) A2D plotof BOLD
and CBVfMRIsignalsfromindividualvoxels

as afunction of voxel signal intensity in

A-V maps (representative of one data set
fromd). (f) The spatial correlation (Corr.)
coefficients of BOLD and CBV functional maps
with represent the coefficients of individual rats
(n=5); mean £ s.e.m.). Significant differences
were noted betweenarteriolesandvenules
forboth signals (BOLD, P=0.00002; CBV,

P =0.0003; Student’s t-test). (g) The spatial
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correlation coefficients of the functional maps (BOLD versus CBV) and the single-vessel ROl maps (arteriole versus venule) (mean + s.e.m.). Gray dots
representthe coefficients of individual rats (n =5). Inaand c, scale bar applies to allimagesin the panel.

and Supplementary Video 10). The spatial correlation coefficient
of BOLD functional maps with venule ROl maps was significantly
higher than that with arteriole ROl maps, whereas the opposite was
true for CBV functional maps (Fig. 1f). Spatial correlation was neg-
ative for BOLD with arterioles and for CBV with venules. Negative
spatial correlation coefficients were also detected for BOLD versus
CBV functional maps and for arteriole versus venule ROI maps
(Fig. 1g), indicating that most of the BOLD responses came from
venules (in agreement with recent work0) and that most of the
CBYV responses came from arterioles!112, Thus the single-vessel
method made it possible to identify the hemodynamic signal from
individual arterioles and venules.

The discovery of channelrhodopsin 2 (ChR2) as a light-sensitive
cation membrane channel has made it possible to control neural
activity optogenetically by targeting specific cell types in neural cir-
cuits'819, Optogenetics has been used to initiate fMRI signals?. The
temporal and spatial features of the hemodynamic signal evoked by
optogenetic stimulation were assessed by optical measurement of
oxygenated versus deoxygenated hemoglobin in the somatosensory
cortex?L, as well as with BOLD fMRI2223 although not at the single-
vessel level. To determine whether the hemodynamic features of
such fMRI signals are similar to those of signals evoked with more
physiological stimulation, we optogenetically evoked neural activity
with a fiber optic inserted into rat whisker barrel cortex expressing
ChR2 (Fig. 2a). Recordings of the local field potential indicated
robust responses upon optical stimulation (Supplementary Fig. 7).
We mapped BOLD and CBYV signal with EPI-fMRI in the region
close to the tip of the fiber optic (Fig. 2b and Supplementary Fig. 8)
and aligned the A-V map to specify individual arterioles and
venules near the tip (Fig. 2c¢). The light-driven BOLD signal was
located primarily at venule voxels, whereas the CBV signal was
located primarily at arteriole voxels (Fig. 2d and Supplementary
Videos 11 and 12). The average time courses of BOLD and CBV

signal from venule and arteriole ROIs showed similar temporal
patterns with both sensory and optogenetic stimuli (Fig. 2e,f).

To quantitatively compare optogenetically activated and sensory-
evoked hemodynamic signals, we fit BOLD and CBV signals from
individual arterioles and venules to estimate the onset time (tp), the
time to peak (ttp) and the full-width at half-maximum (FWHM)
(Supplementary Figs. 9-11). The CBV signals of individual arte-
rioles showed earlier onset (tp) and ttp than did the BOLD signals
of individual venules for both sensory stimulation and optogenet-
ics (Fig. 3a and Supplementary Fig. 9). However, there were a few
very early BOLD responding venules and a few arterioles with late
onset of CBV signal (Supplementary Fig. 12 and Supplementary
Note 1). We analyzed the BOLD signals from individual arterioles
(Supplementary Fig. 10) and the CBV signals from individual
venules (Supplementary Fig. 11) to characterize specific vascular
contributions to BOLD and CBV fMRI signal, respectively (dis-
cussed in Supplementary Note 1). The to, ttp and FWHM plots of
the single-vessel BOLD and CBYV signals readily separated into dis-
tinct clusters of arterioles and venules (Fig. 3b,c and Supplementary
Videos 13 and 14). The temporal parameters of the optogenetically
activated fMRI signal showed little difference in comparison to the
sensory stimulation—evoked fMRI signal acquired via either 11.7-T
or 14-T MRI (Supplementary Fig. 13 and Supplementary Table 1;
Student’s t-test). Thus, the temporal features of hemodynamic signal
propagating through the cerebrovascular network were similar for
optogenetic and sensory stimulation—-evoked neural activity.

Two-photon microscopy is increasingly used to image vessels in
the cortex?4-26, The single-vessel fMRI method has three potential
benefits as compared to optical imaging. First, we were able to detect
fMRI signal from individual penetrating vessels in midcortical layers.
Using this strategy, it should be possible to map single vessels located
in subcortical brain regions such as the hippocampus. Second, it
is possible to use the full range of MRI techniques to enable
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Figure 2| Optogenetically induced fMRI

signal from single vessels penetrating the
barrel cortex. (a) Overview of optogenetically
driven single-vessel fMRIand a histological
section (from the boxed area in b) showing
ChR2 expression. The blue arrows show the
icentry point; the black arrow points
outapenetrating vessel. The yellow rectangle
encloses the area imaged by single-vessel fMRI.
Images are representative of experiments with
nine rats. (b) Top left, T2*-weighted (T2*-W)
image with the fiber optic inserted into

the barrel cortex. Topright, overlay ofthe
optogenetically induced fMRI signal on the
T2*-weighted image. The average time course
from the indicated cortical area (bottom)
shows corresponding fMRI signal changes

with the block-design paradigm (illumination:
5s0n/30s off, 5epoch, 20-ms light pulse,
10Hz,3.2mw).(c) A-Vmapwithvenule
(bright) and arteriole (dark) voxels. The dark
areainthe centerindicates the position of the
fiber optic. The green box outlines the area
shownind. (d) Venule and arteriole ROIs on
the A-V maps (left) , BOLD and CBV fMRI maps
(cenier) and overlap (BOLD, top; CBV, bottom).
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(e) Theaverage BOLD and CBV fMRItime courses fromindividual arterioles and venules after sensory stimulation of the forepaw. (BOLD, n=7rats; CBV,

n =5rats; all ROIs were averaged for each rat. The mean values shown are of the averages for all rats in each group; gray region denotes error (s.e.m.).)
(f) The average BOLD and CBV fMRI time courses from individual arterioles and venules driven by optogenetic stimulation of the barrel cortex (n =4 rats;
grayregiondenotes error (£s.e.m.); illumination: 20ms, 10 Hz, 3.2 mw (light pulse onfor2 s)). Inb and d, scale bar applies to allimagesin the panel.

coregistration of anatomy, connectivity and fMRI in order to obtain
complementary information. It might even become possible to
extend the single-vessel mappings to the human brain as sensitivity
increases with the emerging high-field MRI. Third, fMRI can be
performed without any invasive procedures on animal subjects, as
opposed to optical imaging, which requires window or thin skull
preparations and possibly the insertion of optical equipment into
the brain. Moreover, the fMRI signal could be acquired with
temporal resolution similar to that of optical microscopy. In the
current study we acquired data at a 100-ms temporal interval,
which represents a sampling rate similar to that of optical brain
imaging methods, in which the temporal resolution ranges from
9-18 Hz for fields of view on the submillimeter scale.

A question that arose during this work was how well individual
penetrating arterioles and venules were characterized in the
cortex. The average distance between venule voxels measured in
the present work was 372 + 33 um, and that between arterioles
was 286 + 15 um (mean + s.e.m.). These values are in agreement
with the known spacing of these vessels, indicating that the major-
ity of penetrating vessels were detected?5. The established size of
penetrating vessels separated by a few hundred micrometers
ranges from 30 to 70 um (ref. 26). We acquired the A-V map with
an in-plane resolution of 75 x 75 um or 50 x 50 um, which is
close to the mean size of the main penetrating vessels (Fig. 2 and
Supplementary Fig. 8). The brightest voxels of A-V maps were
usually detected within a 2 x 2 voxel matrix, implying that the
in-flow effect was sufficient to highlight individual arterioles
smaller than the voxels. Darker voxels representing penetrating
venules were larger than the actual venules because of the
extravascular dephasing effect of deoxygenated hemoglobin in
venule blood?”. Different vessel sizes with potentially different
orientation angles probably led to variation in the signal intensity

of vessel voxels. The arterioles and venules were identified on the
basis of a nearest-neighbor variation analysis; however, it is likely
that some smaller penetrating vessels were not identified. It is
important to note that in this study, “single vessel” refers to the
arteriole or venule voxels in the A-V map that could be detected
under the imaging condition used.

This work shows that the peak BOLD signal aligned with venule
voxels and the peak CBV signal aligned with arteriole voxels. The tg
and ttp of the CBV signal from arterioles was comparable to the
temporal-onset estimates of arteriole dilation detected with
two-photon microscopy at a 0.5-mm cortical depth?. This obser-
vation was also consistent with BOLD and CBV studies performed in
cats!® and humans!2 to show the early onset of CBV signals. The mean
toof BOLD signal in venules (0.96 +0.04 s, mean +s.e.m.) was slightly
faster than what was previously reported for macrovenules detected by
EPI-fMRI methods!®. In a previous study, Hutchinson et al.
measured?4 the transit time (calculated using the time to half-
maximum (1)) from surface arterioles to venules as 0.8-1.2 s with
two-photon microscopy. The average transit time estimated in the
present study was ~0.8 s on the basis of the mean time-to-peak
difference from arteriole CBV to venule BOLD signal in the mid-
cortical layers (Supplementary Note 1). The MRI-defined transit
time was on the lower end of the range of transit times measured by
optical microscopy?4, which may be explained by differences in the
induction of vessel dilation, in the imaged capillary network and in the
definition of transit time. The estimated transit time based on
comparison of arteriole and venule fMRI signals illustrates that
vessel-specific hemodynamic signal propagation can be measured
with the single-vessel fMRI method.

In conclusion, we were able to characterize distinct arteriole CBV
and venule BOLD signals with 100-ms temporal resolution. The
vascular kinetics of light-driven and sensory-evoked fMRI
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Figure 3| Temporal features of sensory and optogenetically driven BOLD and CBV fMRI signals fromindividual arterioles and venules. (a) A-V maps of
individual arteriole (red) and venule (blue) voxels, to maps and ttp maps of arepresentative rat, each for either sensory stimulation (n =5rats) or
fiber optic-mediated optical stimulation (n=4rats). (b) 3D plots oftg, ttp and FWHM of sensory-evoked fMRI signal fromindividual arteriole (n=61,
r2>0.4) and venule (n =69, r2>0.5) voxels (n =5 rats) and of light-driven fMRI signal from individual arteriole (n = 33, r2>0.3) and venule (n = 37,
r2>0.35) voxels (n=4rats). (c) Distribution of the number of venule (blue) and arteriole (red) voxels with different to, ttp and FWHM in rats with
sensory stimulation (n=>5) or fiber optic-mediated optical stimulation by optogenetics (n=4rats).

signals in the deep cortical layers were similar, consistent with
previous optogenetic fMRI studies?223, which we extended to the
single-vessel level in the present study. The single-vessel fMRI method
and its combination with optogenetics should enable researchers to
decipher individual vascular coupling events in the neuron-glia-
vessel network in both normal and diseased brain states.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
onlineversion ofthe paper.
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ONLINE METHODS
MRI image acquisition. All images were acquired with an 11.7
T/31 cm and 14.1 T/26 cm horizontal bore magnet (Magnex)
interfaced to an Avance Ill console (Bruker) and equipped with a
12-cm gradient set capable of providing 100 G/cm with a rise
time of 150 us (Resonance Research). For the 11.7-T scanner, a
custom-built 9-cm-diameter quadrature transmitter coil was
placed in the gradient. Surface receive-only coils were used during
image acquisition. For the 14-T scanner, a transceiver surface coil
with a 6-mm diameter was used to acquire fMRI images.
Line-scanning fMRI. A 2D FLASH sequence was used to map the
fMRI signal with the following parameters: TE, 4 ms (CBV) or 16 ms
(BOLD); repetition time (TR), 100 ms; matrix, 80 x 32 (11.7 T)
or 96 x 64 (14 T); in-plane resolution, 150 x 150 um (11.7 T)
or 100 x 100 um (14 T); slice thickness, 500 um; flip angle, 20°. As
previously described®?, the single k-space line was acquired for
each image of the block-design stimulation pattern. The on/off
stimulation trials were repeated for the number of phase-encoding
steps (Supplementary Fig. 2). The field of view (FOV) along the
phase-encoding direction was aligned to cover the deep layers of
the cortical regions of interest (Supplementary Fig. 2b) as
previously described!®. To reduce the potential aliasing effect
along the phase-encoding direction, we used two saturation
slices to nullify the signal out of the FOV as previously established
for line-scanning fMRI®. The 2D FLASH slice image was recon-
structed from the reshuffled k-space data with a 100-ms sampling
rate®. As described previouslyl?, the in-flow effect contributes
little to the BOLD signal detected from individual venules. For
CBV fMRI signal, the in-flow effect from blood with a high
concentration of iron oxides would likely be negligible.
Single-vessel MGE imaging. To detect individual arterioles and
venules, we used a 2D MGE sequence with the following parame-
tersfor11.7T:TR,30ms; TE, 1.8,4.3,6.8 or 9.3 ms; flipangle, 50°;
matrix, 160 x 128; in-plane resolution, 75 x 75 um; slice thickness,
500 um. The following parameters were used for 14 T: TR, 50 ms;
TE, 2.5,5,7.5,10,12.50r 15 ms; flip angle, 40°; matrix, 192 x 128;
in-plane resolution, 50 x 50 pm; slice thickness, 500
um. A single-vessel map is acquired by averaging of the MGE
images acquired from the second echo to the forth echo, where
the venule voxels show as dark dots because of the fast T2* decay
but arteriole voxels remain bright owing to the in-flow effect.
EPI fMRI. For the EPI sequence, FASTMAP shimming, adjust-
ments to echo spacing and symmetry, and Bg compensation were
set up first. Using the single surface coil, we ran a single shot
sequence with a 64 x 64 matrix with the following parameters:
effective TE, 18/9.6 ms; TR, 0.8 s; bandwidth, 138/300 kHz; flip
angle, 45°; in-plane resolution, 150 x 150; slice thickness, 500 pm.
A 3D gradient-echo EPI sequence with a 64 x 64 x 32 matrix was
run with the following parameters: effective TE, 16 ms; TR, 1.55;
bandwidth, 170 kHz; flip angle, 12°; FOV, 1.92 x 1.92 x 0.96 cm.
For fMRI studies, we placed electrodes on the forepaw or
whisker pads of rats to deliver a 2.0-mA pulse sequence (300-us
duration repeated at 3 Hz) via an isolated stimulatorl® (A360LA,
WPI). For optical stimulation, we used a 473-nm laser (CNI,
China) with a built-in FC/PC coupler to deliver the light pulse.
The light pulse was triggered through an analog module to deliver
optical stimulation with different durations ranging from 0.3 ms
to 20 ms. The multimode optical fiber was 200 um (FT200EMT;
ThorLabs). The light power from the fiber tips was calibrated using
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optical power meters (PM20A; ThorLabs) and was controlled from

0.3 to 10 mw. The power levels used for light-driven fMRI studies
(2 sor5s, 10 Hz, 20-ms light pulse, 3.2 mw) did not induce
pseudo-BOLD signal due to heating effects, as shown by testing
in cortical regions both without and with ChR2 expression after
the rats died.

The 2D slice covered the forepaw and barrel S1 areas as defined
by the Paxinos atlas?8. The horizontal slice angle was set at 15° and
40°, and the center of the slice was positioned 1 mm from the cor-
tical surface to cover layers 4 and 5. For FLASH fMRI, the forepaw
and whisker pad stimulation experiment consisted of 60 dummy
scans to reach steady state followed by 10 prestimulation scans,
20 scans during electrical stimulation, and 100 scans after
stimulation (a total of 13 s for each on/off epoch for three times).
The total time for each trial was 42 min. Each trial was repeated
three or four times for both BOLD and CBV fMRI mapping. After
the second trial for the CBV fMRI study, a small dosage of iron
oxide particles (3—4 mg/kg) was injected to compensate for the
potential washout of iron particles from the blood. The single-
vessel map was acquired at the same slice orientation for further
imaging registration. For EPI-fMRI, the forepaw and whisker
stimulation experiment consisted of 10 dummy scans to reach
steady state followed by 10 prestimulation scans, 3 scans during
stimulation and 12 interstimulation scans for 8 epochs
or 20 prestimulation scans, 5 scans during stimulation and 20
inter- stimulation scans for 5 epochs. The pulse sequence-based
trigger and stimulation control was established using the BioPac
system (Goleta, USA) and AD instruments (Oxford, UK).

Animal surgeries. All animal work was performed according to
the guidelines of the Animal Care and Use Committee and the
Animal Health and Care Section of the National Institute of
Neurological Disorders and Stroke, National Institutes
of Health (NIH; Bethesda, MD, USA), and the protocol was
approved by the Animal Protection Committee of Tuebingen
(Regierungsprasidium Tuebingen). A total of 24 male Sprague-
Dawley rats were imaged at 2-3 months of age. Eight rats were
imaged under 11.7 T (both BOLD and CBV FLASH fMRI data
with A-V maps were acquired from five of eight rats) at NIH,
seven rats were imaged under 14 T at the Max Planck Institute
(both BOLD and CBV FLASH fMRI data with A-V maps were
acquired from four of seven rats), and nine rats were imaged for
optogenetic studies (both BOLD and CBV FLASH fMRI data with
A-V maps were acquired from four of nine rats). The number of
animals to be used was calculated by a power analysis with
parameters acquired from our previous studies®10. If a rat died
during an fMRI experiment, the data acquired for that rat were
not included in the statistical analysis.

Animal preparation for fMRI. The detailed procedure is
described elsewhere?®. Briefly, rats were initially anesthetized with
isoflurane. Each rat was orally intubated with a mechanical ven-
tilator throughout the surgical and imaging procedures. Plastic
catheters were inserted into the right femoral artery and vein to
allow monitoring of arterial blood gases and administration of
drugs (anesthetics and iron oxide particles). After catheterization,
all rats were given an i.v. bolus of a-chloralose (80 mg/kg).
Isoflurane was discontinued after 3-5 min. Constant infusion of
a-chloralose was set with a rate of 26.5 mg/kg/h. The rats’ rectal
temperature was maintained at ~37 °C while they were in
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the magnet. Rats were secured in a head holder with a bite bar to
prevent head motion. All relevant physiological parameters, such
as end-tidal CO5, rectal temperature, heart rate, and arterial blood
pressure, were continuously monitored during imaging. Arterial
blood gas contents were checked regularly, and adjustments were
made by tuning respiratory volume or administering sodium
bicarbonate to maintain normal pH levels when required. An i.v.
injection of pancuronium bromide (4 mg/kg) was administrated
to reduce motion artifacts upon request. BOLD and CBV fMRI
were performed on a-chloralose anesthetized rats. CBV fMRI
was performed directly after BOLD fMRI. CBV-weighted signals
were obtained after intravenous administration of 15 mg of Fe/kg
dextran-coated iron oxide (Biopal, MA).

Viral vector injection and fiber optic implantation. The viral
vectors (AAV5.CaMKIla.hChR2 (H134R)-eYFP.WPRE.hGH)
were obtained from the University of Pennsylvania Vector Core.
Three- to four-week-old rats were injected with 200 nl of original
viral vector solution in the barrel cortex with stereotactic coordi-
nates: bregma, —2.35 mm; lateral, —4.8 mm; and ventral, 1.5 and
0.7 mm. For the stereotactic injection procedure, rats were initially
anesthetized with isoflurane. A small burr hole was drilled after
the skull was exposed. A nanoliter injector (WPI, FL) was used to
place the 35-gauge needle at the proper coordinates in the stere-
otactic frame. Injections were performed slowly over 5-6 min,
and the needle was slowly removed after being kept in the injec-
tion site for 10 min after the end of the injection. Within 5-6 weeks
after the viral injection, a 200-um fiber optic was inserted into
the rat barrel cortex at stereotactic coordinates: bregma, —2.7 mm;
lateral, —=5.1 mm; ventral, 1.3 mm; tilt, 4°. The fiber optic was
glued to the skull, and the skin around it was sutured after the
glue had solidified (20-30 min).

In vivo electrophysiological recordings: Rats were placed in a
stereotaxic frame for the in vivo recordings under similar
anesthesia and surgical procedures to the fMRI experiments. The
200um fiber optic was first inserted to target the barrel cortex
previously injected with AVV viral vectors. The electrodes
(Plastics One Inc, Roanoke, VA) was positioned to the barrel
cortex (Bregma -2.7, lateral —5.1, and ventral 0.8 mm, tilt 5-6°).
The intact whisker pad was electrically stimulated at 2.0mA (3Hz,
300ps) by an isolated stimulator (A360LA, WPI). Or, the barrel
cortex was directly activated by the light pulse exposure
(0.3-20ms, 1, 3Hz, 10Hz, and 0.3 to 20mw). Stimulation trigger
were delivered through the M150 Biopac system using the
STM100C stimulator module with 10K sampling rate. The evoked
potential was acquired through the EEG module of the Biopac
system (gain factor: 5000, the band-pass filter 0.1-100 Hz). Mean
profiles of evoked potential responses were subsequently obtained
by averaging over the entire series with a time-window step of
300ms (synchronized to the start of a stimulation pulse).
AcgKnowledge software package (Biopac Systems) was used to
calculate the averaged profiles of evoked potential responses.

Animal perfusion and brain slice microscopic imaging:
Immediately after the fMRI imaging, rats were deeply
anesthetized with sodium pentobarbital (60mg/kg, per rat,
subcutaneous admin- istration)). Then, animals were secured
dorsally, and an incision was made along the chest. The heart was
exposed, by incising through the rib cage and diaphragm. The left
ventricle was be punctured with a sterile catheter, the right atrium
was cut to allow fluid to drain, and heparanized saline was fed into
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the heart with a
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perfusion pump. After the saline, 4% paraformaldehyde, 10% buff- ered
formalin was fed into the heart. After perfusion, the brain was carefully
extracted from the skull and frozen. A 30-pm brain slice was cut from the
frozen rat brain using a cryostat (Leica-CM1860, Wetzlar, Germany). The
floating slice was mounted on a glass slide with a coverslip. Fluorescent
imaging was done using a Zeiss Axio Imager 2 (Zeiss, Gottingen,
Germany).

Image processing and statistical analysis. Data analysis for both
FLASH and EPI-fMRI data was performed using Analysis of
Functional Neurolmages (AFNI) software (NIH)30. The relevant
source codes can be downloaded at http://afni.nimh.nih. gov/afni/. A
detailed description of the processing is provided elsewherel®,

The FLASH fMRI data stored in the k-space format (Supplementary
Fig. 2) were first reshuffled with a Matlab script for reconstruction
using the built-in function of the Bruker Paravision software. For the
AFNI analysis, a 2D registration function was first applied to register
the reconstructed FLASH images to a template for multiple data sets
acquired with the same orientation setup. To register the FLASH fMRI
images with the single-vessel maps, we used the tag-based registration
method. Ten to twelve tags were chosen from venule voxels distributed
around the 2D slices of FLASH and single-vessel images. We nor-
malized all time-series FLASH fMRI images by scaling the baseline
images to 100. Multiple trials of block-design time courses were
averaged for each animal. No smoothing procedure was included in the
image-processing steps so that the single-vessel fMRI signal could be
determined from the high-resolution FLASH fMRI images. The
hemodynamic response function (HRF) was derived via linear
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regression using a tent function.

(1= |x]for—1< x<1
f(x)_{Ofor x| >1

The tent function is also called “piecewise linear spline”, which is
used for deconvolution of the HRF response with magnitude
estimated as beta coefficient.

n

HO = Y (B
k=0
Or,

H(O = Bo X T(t/L) + By X T((¢ = L)/L) + B X T((t = 2L)/L)
+o+ B X T((t — kL)/L)

Here H(t) is the HRF response, K is the total number of tent para-
metric fittings, f is the response (tent height) at time t = kL after
stimulation, and L is the tent radius (L can be equal to TR). The
value of gwas calculated to estimate the amplitude of the fMRI
response at each TR (L = TR). The voxel-wise S-map is presented
to illustrate the spatial pattern of the fMRI response at different
time points after the stimulus onset.

The individual arterioles and venules were characterized on the
basis of the signal intensity of the voxels detected in the single-vessel
map. We created the single-vessel map by averaging the MGE
images from the second echo to the forth echo. The individual
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vessel voxels were determined on the basis of their signal inten-
sity, interpreted as either higher (arterioles) than the mean signal
intensity plus two times the s.d. or lower (venules) than the mean
signal intensity minus two times the s.d. of the local area ina 5
x 5 kernel3! (Supplementary Fig. 6a). A 3dLocalstat function
from the AFNI library was used to normalize the signal intensity
of single-vessel maps. This allowed us to plot the BOLD and CBV
S-values of all voxels to the normalized signal intensity of A-V
maps (Fig. 1d,e). In addition, we performed a 2D spatial cor-
relation between the single-vessel maps and the corresponding
BOLD and CBV fMRI functional maps using the Matlab script
corr2. The fMRI onset profile was determined on the basis of the
full hemodynamic response function. As previously reported, a
two-gamma-variate fitting step was applied to estimate the onset
time from the averaged and normalized fMRI signal®30:32,

x \P x\"
== -x/0) —_p (= (r=(x/s))
f(x)=a (pq> X e b (rs) X e

where x is the variable and a, p, g, b, r and s are the coefficients
for the two-gamma-variate function.
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The two-gamma-variate function with optimized coefficients was fit
to the hemodynamic responses of individual voxels. The fitting
curve was plotted with the raw BOLD and CBV hemodynamic sig-
nals from individual vessels (Fig. 3 and Supplementary Figs. 9-12).
The mean r2 value for each individual fitting of venule BOLD and
arteriole CBV signal is shown for individual rats in a scatter plot
(Supplementary Fig. 13). The ttp and FWHM were estimated from
the fitting function. The onset time was derived from a tg coefficient
from the modified two-gamma-variate function (3dNLfim function
with ConvDiffGram module), which showed a reliable estimate of
the hemodynamic signal onset in comparison to the noise
threshold—based onset estimates®.

Finally, Student’s t-test was performed for group analysis; error
bars indicate the standard error of the mean in graphs. No
blinding design was needed in this work.

28. Paxinos, G. & Watson, C. The Rat Brain in Stereotaxic Coordinates 6" edn.
(Academic Press, 2006).

29. Yu, X. et al. Neuroimage 49, 1667-1676 (2010).

30. Cox, R.W. Comput. Biomed. Res. 29, 162-173 (1996).

31. Qian, C. et al. Am. J. Physiol. Renal Physiol. 307, F1162-F1168 (2014).

32. Madesen, M. Phys. Med. Biol. 37, 1597-1600 (1992).
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Supplementary Figure 1
BOLD and CBYV functional maps showing EPI versus line-scanning FLASH fMRI.

A. Colored BOLD and CBYV functional maps are shown in the highlighted window (green frame) of the
raw EPI images (representative of 3 rats). B. Colored BOLD and CBYV functional maps are shown in
the highlighted window (green frame) of the raw FLASH images (representative of 5 rats). C and D.
The BOLD (red) and CBV (blue) fMRI time courses were averaged from the sparsely distributed
voxels with B values at thresholds (BOLD, $ = 5; CBV, B < -5, meantSD).
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Supplementary Figure 2
The line-scanning—based FLASH fMRI method.

A. The overall view on the k-space acquisition of the FLASH-fMRI method. At each trial of the block-
design experiment (red line), one k space line was acquired for each image. The k space for each
image was filled with one line at each trial. Experimental trials were repeated for the number of
phase-encoding steps (N=32/64). B. The k space map was reconstructed to produce the 2D image,
which was located at the deep layer cortex (1.0mm to the cortical surface) covering the primary
somatosensory cortex.
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BOLD signal (B)

Supplementary Figure 3

Time-lapsed BOLD fMRI images with line-scanning fMRI.

The grey-scale BOLD functional maps are shown as the function of time at every 100ms from Os to
2s following the stimulus onset. The raw image is shown in the upper left corner.
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CBV signal (B)

Supplementary Figure 4
Time-lapsed CBV fMRI images with line-scanning fMRI.

The grey-scale CBV functional maps are shown as the function of time at every 100ms from 0s to 2s
following the stimulus onset. The raw image (after iron injection) is shown in the upper left corner.
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Supplementary Figure 5

A. BOLD and CBYV functional maps from the 2D anatomical image (T2*w) in gray-scale (middle) and
color-scale (right; BOLD, red; CBV, green, inversed). B. The BOLD and CBV functional color-maps
overlapped with the sparsely distributed active voxels in the same 2D slice (left). Both enlarged
functional maps were overlapped on the anatomical T2*W images (right).
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Supplementary Figure 6
The detection of individual penetrating arterioles and venules in the deep layer cortex.

A. The representative A-V map from 6 rats. The individual venules are shown as dark voxels (blue
crosses). The individual arterioles are shown as bright voxels (red circles). B. The signal intensity of
the venule (23) and arteriole (25) voxels was plotted as the function of different TEs from 2.5ms to
15ms (one representative rat from A. C. The averaged signal intensity of all venule and arteriole
voxels was plotted as the function of different TEs (n=6, rats, mean=SEM).
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Supplementary Figure 7
The light-driven local field potential (LFP) by optogenetics.

A. The LFP trace by optical stimulation (upper panel: 1ms light pulse, 3Hz, 10mw; lower panel, 20ms
light pulse, 1Hz, 10mw). B. The averaged LFP driven by 1ms light pulse at different power (0, 0.3,
1.2, 5, 10, 20 mw) and by electrical stimulation of the whisker barrel (2.0mA, 3Hz, 0.3ms, red dotted
line). C. The averaged LFP driven by light pulse at different duration (0.3, 1, 5, and 20ms; 3Hz,

10mw).
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Supplementary Figure 8

Light-driven BOLD and CBV fMRI signal acquired by EPI methods.
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A. The T2*-weighted images with the fiber optic inserted to target the barrel cortex in two consecutive
slices. B. The colored BOLD fMRI maps show the most active voxels close to the fiber tip (upper
panel) with anatomical image overlay (lower panel). C. The colored CBV fMRI maps show the most
active voxels close to the fiber tip after iron oxide particle injection (upper panel) with anatomical
image overlay (lower panel). D. The voxel-wise BOLD fMRI time courses (2s on/ 20s off, 8 epochs)
plotted in a 3x3 matrix (the voxel position is shown in the colored BOLD-fMRI map, left). E. The voxel-
wise CBV fMRI time courses (2s on/ 20s off, 8 epochs) plotted in a 3x3 matrix (the voxel position is

shown in the colored CBV-fMRI map, left).
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Supplementary Figure 9

The BOLD and CBV fMRI signal from individual arterioles and venules under 14.1 T.

A. A representative A-V map from 4 rats. The individual arteriole and venule voxels were detected
with different signal intensity (venule voxels, blue; arteriole voxels, red). B. The BOLD fMRI time
courses (raw data and fitting curves) from individual venule voxels(upper panel) and the CBV fMRI
time courses (raw data and fitting curves) from individual arteriole voxels (lower panel). C. The fMRI
onset time (t0) maps (left panel) and time-to-peak (ttp) maps (right panel) of a representative rat. D.
3d plots of the onset-time (t0), time-to-peak (ttp), and full-width-of-half-maximum (FWHM) of fMRI
signal from individual arteriole (red diamonds, 39, r*>0.4) and venule (blue circles, 63, r>>0.5) voxels
from 4 rats. E. Distribution of number of venule (blue) and arteriole (red) voxels with different t0, ttp
and FWHM.
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Supplementary Figure 10
The BOLD fMRI signal from individual arterioles and venules.

A. The BOLD fMRI time courses (raw data and fitting curves) of two representative rats from total 5
rats (venules, upper panel; arterioles, lower panel). B. 3d plot of the onset-time (t0), time-to-peak
(ttp), and full-width-of-half-maximum (FWHM) of fMRI signal from individual arteriole (red circles, 41,
r>>0.4) and venule (blue circles, 71, r*>0.5) voxels from 5 rats. C. Distribution of the number of
venule (blue) and arteriole (red) voxels with different t0, ttp and FWHM.
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Supplementary Figure 11
The CBV fMRI signal from individual arterioles and venules.

A. The CBV fMRI time courses (raw data and fitting curves) of two representative rats from total five

rats (arterioles, left; venules, middle, r*>0.2, right, r* <0.2). B. 3d plot of the onset-time (t0),
time-to-peak (ttp), and full-width-of-half-maximum (FWHM) of fMRI signal from individual arteriole

(red diamonds, 59, r>>0.4) and venule (blue circles, 35, r>>0.2) voxels from 5 rats. C. Distribution
of number of venule (blue) and arteriole (red) voxels with different t0, ttp and FWHM.
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Supplementary Figure 12
The spatial and temporal characterization of the outlier vessel hemodynamic signal.

A. The A-V maps of two representative rats (red arrows for venule outliers, yellow arrows for arteriole
outliers). B. The onset-time (t0) based A-V maps showed the BOLD t0 values of different venules and
CBV t0 values of different arterioles of two representative rats (the outlier vessels are marked in
numerical numbers). C. The time course of the hemodynamic signal from the outlier vessel voxels
and their fitting curves. D. The scatter plot of the venule BOLD (left, dots, green line: 0.7s) and
arteriole CBV (right, diamonds, green line: 0.9s) t0 values with the fitting r? values (rat #1, yellow
borders, rat #2, blue borders).
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Supplementary Figure 13
Group analysis of BOLD and CBV fMRI signals from individual vessels.

A. The averaged onset time(t0), time-to-peak (ttp), and full-width-of-half-maximum (FWHM) from
arteriole CBV signal (red) and venule BOLD signal (blue) acquired from 11.7T (top panel; n=5; *
p=0.002; & p=0.00001, # p=0.002), 14.1T (middle panel, n=4; * p=0.002; &, p=0.0006; # p=0.01), and
driven by optogenetic method under 14.1T (bottom panel; n=4; * p=0.01; & p=0.002, # p=0.04. B. The
averaged r? values of all individual vessels were plotted for each rat of two experiments (11.7T:
green, n=5, 14.1T: yellow, n=4; optogenetics: dark, n=4; error bar is +SEM). Students’t-test was
used for statistical analysis.
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Supplementary Table

] . Full width of
. Onset time Time-to-Peak .
MR Scanner Experiments Vessels half Maximum
(t0) (ttp)
(FWHM)
Sensory input | Venules | 0.96+0.04s @ 2.82+0.04s | 2.90+0.07s
11.7T

(n=5) Arterioles | 0.72+0.02s @ 2.02+0.03s | 2.26+0.11s

Sensory input | Venules | 1.03+0.05s @ 3.08+0.07s | 2.83+0.10s

(n=4) Arterioles | 0.63+£0.03s | 2.29+0.03s 2.27 +0.11s

14T

Optogenetics | Venules | 0.99+0.06s | 3.10+0.11s = 2.91+0.22s

(n=4) Arterioles | 0.67£0.01s | 2.07+0.05s @ 2.25+0.08s

Supplementary Table 1. The mean tO, ttp and FWHM of hemodynamic signal evoked
by sensory stimulation and optical stimulation with optogenetics. The values are mean

+ SEM.
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Supplementary Note
Supplementary results

In Supplementary Figure 1, cerebral blood volume (CBV) fMRI signal was acquired with
EPI, after injecting iron oxide particles, to compare to BOLD signal. In the mid-cortical layers
mapped with the same slice orientation, the most active CBV voxels did not overlap with active
BOLD voxels, which were previously assigned to the penetrating venules (Supplementary Fig
1A). This preliminary result indicated that CBV signal originated from different vascular
components than the BOLD signal from mid-cortical layers of somatosensory cortex. However,
there are limitations to distinguishing vessel-specific BOLD and CBV signals using the long
echo train of EPI due to image distortion. In addition, the short TR to get high temporal sampling
leads to low signal-to-noise ratios (SNR) with long TE after the injection of iron oxide particles.
To overcome these limitations, a single k-space line scanning technique was used to build up
high resolution anatomical and functional images?.

Here, the line-scanning based FLASH-fMRI method was used to map BOLD and CBV
fMRI signal from a 2D slice perpendicular to the vessels penetrating the mid-cortical layers of
somatosensory cortex (Supplementary Figure 2, Supplementary video 1). The short TE (~4ms)
used for detection of CBV with iron oxide particles reduced the field distortion by the iron particles
in the blood to get more accurate anatomical images. This short TE remains sensitive to T2*-
weighted signal changes at the high field used. The CBV and BOLD signal can be mapped directly
onto the anatomical images due to less distortion from the FLASH acquisition as compared to the
EPI images (Supplementary Figure 3, 4). The spatial pattern of the most active CBV voxels was
clearly separated from the most active BOLD voxels from penetrating venules(Supplementary
Figure 5). However, the anatomical source of the active CBV voxels has not been clarified. This
work motivated us to develop the single-vessel fMRI method to clearly map the fMRI signal from

individual arterioles or venules penetrating the deep layer cortex.
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The detailed discussion of the vessel-specific hemodynamic signal detected by
single vessel fMRI method.

An issue for this work is how to best extract individual vessel-specific hemodynamic
signals. In addition to averaging all venule or arteriole voxels from multiple subjects
(Supplementary Figure 13), the individual vessel responses and their spatial and temporal
hemodynamic features could be characterized directly (Fig 3). Of the measures made arterioles
could be very well separated from venules based on the time-to-peak differences of CBV in
arterioles vs. BOLD in venules. Interestingly, there were a few venules that showed very fast
BOLD onset times. As shown in Supplementary Figure 12, there were seven venules from two
rats with onset times (t0) estimated shorter than 0.7s. In addition, there were two arterioles with
onset times longer than 0.9s. These specific vessel onsets might be due to misassignment of the
types of vessels. Re-examination of the signal in the anatomical images used to label the A-V
map indicated that two of the seven venules showed only slightly lower signal intensity than the
surrounding voxels just passing the threshold for identification as venules. However, the other
five venule voxels demonstrated large signal drops in the A-V maps, indicating that they were
likely assigned correctly. In addition, the two arterioles voxels with slow onset times were readily
identified by bright spots in the A-V map. The r? of the hemodynamic signal fitting of the total nine
vessels fell within the normal distribution of the r? of all the vessels detected indicating that the
parameters extracted came from good fits to the data. Therefore, the fast onset venules and slow
onset arterioles were not likely due to incorrect localization of the venule or arteriole voxels or to
poor data fitting. Fast onset times of venules are likely due to a short capillary distance from
arteriole to venule or to fast responding arterioles that feed the fast responding venules. Itis clear
that the temporal characteristics of vessel responses to neural activity can be measured and
opens the possibility of studying changes due to aging and disease such as stroke or Alzheimer’s

disease.
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The final challenging issue raised by the work is to understand the extravascular effects
on single-vessel fMRI mapping that are well known to occur with BOLD and CBYV fMRI signals. It
is unclear whether the BOLD signal detected from the arteriole voxels arose from the arterioles
or were due to extravascular effects from nearby venule BOLD signals. Similarly, any CBV
detected on venule voxels could be due to extravascular effects from arterioles. Since very few
venules showed any CBV effect at all this is a smaller problem with CBV. One way to distinguish
whether signals are independent is to analyze time courses to compare different vessel types
(Supplementary Figure 10, 11). The vessel t0 distribution histogram showed that 75% of the
arterioles analyzed had a BOLD onset time shorter than 1s, but 60% of the venules had a BOLD
onset time equal or longer than 1s. The group analysis of the mean t0 of arteriole and venules
BOLD showed that the arteriole BOLD was significantly shorter than the venule BOLD (Mean t0:
arteriole, 0.82+0.03s; venules, 0.96+0.04s, p=0.035, two-tail paired t-test, n=5). This result
indicated that there was likely some BOLD effect in arterioles. This result of a shorter BOLD onset
in arteriole voxels compared to venule voxels is consistent with a previous report showing that
the tissue voxels (arterioles and capillaries) had earlier onset than the macro-venule voxels?.
However, it could be that the 40% venule voxels with earlier onset time than 1s contributed to the
arteriole BOLD signal through extravascular effects. Therefore, it is difficult to conclusively assign
the early BOLD onset signal from the present study. It should be possible to do quantitative
modeling based on the geometry of the vessel and the data to be more quantitative about the
origins of the BOLD signals in non-venule voxels. It was observed that the majority of venule
voxels did not show any CBV signal in response to the relatively short stimuli used in this study.
Only a few venules had a CBV response (Supplementary Figure 11). The venule CBV signal
could come from extravascular effects from nearby arterioles. There is evidence that longer
stimulation leads to a venous balloon effect and so it may be that a longer duration of stimulation
would lead to changes in venule CBV with different temporal features® 4. In addition, the SNR of

the venule voxels after injection of iron particles is significantly reduced and the fitting r? value for
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venule CBV signal (r?>0.2) is much lower than the fitting to other data (Supplementary Figure 13).
The large variability of the FWHM can be caused by the low contrast-noise-ratio of the venule
CBYV signal. An alternative methodological improvement for CBV studies is to implement the
arterial spin labeling or VASO approaches so CBV could be measured without introducing iron
oxide particles and T2* extravascular effects would be minimized®®. However, blood spin labeling
approaches are predicted to give smaller signal changes and would not give the vessel size
amplification that T2* based methods give making it challenging to image arterioles. Nevertheless,
the fact that in-flow effects could be used to assign arterioles does give some hope to using VASO

or other arterial spin labeling strategies.
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ABSTRACT

Besides mapping large-scale functional activity, fMRI detects the vascular dynamics
of distinct cerebrovascular components in brains noninvasively. Here, a 2D multi-echo
line-scanning fMRI (MELS-fMRI) method has been modified to distinguish the
hemodynamic features of the fMRI signal from individual arterioles and venules
penetrating the deep layer cortex. The fMRI signal is acquired at different echo-times
(TE, 3-30 ms) with a 100 ms sampling rate. Venule voxels dominate the T,*-weighted
blood-oxygen-level-dependent (BOLD) signal, indicating the increased extravascular
effect as the function of TE. Arteriole voxels show the T;-weighted fMRI signal at 3 ms
TE with earlier onset than venules voxels, which could be caused by the increased
blood inflow and volume effects. At longer TEs, arteriole and peri-arteriole voxels
illustrate a positive fMRI signal because the arteriole-specific BOLD and the
extravascular effect from neighboring venules overcome the intrinsic negative effect
of arteriole dilation. Meanwhile, by measuring the T,* value from multi-echoes, the
To*-based fMRI signal reveals the earlier fMRI onset and time-to-peak of arteriole than
venule voxels. The MELS-fMRI method detects the vessel-specific TE-dependent
fMRI signal, which extends the single-vessel dynamic mapping in small animals and

assists the optimization of quantitative fMRI modeling of the human brain.
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INTRODUCTION

High-field fMRI is utilized to map brain function non-invasively (Ogawa et al.,
1990; Belliveau et al., 1991; Bandettini et al., 1992; Kwong et al., 1992; Ogawa et al.,
1992; Kim and Ugurbil, 2003). High spatial resolution MR images are acquired under
high magnetic field with sufficient signal-to-noise ratio (SNR) to better locate the fMRI
signal coupled with brain function (Yacoub et al., 2001; Hu and Norris, 2004; Harel et
al., 2010; Duyn, 2012). This advantage inherent in high field fMRI makes it possible to
detect functional cortical columns (Menon et al., 1997; Grinvald et al., 2000; Kim et al.,
2000; Cheng et al., 2001; Duong et al., 2001; Fukuda et al., 2006; Yacoub et al.,
2008), as well as the laminar specific fMRI signal in animal and human brains
(Polimeni et al., 2010; Siero et al., 2011; Goense et al., 2012; Yu et al., 2012; Moon et
al., 2013; Shih et al., 2013; Yu et al., 2014; Huber et al., 2015; Heinzle et al., 2016).
Recently, high field fMRI studies have mapped the fMRI signal from individual vessels
penetrating the cortex of rat and cat brains in the deep cortical layers (Yu et al., 2012;
Moon et al., 2013). In contrast to the BOLD signal primarily located at penetrating
venules, the iron oxide particle-based cerebral blood volume (CBV) fMRI signal is
detected mainly at penetrating arterioles (Yu et al., 2016). These studies indicate that
fMRI can be used to directly map the vessel-specific hemodynamic signal in the
cerebrovascular network.

The hemodynamic microvascular origin of fMRI signal has been better
characterized by optical methods in small animals. By measuring the absorption
spectral changes of oxy-deoxyhemoglobin (Malonek and Grinvald, 1996), the blood
oxygen content changes of cortical vessels closely correlate with the evoked neural
activity (Devor et al., 2003). Using two-photon microscopic imaging, the laminar and
temporal features of neural activity-coupled arteriole dilation or pericyte-controlled
capillary dilation can be further linked to the fMRI signal (Tian et al., 2010; Hall et al.,
2014; Uhlirova et al.,, 2016). Recently, the BOLD fMRI signal was quantitatively
modeled by measuring the oxygen saturation distribution from reconstructed 3D
cerebrovasculature of rodent brains (Gagnon et al., 2015), showing a step forward in
the interpretation of a fMRI signal based on hemodynamic signal propagation.
However, few measurements directly link fMRI signal to its microvascular origin close
to the neuronal source. The concurrent optical measurement of the hemodynamic
responses with fMRI has revealed strong temporal correlation, but it is limited to the
surface cortical vessels (Jezzard et al., 1994; Kennerley et al., 2005). In contrast, the
high-resolution single-vessel fMRI method could directly characterize the vascular
hemodynamic features of the fMRI signal, indicating great potential to decipher the

neurovascular signaling through the cerebrovasculature directly by using fMRI.
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In this study, a multi-echo acquisition scheme was implemented to the
line-scanning fMRI method, i.e. multi-echo line-scanning fMRI (MELS-fMRI). The
line-scanning method originates from the pioneer work of Mansfield et al(Mansfield et
al., 1976). To construct MR images, each k-space line is acquired consecutively along
the block design paradigm and the on/off stimulation trials are repeated for the
number of phase-encoding steps (Silva and Koretsky, 2002; Yu et al., 2016). Since
only one k-space line is acquired per echo, the acquisition window could be
significantly reduced to 1-2 ms, which is much shorter than the readout echo train
(10-20 ms) of the EPI method. The short acquisition window not only avoids the long
echo train-induced extra Ty*-weighting under the high magnetic field, but also
shortens the minimal TE(Lee et al., 1999; Hyde et al., 2001; Duong et al., 2003;
Goense and Logothetis, 2006; Yu et al., 2012; Budde et al., 2014). Thus, the
MELS-fMRI method can sample the T, or T,* weighted fMRI signal at different TEs, as
well as examine temporal features of the T,*-based fMRI signal at the single vessel
level. The vessel-specific fMRI signal could lead to better verification and optimization

of fMRI quantitative models for human brain mapping.
MATERIALS AND METHODS

Animal preparation

All animal experiments were performed according to a protocol approved by the
animal protection committee (Regierungsprasidium Tuebingen). FMRI experiments
were performed on five male Sprague Dawley rats. All procedures are described in a
previous study (Yu et al., 2010). Rats were initially anesthetized with isoflurane (5%
induction, 1.5% maintenance). Each rat was orally intubated and placed on a
mechanical ventilator (SAR-830/AP, CWE Inc.). Plastic catheters were inserted into
the right femoral artery and vein to allow monitoring of arterial blood gasses and
administration of anesthetics. After surgery, each rat was given an intravenous bolus
of a-chloralose (80 mg/kg) and isoflurane was discontinued. Anesthesia was
maintained with a constant infusion of a-chloralose (26.5 mg/kg/h). The animals were
placed on a heated pad to maintain rectal temperature at 37 °C while in the magnet.
Each animal was secured in a head holder with a tooth-bar to prevent head motion.
End-tidal CO,, rectal temperature, tidal pressure of ventilation, heart rate, and arterial
blood pressure were continuously monitored during the experiment. Arterial blood gas
levels were checked periodically and corrections were made by adjusting the
respiratory volume or administering sodium bicarbonate to maintain blood gas levels
when required. An intravenous injection of pancuronium bromide (4 mg/kg) was given

once per hour to reduce motion artifacts. Voluntary respiration-induced resonance
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offset reduced significantly following the administration of the pancuronium injection.
MRI image acquisition

All images were acquired with a 14.1 T / 26 cm horizontal bore magnet (Magnex),
interfaced to an AVANCE Il console (Bruker, Germany) and equipped with a 12 cm
gradient set, capable of providing 100 G/cm with a rise time of 150 ps (Resonance
Research). A transceiver surface coil with 6 mm diameter was used to acquire
images.

Multi-Echo Line-Scanning fMRI (MELS-fMRI): A 2D Multiple Gradient Echo (MGE)
sequence was modified to perform multi-echo line-scanning fMRI with the following
parameters: TEs, 3 ms, 6.5 ms, 10 ms, 13.5 ms, 17 ms, 20.5 ms, 24 ms, 27.5 ms, 31
ms; TR, 100 ms; flip angle, 22°; matrix, 96 x 64; slice thickness, 400 um; in-plane
resolution, 100 x 100 pm. Two saturation slices were applied to suppress signal out of
the Field of view (FOV) to reduce the potential aliasing effect along the
phase-encoding direction. The frequency-encoding direction was set along the z0
direction towards the lung to reduce the respiration-induced resonance offset. The
block-design stimulation paradigm was used in the MELS-fMRI experiment. The
electrical stimulation was delivered by a stimulation isolator (AD Instruments) (2.0 mA,
300 us pulses repeated at 3 Hz) through two needle electrodes that were inserted
between digits of the forepaw. The block-design paradigm consisted of 60 dummy
scans to reach steady state, followed by 10 pre-stimulation scans, 20 scans during
electrical stimulation, and 100 scans post-stimulation (with a total of 13 s for each
on/off stimulation experiment). For image acquisition, only one single-phase k-space
line was acquired at each TE per 100 ms before the second set of k-spaces was filled
during the block design trial (Supplementary Figure 1). Each trial consisted of 3
epochs of stimulation on/off design with total 390 TRs. The trials were repeated for the
number of phase-encoding steps. The total duration was 40 minutes, and 3 - 6
MELS-fMRI trials were acquired for each rat.

The single-vessel Arteriole-Venule (A-V) map: A 2D Multiple Gradient Echo (MGE)
sequence was used to detect individual arterioles and venules with the following
parameters: TR, 50 ms; TEs, 2.5 ms, 5 ms, 7.5 ms, 10 ms, 12.5 ms, 15 ms, 17.5 ms;
flip angle, 40°; matrix, 192 x 128; in-plane resolution, 50 um x 50 um; slice thickness,
400 um. This slice orientation was perpendicular to the penetrating vessels and
covered forepaw S1 areas based on the Paxinos atlas. The horizontal slice angle was
set at 15° and the center of the slice was positioned 1.2 mm from the cortical surface
to cover layer 5 (Fig. 1 A). Similar to the previous study (Yu et al., 2016), by averaging
the MGE images acquired from the second echo to the fourth echo, the single-vessel

A-V map showed the venule voxels as dark dots due to fast T,* dephase, while
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arteriole voxels remained bright dots due to the in-flow effect. The individual vessel
voxels were determined based on their signal intensity as either higher than the mean
signal intensity plus 3 times standard deviation (arterioles) or lower than the mean
signal intensity minus 3 times the standard deviation (venules) of the local areas in a
7x7 kernel. The venule voxels were colored blue while the arterial voxels were colored
red (Fig. 1 A). After the vessel voxels were characterized, an “imdilate” Matlab
function was used to select the voxels surrounding the vessel voxels specifically. To
avoid the overlap of peri-vessel voxels from different vessel voxels, a dilating factor of
2 was chosen so as to set the expanded peri-vessel ROI with a width of 2 voxels (Fig.
20C).
Image processing and statistical analysis

MELS-fMRI data analysis was performed using the “Analysis of Functional
Neurolmages” (AFNI) (Cox, 1996) software (NIH) and MATLAB. The detailed
description of the processing is provided in a previous study (Yu et al., 2014).

MELS-fMRI preprocessing: The MELS-fMRI 2D k-space data were first reordered
with a Matlab script, and then reconstructed to MELS-fMRI images using a built-in
function of Bruker Paravision software. For AFNI analysis, a 2D registration function
was applied to align all MELS-fMRI images to a template for multiple datasets
acquired in the same orientation setup. To register the MELS-fMRI images with the
single-vessel map, a tag-based registration method was applied. Ten to twelve tags
were chosen from the venule voxels distributed around the 2D slices of MELS-fMRI
and single-vessel images. The baseline level of MELS-fMRI images was scaled to
100 and multiple trials of block-design time courses were averaged for statistical
analysis. The hemodynamic response function (HRF) was estimated by the linear
regression using tent basis function as previously reported(Yu et al., 2016).

T,* Mapping: T,* values were calculated in voxel-wise by fitting the following

exponential decay equation:
f(t)=S, xexp(~t/T;) [1]

Where t is the time variable and Sy is the initial signal intensity. T,*-based fMRI
signal was estimated based on the percentage change of the T,* value from the
baseline level scaled to 100.

Contrast-to-Noise Ratio (CNR): CNR (Geissler et al., 2007) was estimated based

on the following equation:
CNR = (S, —Sg)/og [2]

Where Sp is the peak amplitude, Sg is the mean of baseline signal, and ogis the

standard deviation of the baseline signal, respectively. The CNR of the fMRI signal at
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different echoes and T,*-based fMRI signal were analyzed with one-way ANOVA
followed by Tukey’s multiple comparison tests.

Estimation of the hemodynamic temporal features of vessel-specific fMRI signal:
A two-gamma-variate fitting process was used to fit the fMRI signal acquired from

individual vessel voxels (Madsen, 1992).
Ft)=ax(t/(pxq))P xe’™ 9 —bx(t/(rxs)) xe' 3]

Where t is the temporal variable and a, p, q, b, r and s are the coefficients for
two-gamma-variate-function. The onset time (TO) was measured as an intercept with
the baseline by fitting one line to the rising slope between 20% and 80% of the peak
amplitude estimated from the two-gamma-variate-function(Tian et al., 2010). The
time-to-peak (TTP) and the full-width-of-half-maximum (FWHM) were estimated
directly from the two-gamma-variate-function (Supplementary Figure 2).

A paired Student’s t-test was performed to compare the mean signal intensity, TO,
TTP, and FWHM of T,* fMRI signal from the venule voxels and arteriole voxels. The

error bar in each graph represents the standard error of the mean (s.e.m).
RESULTS

Mapping the T,*-weighted fMRI signal from arterioles and venules with
MELS-fMRI

Previously, the line-scanning method was applied to acquire a single k-space line
along the on/off block design to map the fMRI signal with high spatial and temporal
resolution(Silva and Koretsky, 2002; Yu et al., 2014; Yu et al., 2016). Here,
multi-gradient echoes were implemented into the single-vessel fMRI method. In
contrast to the multi-echo EPI-fMRI and FLASH-fMRI method (Menon et al., 1993;
Chen and Wyrwicz, 1999; Weiskopf et al., 2005; Poser et al., 2006), the MELS-fMRI
acquired only one k-space line for each echo at every TR during an on/off stimulation
block design trial and the k-space was filled sequentially by repeating the fMRI
block-design stimulation trials for the number of phase-encoding steps (Fig. 1 C). This
acquisition scheme sampled fMRI signals from multiple echoes ranging from 3 ms to
30 ms at every 100 ms with an acquisition window for each echo in less than 1-2 ms.

The individual arterioles and venules penetrating the deep layer cortex could be
directly mapped by an inflow based multi-gradient echo (MGE) sequence (Yu et al.,
2016), which had been previously proposed for the human brain mapping to identify
pial arteries and veins (Menon et al.,, 1993). For shorter TEs, both arterioles and
venules with fast blood flow were detected as brighter voxels due to the inflow effect.

In contrast, only venules were detected as darker voxels at the longer TE due to the
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fast T,* decay of the deoxygenated venule blood at the longer TEs, but not the
arterioles because of the similar susceptibility of the oxygenated blood to the
surrounding parenchyma voxels. MGE images at different TEs were integrated into
the arteriole-venule (A-V) map, demonstrating arterioles as bright dots and venules as
dark dots (Fig. 1A). The size of penetrating vessels detected with the A-V map ranged
from 30 to 70 microns (Yu et al., 2016). The vessel diameter was previously estimated
based on vessel distance of the A-V map in comparison to the mean distance of
penetrating vessels in the 3D reconstruction of the vascular network characterized by
two-photon imaging (Blinder et al., 2010; Keller et al., 2011; Gagnon et al., 2015).

The same slice orientation was applied for both MELS-fMRI images and the A-V
map so that the vessel-specific fMRI signal could be identified for individual arteriole
and venule voxels penetrating the deep layer cortex. The primary somatosensory (S1)
cortex was covered in the A-V map (Fig. 1A). Electrical stimulation of the forepaw
elicited the fMRI signal, which could be detected by the MELS-fMRI method. Fig. 1B
illustrates the T,* decay curves of arteriole and venule voxels as a function of TE,
which were acquired every 100 ms along the on/off block design. Fig. 1 D shows a 3d
plot of decay curves along the stimulation on/off period during the block design
(Supplementary Movie 1). At the stimulation-on period, the T,*-weighted signal at
different TEs of the decay curves increased, indicating that fMRI signal changes could
be directly characterized through the multiple echoes with MELS-fMRI.

The detailed functional patterns were characterized with TEs from 3 ms to 20.5
ms with MELS-fMRI (Fig. 2 A, B, Supplementary Movie 2). The peak fMRI signal
acquired at different echoes was located primarily on venule voxels. This was also
demonstrated by comparing the peak amplitude of fMRI time courses detected from
arteriole and venule voxels (Fig. 2 C). The other voxels, enriched with capillaries or
small vessels not identified by the A-V map, showed higher fMRI peak amplitude than
arteriole voxels, but lower than venule voxels at different TEs (Supplementary Figure
3). To better characterize the fMRI signal at different vascular components, the
non-vessel voxels were further distinguished as parenchyma voxels surrounding
arterioles, i.e. peri-arteriole voxels, and parenchyma voxels surrounding venules, i.e.
peri-venule voxels. At short TEs, the peak fMRI signal matched well with the venules
voxels detected in the A-V map, which could be caused by the oxy/deoxy-hemoglobin
changes of the venule blood, i.e. the BOLD effect, since the venule blood has very
short T, (Lee et al., 1999; Blockley et al., 2008). In contrast, the BOLD fMRI signal
spread to peri-venule voxels due to the increased extravascular effect at the longer
TE. The multi-echo scheme of MELS-fMRI made it possible to specify the

extravascular effect on the functional patterns with different T,* weighting, as well as
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the potential contribution from the T;-weighted signal due to cerebral blood flow
changes from arterioles. The peak fMRI signal from peri-arteriole and peri-venule
voxels was extracted to compare with the arteriole and venule fMRI signal at different
TEs (Fig. 2 C). Quantitative analysis demonstrated that the peak fMRI signal from
peri-venule voxels was significantly higher than that of the peri-arteriole voxels at
longer TEs from 10 to 20 ms (Fig. 2 D). In addition, the TE-dependent fMRI peak
signal of the other non-vessel voxels showed similar amplitude to that of the
peri-venule voxels (Supplementary Figure 4). These results indicated that the
extravascular effect from venules could be directly measured from the peri-venule
voxels and the other non-vessel voxels enriched with capillaries or small vessels
using the MELS-fMRI method. In contrast, the peak fMRI signal of arterioles was
significantly higher than that of the peri-arteriole voxels for shorter TEs (3 and 6.5 ms),
but not for longer TEs (Fig. 2 E). This result indicated that the inflow effect due to
activity-coupled cerebral blood flow and volume changes might directly contribute to
the fMRI signal acquired at short TEs. Besides the peak fMRI signal, the fMRI signal
acquired from 1 s to 2 s following stimulus onset was compared among arteriole,
venule, peri-arteriole and peri-venule voxels at the short TE (3 ms) (Supplementary
Figure 5). The early fMRI signal (e.g. 1 s, 1.2 s after stimulus onset) from arteriole
voxels was significantly higher than that of the other voxels. These results indicated
that the CBF/CBV dependent arteriole-specific fMRI signal could be detected by
MELS-fMRI, which was independent of the BOLD effect dominating fMRI signal
detected in venule voxels.
Analysis of the T,*based fMRI signal from arterioles and venules with
MELS-fMRI

Besides the T,*-weighted fMRI signal at each TE, the T,* decay curves were
fitted to estimate the T,* value for each voxel at every 100ms. Fig. 3 B demonstrates
the T,* maps acquired at 2 s and 3 s after the stimulus onset. The estimated T,*
values of venules voxels were much lower than the arteriole and non-vessel
parenchyma voxels due to the high susceptibility of the deoxy-hemoglobin of venule
blood. In contrast, the arteriole and non-vessel parenchyma voxels showed similar T,*
values because of the similar susceptibility of arteriole blood with high concentration
of oxy-hemoglobin to that of non-vessel parenchyma voxels enriched with capillaries
or small vessels. Fig. 3 C illustrates the averaged time courses of T,* values of
arteriole and venule voxels, which were highly consistent through the fitting curves
from 6 to 10 TEs. Furthermore, similar to previous multi-echo EPI studies(Chen and
Wyrwicz, 1999; Poser and Norris, 2009; Kundu et al., 2013), the contrast-to-noise
ratios (CNR) of the T,* based fMRI signal changes were significantly higher than the
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To*-weighted fMRI signal changes acquired at each echo for both arteriole and venule
voxels (Fig. 3 D, E). In addition, the T,*-based fMRI signal showed similar or higher
CNR than that of the averaged T,*-weighted image acquired at all TEs (Fig. 3 D, E). In
contrast to the line-scanning single-vessel fMRI method, the multi-echo acquisition of
MELS-fMRI allowed us to achieve higher CNR of the fMRI signal to better
characterize the temporal hemodynamic features of individual arterioles and venules
penetrating the somatosensory cortex.

The T,*-based fMRI signal changes were characterized from individual arteriole
and venule voxels. Similar to the T,*-weighted functional maps acquired at different
TEs (Fig. 2), the peak T,*-based fMRI signal was primarily located at the penetrating
venules (Fig. 4 B, Supplementary Movie 3). The vessel-specific temporal features of
the T,*-based fMRI signal could be characterized with the MELS-fMRI method. The
time courses of T,*-based fMRI signal with fitting curves were plotted from individual
arteriole and venule voxels (Fig. 4 C). The averaged time courses of the T,*-based
fMRI signal showed an earlier onset from arteriole than venule voxels (Fig. 4 D). The
T,* value of arteriole voxels detected at 0.8 s after stimulus onset was significantly
higher than that of venule voxels, which was reversed at later time points, e.g. at 1.8 s
after the stimulus onset (Fig. 4 E, F). This result was consistent with a previous study
using EPI-fMRI method to decipher the distinct vascular components contributing to
BOLD-fMRI signal (Yu et al.,, 2012). The onset time (TO), time-to-peak (TTP) and
full-width-of-half-maximum (FWHM) plots of the T,*-based fMRI signal readily
separated arteriole and venule responses into distinct clusters (Fig. 4 G). The TO and
TTP of the arteriole voxels were significantly shorter than those of the venule voxels
(Fig. 4 H), demonstrating the potential hemodynamic signal propagation through the
cerebrovasculature directly mapped by MELS-fMRI. Therefore, MELS-fMRI makes it
possible to extract the uniqgue hemodynamic features of the fMRI signal detected from

individual arteriole and venules in the deep layer cortex.
DISCUSSION

The MELS-fMRI method offers two unique features when mapping the fMRI
signal in the individual vessels in the brain. First is the very short acquisition window
(1-2 ms) due to the single-phase line acquired per TR, which significantly shortens the
minimal TE and excludes additional T,* dephasing during echo acquisition. The other
is the detection of vessel-specific fMRI signal from multi-echoes with high
spatiotemporal resolution. In this study, the fMRI signal was acquired with the
sampling rate at 10 Hz over a field of view up to 9 x 6 mm of the rat cortex. Although

only penetrating vessels (>30 um) were identified from the A-V map (Blinder et al.,
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2010; Keller et al., 2011), the vessel-specific fMRI signal could be directly mapped in
the deep layer cortex up to 1-1.5 mm, which was beyond the conventional optical
penetration depth(Yu et al., 2016). MELS-fMRI further extended the single-vessel
mapping scheme to acquire fMRI signal at different TEs so that unique hemodynamic
response features could be directly detected from fMRI signal with either T, or T,*
weighting. Although the line-scanning scheme elongated the total imaging time
making it less practical for human brain mapping, the vessel-specific fMRI signal
acquired at different TEs provided first-hand experimental data to optimize the
vessel-specific quantitative modeling of the fMRI signal (Gagnon et al., 2015).

The MELS-fMRI method better characterized the intravascular and extravascular
effect from the vessel and the surrounding parenchyma at different TEs. Consistent
with previous experimental and model prediction studies (Yacoub et al., 2003;
Jochimsen et al., 2004; Uludag et al., 2009; Gagnon et al., 2015), the extravascular
effect from venules increased as the function of TE, which could be directly detected
as largely spread fMRI signal from venules voxels to the surrounding voxels (Fig 2). In
addition, the peak CNR of T,*-weighted fMRI signal at venule voxels was detected at
the TE similar to the T,* value of venule voxels (Fig. 3E). The arteriole T,* value did
not match the TE with peak CNR of T,*-weighted fMRI, which could be deviated by
the extravascular effect of nearby venule voxels. In contrast to the extravascular effect,
the direct measurement of the intravascular effect was more challenging given the
limit of spatial resolution. The penetrating vessel size, characterized in the cortex by
the single-vessel fMRI method or two-photon microscopy, ranged from 30 to 70
microns(Blinder et al., 2010; Yu et al., 2016). Despite the high spatial resolution, the
fMRI signal from designated single-vessel voxels contained a good portion of partial
volume effects from surrounding non-vessel parenchyma. Thus, the peak fMRI signal
detected from the venule voxels remained partially extravascular-driven (Yu et al.,
2012). However, for very short TEs, the intravascular effect from the venule blood
could be approximately characterized given the very short T,* value of the
deoxygenated blood (Lee et al., 1999; Blockley et al., 2008; Gagnon et al., 2015).
Though the fMRI signal detected at short TE might not be as specific as in the
spin-echo scheme to exclude the extravascular effect by the refocusing pulse (Duong
et al., 2003; Ugurbil et al., 2003; Yacoub et al., 2003; Jochimsen et al., 2004), the
intravascular effect contribution to the venule voxels could be much higher for shorter
TEs than for longer TEs. This intravascular effect could be better visualized on the
venule voxels, showing a strong fMRI signal at the 3ms TE (Fig. 2).

One novel application of MELS-fMRI is to detect fMRI signal changes from

individual arterioles at different TEs. In contrast to the BOLD signal acquisition with
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EPI-fMRI, the direct CBV and CBF-based signal was not detectable without a specific
mapping sequence, e.g. arterial spin labeling (Detre et al., 1992; Kim et al., 2007a) or
vascular space occupancy (Lu et al., 2003), or injection with contrast agent for CBV
(Belliveau et al., 1991; Lee et al., 2001; Kim and Kim, 2011). The fMRI signal detected
by MELS-fMRI at short TEs from 3 ms to 6.5 ms depended more on the T;-weighted
effect for voxels covering parenchyma enriched with capillaries or small arterioles with
oxygenated blood. The vessel-specific inflow signal over the saturation effect due to
the lack of full relaxation under the short TR (100 ms) of MELS-fMRI led to
significantly higher fMRI signal from the arteriole voxels compared to the peri-arteriole
voxels (Fig. 2 E) (Kim et al., 1994). This could be directly caused by the increased
CBF/CBV (Kim et al., 2007b) upon stimulation. Interestingly, even at the long TE we
did not observe the CBV-induced decrease of BOLD-fMRI signal either at the arteriole
or peri-arteriole voxels from the averaged time courses as suggested for fMRI
predictive models(Uludag et al., 2009). The negative extravascular effect of arterioles
on the BOLD signal was suggested to be caused by the susceptibility difference of
arteriole blood from the surrounding tissue parenchyma (the baseline oxygen level of
arteriole blood (95%) has similar susceptibility to surrounding tissue(Spees et al.,
2001; Blockley et al., 2008), but evoked neural activity increases oxygen level of
arteriole blood to induce susceptibility difference from surrounding tissue, which leads
to decreased BOLD fMRI signal)(Uludag et al., 2009; Vazquez et al., 2010a). There
are a few possible explanations to explain the discrepancy. First, Gagnon et al.
detected that the oxygen levels of penetrating arterioles varied from 70 to 95%
(Gagnon et al., 2015). Upon stimulation, the changes of susceptibility difference may
vary from individual arterioles since not all arterioles with baseline oxygen level have
similar susceptibility to surrounding tissues, which could cancel out the expected
negative extravascular effect of arterioles. Second, the arteriole dilation could
increase the volume contribution of blood with increased oxygen levels upon
stimulation. The signal changes of the arteriole voxels are determined by both the
susceptibility difference of arteriole blood from surrounding tissue and the
susceptibility changes of arteriole blood with increased oxygen levels. Thirdly, the
negative BOLD signal from arteriole or peri-arteriole voxels can also be concealed by
the highly spread extravascular effect of venules as presented in Fig. 2. Altogether,
multiple effects from the arteriole blood oxygen content, particle volume contribution,
and the extravascular effects of nearby venules could lead to the lack of negative CBV
contribution to the BOLD-fMRI signal detected in the present study.

Similar to previous multi-echo EPI studies (Chen and Wyrwicz, 1999; Poser and

Norris, 2009; Kundu et al., 2013), the T,*-based functional map showed much higher
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CNR than the T,*-weighted functional maps acquired at each TE (Fig. 3 D, E). The
temporal features of the vessel specific hemodynamic signal can be better
characterized to show earlier onset time of the arteriole T,*-based fMRI signal (0.92 +
0.03 s) than that of the venule T,*-based fMRI signal (1.14 + 0.03 s). The T,*-based
fMRI functional mapping represented more significant vessel-specific onset time
difference compared to previous single-vessel T,*-weighted fMRI studies (Yu et al.,
2016), which could be due to the better CNR of the T,*-based fMRI signal. Also
noteworthy is that the time-to-peak of the T,*-based fMRI signal from arterioles was
significantly shorter than that of the venules. The T,*-based early arteriole fMRI signal
onset and time-to-peak could result from the oxy/deoxy-hemoglobin ratio changes
detected in arterioles (Berwick et al., 2005; Hillman et al., 2007; Vazquez et al.,
2010b), as well as from the CBF/CBV contribution at short TEs (Supplementary
Figure 5). The onset time of fMRI signal detected by MELS-fMRI is similar to previous
studies, indicating BOLD signal increased as early as 1s after stimulus onset in both
cat and human visual cortex (Lin et al., 2013; Moon et al., 2013). Meanwhile, Silva et
al. used an M-sequence and showed faster BOLD-fMRI onset with a mean
time-to-peak less than 2.5s due to the short stimulation duration(Silva et al., 2007).
Thus, the T,*-based MELS-fMRI could better differentiate the temporal features of
fMRI signal from arteriole and venule voxels than the T,*weighted fMRI acquired
from the single echo (Yu et al., 2012; Yu et al., 2016).

In contrast to the EPI-fMRI with conventional Cartesian or Spiral trajectory to
cover k-space, MELS-fMRI was less efficient and highly sensitive to motion artifacts.
This is because the MELS-fMRI k-space was filled inconsecutively through the time
series of the on/off block design. This line-scanning scheme leads to a great number
of averaging of the fMRI signal across multiple blocks. Therefore, signal acquisition in
real time in MELS-fMRI differed from multi-echo EPI-fMRI, and MELS-fMRI could not
be used for non-BOLD component correction for the resting-state fMRI study(Kundu
et al., 2012). This implies that the MELS-fMRI method would be less practical for
human brain mapping and awake animal fMRI. However, this method could be readily
used for ventilated and head-fixed animals under anesthesia. In addition, MELS-fMRI
was less sensitive to the field inhomogeneity and fluctuation. It was less dependent on
gradient performance and had shorter readout times than EPI-fMRI. These features
allowed MELS-fMRI to acquire images with a much higher spatiotemporal resolution
than EPI-fMRI to directly decipher distinct vascular contributions to the fMRI signal
with different hemodynamic features. This method provided a unique advantage to
characterize the vessel-specific neurovascular signaling events in the normal and

diseased states, e.g. stroke or vascular/neuronal dementia, of animal models.
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Figure 1. Map the single-vessel fMRI signhal with the MELS-fMRI method. (A) The
2D slice position of the A-V map is shown in the 3D rat brain (left panel). The arteriole
voxels were marked in red ROIs and the venule voxels were marked as blue ROIs
(right panel). (B). The signal intensity of venule voxels (blue circles) and arteriole
voxels (red squares) is shown at different echo time from three consecutive TR
(100ms). The enlarged data showed that the venule voxels has faster decay curve
than the arteriole voxels (one representative rat from five rats, venules: n = 25,
arteriole: n = 35, mean * s.e.m) (C). MELS-fMRI pulse sequence diagram. Only one
phase-encoding step was employed at each trial. The trials were repeated for the
number of phase-encoding steps to fill up the k-space. (D). The signal intensity of long
TE (21.5 ms) and short TE (3.5 ms) from venule voxels (n = 25, mean * s.e.m) as the
function of the on/off block design time (1s off, 2s on, and 10 s off).
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Figure 2. The vessel-specific fMRI patterns acquired at different TEs. (A) The
color-coded fMRI maps are shown at six different TEs (up) and the overlapped
images with the A-V map represent the venule-dominated peak fMRI signal
distribution (bottom). (B) The averaged time courses of fMRI signal from venule (blue)
and arteriole (red) voxels (n = 5 rats, the graphs show the mean + s.e.m). (C) The
peak amplitudes of fMRI signal from arteriole (red), venule (blue), peri-venule (green),
and peri-arteriole (yellow) voxels are shown at different TEs (n = 5 rats, mean *
s.e.m). The inset is an A-V map demo to show the definition of different ROIs. (D) The
peak fMRI signal of peri-venule voxels are significantly higher than that of the
peri-arteriole voxels acquired at TEs ranging from 10ms to 20.5ms (n=>5, *, p = 0.007,
&, p =0.0001, #, p = 0.005, $, p = 0.012, paired t-test). (E) The peak fMRI signal of
arteriole voxels are significantly higher than that of the peri-arteriole voxels acquired
at TEs 3 ms and 6.5ms (#, p = 0.012; &, p = 0.017, paired t-test, n = 5).
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Fiugre 3. The vessel-specific T,* map with the MELS-fMRI method. (A) A-V map
(B) The T,* maps of the 2D slice acquired at 2s and 3s after stimulus onset (left and
middle panel). The T,* map (3s) is overlapped with the A-V map, showing all venules
voxels have shorter T,* decay time than the surrounding parenchyma and arteriole
voxels (right). (C) The decay curves were fitted to the MR signal detected at different
TEs of one venule voxel and one arterial voxel. The averaged time course of
T,*-value (TE1-TE6, TE1-TES8, TE1-TE10) based fMRI signal from most activated
venules (blue) and arterioles ROIs (n = 48 arterioles, red, 36 venules, blue, mean +
s.e.m.). (D-E) The Contrast-to-noise Ratios (CNR) of T,*-weight fMRI signal acquired
at different TEs are significantly lower than the CNR of the T,*-based fMRI signal from
arteriole and venule voxels (*, F=36.81, p<0.00001, &, F=33.03, p<0.00001, one-way
ANOVA followed by Tukey’s multiple comparison test).
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Figure 4. The hemodynamic feature of the T *based fMRI signal with the
MELS-fMRI method. (A) The A-V maps from two representative rats of five rats show
arteriole (red) and venule (blue) ROIs. (B) T, *-based fMRI maps at 3.0s after
stimulation and the overlap images with A-V maps. (C) The time course (raw data and
fitting curves) of T, *-based fMRI signal from individual venule voxels (upper panel)
and individual arteriole voxels (lower panel) of one representative rat. (D) The
averaged time course of T_* fMRI signal from venule (blue) and arteriole (red) voxels
(n =5 rats, mean + s.e.m). The inset is the enlarged time course from 0 s to 2.0 s after
stimulus onset. (E-F) T * fMRI signal percentage changes from arteriole and venule
ROls are shown at 0.8 s and 1.8 s after stimulation onset from individual rats (#, p =
0.006; &, p = 0.012, paired t-test, n = 5). (G) The 3d plot of Onset-time (T0),
Time-to-Peak (TTP), and the fuII-Width-o;‘-haIf-maximum (FWHM) of T * fMRlzsignaI
from individual arteriole (red circles, 34, r > 0.8) and venule (blue circles, 43, r > 0.7)
voxels demonstrates two distinct clusters. (H). The boxplot of TTP, TO from venule
voxels (blue) is significantly higher than that from arteriole voxels (red) (*, p =
6.2><10'8, & p= 8.1><10-9, unpaired t-test, arteriole voxels, 34, venule voxels, 43). The
boxplot shows no significant difference on FWHM of the venule and arteriole voxels

(right panel).
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Supplementary Figures (5)
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Supplementary Figure 1. K-space Trajectory of Multi-Echo Line-Scanning fMRI
(MELS-fMRI). The k-space of MELS-fMRI is shown in a block-design paradigm with 10 scans
off, 20 scans on and 100 scans off (the red line). Each box in different colors represents the
k-space of the same slice acquired at different TEs. Within the box, each line indicated a
k-space line. One line filled the k-space for each image at each trial consequentially. Then the
trials were repeated for the number of phase-encoding steps.
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Supplementary Figure 2. The Definition of TO, TTP, FWHM. (A). The raw fMRI signal (blue
line) was fitted with the two-gamma-variate function (red line). The green line was fit to the
rising slope of fMRI signal between 20% and 80% to the peak amplitude of
two-gamma-variate-function. The TO was estimated as the intercept with the x-axis. The TTP
was estimated by the time from the stimulus onset to the peak amplitude of the
two-gamma-variate-function. The FWHM was estimated by the time between two points that
are the half of the maximum amplitude of the two-gamma-variate-function. (B). the first
(second, fifth) standard deviation (SD) from baseline show that the onset time defined here is
between the first SD and the second SD from baseline.
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Supplementary Figure 3. The averaged time courses of fMRI signal from venule (blue),
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arteriole (red) and other non-vessel voxels (black) from one representative rat.

Supplementary Figure 4. The peak amplitudes of fMRI signal from peri-venule (green),
peri-arteriole (yellow), and others (cyan) voxels are shown at different TEs (n = 5 rats, mean +
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s.e.m). The left panel is an A-V map demo to show the definition of different ROls.
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Supplementary Figure 5. Vessel-specific fMRI signal at different time (TE = 3 ms). The
amplitudes (1.0s , 1.2s, 1.4s, 1.6s, 2s after the stimulation onset) of the fMRI signal from
arteriole (red), venule (blue), peri-venule (green), and peri-arteriole (yellow) voxels were
shown at 3 ms TE (n = 5 rats, mean £ s.e.m). (A) The fMRI signal of arteriole voxels was
significantly higher than that of the venule, peri-venule, and peri-arteriole voxels at 1.0s after
the stimulation onset. (Paired t-test, n = 5, *, p = 0.009, &, p = 0.04, #, p = 0.037). (B). The
fMRI signal of arteriole voxels was significantly higher than that of the venule, peri-venule,
peri-arteriole voxels at 1.2 s after the stimulation onset. (Paired t-test, n =5, *, p = 0.025, &, p
= 0.047, #, p = 0.034) (C). The fMRI signal of arteriole voxels was significantly higher than
that of peri-venule and peri-arteriole voxels at 1.4 s after the stimulation onset. (Paired t-test,
n=>5, & p=0.034, # p = 0.049) (D). The fMRI signal of arteriole voxels was significantly
higher than that of peri-arteriole voxels at 1.6 s after the stimulation onset. (Paired t-test, n =
5, & p = 0.049) (E). The fMRI signal of venule voxels was significantly higher than that of
arteriole voxels at 2.0 s after the stimulation onset. (Paired t-test, n = 5, &, p = 0.042)
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Supplementary Movie Legends

Supplementary Movie 1. The three-dimensional plot of the mean signal intensity of multiple
TEs from venule voxels as a function of time (block design: 1s off, 2s on, and 10s off).

Supplementary Movie 2. The spatial patterns of vessel-specific fMRI signal at different TEs.
The voxel-wise BOLD fMRI signal was demonstrated from 7x7 voxel matrix covering one
individual venule (middle panel: the dark voxel in the green square, in-plane resolution: 50 x
50 pum). The red curser in the center voxel (100 ms temporal resolution) indicated the fMRI
signal changes at 6.5 ms TE (right panel).

Supplementary Movie 3. The T,*-based fMRI maps from two representative rats. T,*-based
fMRI maps (middle panel) were overlapped with the A-V map (left panel). The most active
voxels (red color, 100x100 um) were primarily located at the underlying venule voxels (black
dots, right panel).
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