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Astrocytic Ca2+-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) signaling to brain states under normal and pathological conditions. In
this study, fMRI and GCaMP-mediated Ca2+ optical fiber recordings
revealed distinct evoked astrocytic Ca2+ signals that were coupled
with positive BOLD signals and intrinsic astrocytic Ca2+ signals
that were coupled with negative BOLD signals. Both evoked and
intrinsic astrocytic calcium signal could occur concurrently or respectively during stimulation. The intrinsic astrocytic calcium signal can be detected globally in multiple cortical sites in contrast
to the evoked astrocytic calcium signal only detected at the activated cortical region. Unlike propagating Ca2+ waves in spreading depolarization/depression, the intrinsic Ca2+ 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 signal is strongly coincident with an increased EEG power level of
the brain resting-state fluctuation. These results demonstrate
highly correlated astrocytic Ca2+ spikes with bidirectional fMRI
signals based on the thalamic regulation of cortical states, depicting a brain-state dependency of both astrocytic Ca2+ and BOLD
fMRI signals.
BOLD-fMRI

using optical fiber implanted into animal brains (19, 24, 25). The
fMRI signal may be simultaneously acquired with the Ca2+ signal
from neurons or astrocytes specifically loaded with Ca2+-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 positive correlation between
the evoked neuronal/astrocytic Ca2+ signals and BOLD fMRI
signal in activated cortical areas; however, an unexpected intrinsic astrocytic Ca2+ 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 Ca2+ waves in the brain
(26, 27), this intrinsic astrocytic Ca2+ signal represents distinct
spatiotemporal features that occur simultaneously in both hemispheres without propagation delays (28–32). The instantaneously
altered brain activity that is associated with the intrinsic astrocytic
Ca2+ 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 calciumcoupled bidirectional fMRI signal. By using astrocytic Ca2+ signalbased event-related fMRI analysis, positive BOLD signals were
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Significance

T

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 interpretation of BOLD signals problematic. The neurovascular
coupling that underpins functional MRI (fMRI) brain mapping
(1) has been characterized by simultaneous intracortical recordings and fMRI (2). Among the neurovascular signaling events,
it remains ambiguous how gliovascular interactions, especially that
mediated by the astrocytic Ca2+ signal, are involved in the neurovascular network (3–6). Astrocytic Ca2+ signals in both in situ
and in vivo environments can occur in coordination with, or independently of, each other, suggesting specific and variable coupling 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 simultaneously utilizing fMRI.
It is possible to use genetically encoded Ca2+ indictors (GECIs,
e.g., GCaMP) to acquire cell type-specific Ca2+ signals via optical
fiber, which can be measured during fMRI imaging without radiofrequency and magnetic gradient-switch induced interference (2,
18–21). In particular, GCaMP6f shows fast Ca2+ binding kinetics
and high sensitivity comparable to the Ca2+-sensitive dyes, such as
Oregon Green BAPTA-1 (OGB-1) (18, 20). Besides two-photon
microscopy (22) or wide-field calcium imaging (23), the Ca2+-sensitive
dye and GCaMP-mediated Ca2+ signal can be directly recorded
www.pnas.org/cgi/doi/10.1073/pnas.1711692115

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 conditions. Here, we applied simultaneous fMRI and GCaMP-mediated
Ca2+ optical fiber recording to detect distinct astrocytic Ca2+
signals (evoked vs. intrinsic) coupled to positive and negative
blood-oxygen-level-dependent signals, respectively and concurrently, 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 Ca2+ 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 thalamic fMRI signals with widespread signal decreases in the neocortex 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 Ca2+ Recordings. We recorded the

cell type-specific Ca2+ 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. 1A). The sensoryevoked Ca2+ signal from neurons matched well with the
evoked LFP for each electrical stimulus, and the amplitude of
the Ca2+ signal was positively correlated with that of the LFP, as
shown in Fig. 1B and SI Appendix, Fig. S1. Spontaneous Ca2+
spikes were also detected from neurons whose amplitudes were
positively correlated with those of the spontaneous LFPs (SI

Appendix, Fig. S1 D and F). The latency of the neuronal Ca2+
signal reported by GCaMP6f was ∼15 ms with a full width of half
maximum (FWHM) of 150–200 ms (SI Appendix, Fig. S2A),
similar to the kinetics of GCaMP6f-mediated Ca2+ signals
reported previously (20, 24).
In contrast to the neuronal Ca2+ signal, the sensory-evoked
astrocytic Ca2+ signal was a unitary event following a train of
electrical stimuli to the forepaw (Fig. 1B). The latency of the
astrocytic Ca2+ signal was 1.0–1.7 s, and the FWHM was proportional 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
Ca2+ signals within astrocyte processes (11, 35). The spread
function of the astrocytic Ca2+ 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 demonstrated that the GCaMP6f-mediated Ca2+ signal from either
neurons or astrocytes is specifically detectable in vivo via optical fiber, showing distinct temporal features to sensory stimulation. It is noteworthy that the evoked fluorescent Ca2+ signal
is independent of the hemoglobin-based intrinsic optical signal,
similar to the previous fiber optic Ca2+ studies (details in Materials and Methods) (21, 25).

Fig. 1. Sensory-evoked neuronal/astrocytic Ca2+ 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 Ca2+ recording. (B) Simultaneous LFP (red) and Ca2+ 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 Ca2+ 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) Ca2+ signal (Inset, a representative colorcoded BOLD-fMRI map at 2.0 mA). (E) The stimulation intensity-dependent Ca2+ signal from neurons or astrocytes. (F) The scatter plot of the evoked Ca2+
signal amplitude vs. simultaneous fMRI peak amplitude at different stimulation intensities (red dashed circle, outlier). (G) The traces of BOLD-fMRI and
astrocytic Ca2+ signals show the outlier event (red dashed box) with increased astrocytic Ca2+ signal, but reduced BOLD-fMRI signal (SI Appendix, Table S1
shows the occurrence rate of the unexpected astrocytic event).
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(−2.64 ± 0.25 s) (Fig. 2F) compared with the mean onset of the
astrocyte Ca2+ 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 Ca2+ 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 Ca2+ spike,
although the difference was not statistically significant. In addition, previous studies showed that the high frequency LFP power
reduction occurred earlier than the astrocytic Ca2+ spikes in both
the cortex and hippocampus of mice anesthetized with urethane
(9, 30). Thus, the intrinsic astrocytic Ca2+ signal elevation is
possibly involved in mediating this particular neurovascular
event. It is noteworthy that two-channel bilateral Ca2+ recording
(left hemisphere, neurons; right hemisphere, astrocytes) during
the resting state also shows the negative correlation of the intrinsic astrocytic Ca2+ spike to the neuronal Ca2+ transients.
Power spectral analysis of the neuronal Ca2+ transients shows
similar frequency suppression shift to that of the spontaneous
LFP signal (SI Appendix, Fig. S7).
Elevated astrocytic Ca2+ signals can affect vasoconstriction or
vasodilation, depending on conditions (7, 8, 12, 37), but these
seldom coexist during neurovascular coupling events. Interestingly, intrinsic astrocytic Ca2+ spikes can occur in the FP-S1 and
barrel cortex concurrently with the astrocytic Ca2+ signal evoked
by forepaw electrical stimulation (Fig. 3 A and B). As with the
spontaneous astrocytic Ca2+ recording during the resting state,
the intrinsic astrocytic Ca2+ spikes during stimulation were correlated with the negative BOLD signal throughout the cortex,
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A two-channel fluorescent signal recording system was developed to simultaneously detect the BOLD signal and the Ca2+
signal from neurons and astrocytes from the forepaw somatosensory cortex of both hemispheres, respectively (Fig. 1 C and
D). The neuronal and astrocytic Ca2+ 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
Ca2+ signal was coupled with a reduced amplitude BOLD fMRI
signal in a single trial-on/off block design paradigm. This outlier
indicates that astrocytic Ca2+ signaling might play another role in
neuroglial and gliovascular interaction.
We investigated the properties of the intrinsic astrocyte Ca2+
spikes and its relationship to the simultaneously acquired fMRI
signal. In rats anesthetized with α-chloralose, intrinsic astrocytic
Ca2+ spikes occurred simultaneously with a transient frequency
shift in hypersynchronized LFP bursts (Fig. 2A), previously described as intermittent or continuous hypersynchrony during
different EEG stages (36). During the spontaneous LFP frequency shifts, there was a transient suppression of the power
spectral density [Fig. 2 B and C, nonoverlapping confidence intervals (CIs); 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 Ca2+ spikes (Fig. 2D and SI Appendix, Fig.
S5). The astrocytic Ca2+ spike-triggered average of the simultaneously acquired LFP power spectral profile and fMRI signal
were computed. The negative BOLD signal was much delayed

Fig. 2. Intrinsic astrocytic Ca2+ 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 Ca2+ signal (Bottom) in FP-S1 (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 Ca2+ 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 Ca2+ 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 Ca2+ spikes and simultaneous fMRI signal acquired from the entire cortex (Upper Inset: color-coded
negative correlation map; Lower Inset: ROI in red contour; details in SI 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 Ca2+ spikes (red dashed line as time 0, 52 traces of 6 rats). (F) Estimated onset times of the
intrinsic astrocytic Ca2+ spikes, the LFP spectral power shift, and the fMRI signal reduction (time 0 at the peak time of the astrocytic Ca2+ spikes; one-way
ANOVA followed by Tukey’s multiple comparison test F = 31.94; *P = 5.1e-12, nLFP_Ca = 6; nfMRI_Ca = 6 rats).
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Fig. 3. Two-channel recording of the evoked and intrinsic astrocytic Ca2+ signal in FP-S1 and barrel cortex (BC). (A) The time courses of the evoked astrocytic
Ca2+ signal and the fMRI signal from FP-S1 (Left) upon forepaw stimulation (3 Hz, 4 s, 1.5 mA), and the concurrent intrinsic astrocytic Ca2+ signal from BC and
the fMRI signal from the entire cortex except FP-S1 (Right). (B) The correlation map of the fMRI signal with the intrinsic astrocytic Ca2+ spikes detected in BC
shows negative correlation across the entire cortex except FP-S1. (C) The amplitude of the astrocytic Ca2+ 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 Ca2+ and corresponding fMRI signals with
30-s forepaw stimulation (evoked-only vs. concurrent: epoch 2, 5 vs. 1, 3, 4). (E) The mean astrocytic Ca2+ traces of the two events (Left) and the simultaneously 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 CIs;
SI Appendix, Table S2), where the FP-S1 BOLD signal with the
concurrent (intrinsic and evoked) astrocytic Ca2+ signals was also
lower than that with the evoked-only astrocytic Ca2+signal (P =
0.026, Student t test two-tailed), although it was not showing
nonoverlapping CIs (SI Appendix, Table S2). In contrast, the
amplitude of the intrinsic astrocytic Ca2+ spike was significantly
higher than the normally evoked astrocytic Ca2+ spike (Fig. 3C,
nonoverlapping CIs; SI Appendix, Table S2). The concurrent
astrocytic Ca2+ spiking events were better characterized in the
30-s forepaw stimulation block design experiment, which showed
the intrinsic astrocytic Ca2+ spike superimposed on the early
phase of the evoked astrocytic Ca2+ signal (Fig. 3D). The averaged 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 Ca2+ spiking
events (Fig. 3 E and F). Furthermore, the intrinsic astrocytic
Ca2+ 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 Ca2+ signals (evoked vs. intrinsic) could concurrently
occur with a unique combination of coexisting positive and negative BOLD signals in the brain.
Specifying the Spatiotemporal Features of the Intrinsic Astrocytic
Ca2+ Spikes. Given that brain trauma may accompany the surgi-

cal procedure, we examined the possibility that the astrocytic
Ca2+ signal is associated with spreading depolarization/deE1650 | www.pnas.org/cgi/doi/10.1073/pnas.1711692115

pression (27). Astrocytic Ca2+ signals from two hemispheres in
the 30-s stimulation block design were measured to determine
whether the intrinsic astrocytic Ca2+ spike elicited by the stimulation traveled through the cortex. If the astrocytic Ca2+ spike
was triggered from the activated FP-S1 due to the stimulationinduced spreading depolarization/depression, it should appear as
a signal propagating through the cortex following stimulation
(26, 28, 31). Fig. 4A shows that the intrinsic astrocytic Ca2+
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 together with the negative BOLD signal through the cortex. The
onset of the intrinsic astrocytic Ca2+ spike in activated FPS1 during stimulation was measured by subtracting the normally
evoked astrocytic Ca2+ spike to clearly display the overlapping
onsets of the intrinsic astrocytic Ca2+ spikes detected from both
hemispheres (Fig. 4B). The latencies of the intrinsic astrocytic
Ca2+ 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 t test, P =
0.26; CI values in SI Appendix, Table S2). Periodically, the intrinsic astrocytic Ca2+ 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 Ca2+
spikes in both hemispheres is inconsistent with previously reported
astrocytic Ca2+ waves of spreading depression with propagation
speed at ∼20–40 μm/s (31, 32, 38), as well as the astrocytic Ca2+
Wang et al.
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wave propagation detected in the hippocampus (60 μm/s) (30).
The spreading depression events elicited Ca2+ signals at a higher
intensity of electrical stimulation. Despite the high Ca2+ signal
detected in both neurons and astrocytes upon the occurrence of
spreading depression in the stimulated hemisphere, no Ca2+ 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 with focal ischemia (29).
This shows that the intrinsic astrocytic Ca2+ 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 Ca2+ Signal. Subcortical nuclei that

project throughout the entire neocortex could be responsible for
the intrinsic astrocytic Ca2+-mediated neurovascular coupling
events. Based on the on/off stimulation block design, the neurovascular coupling events were separated into two groups: those
in which only the evoked astrocytic Ca2+ signal was present in the
activated cortex, i.e., evoked-only events, and those with concurrent evoked and intrinsic astrocytic Ca2+ signals, i.e., concurrent (evoked + intrinsic) bilateral events (Fig. 5A). The
amplitudes of the astrocytic Ca2+ 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 categories (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 regions (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 reticular 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 thalamic region was recorded simultaneously with the astrocytic Ca2+ recording in the cortex.
The central lateral (CL) thalamic regions were specifically targeted based on the BOLD functional map with the concurrent
events, showing bilateral activation pattern covering a region of
the brain atlas 400–500 μm in extant (Fig. 5D). For precise localization, the position of the electrode tip for each experiment
was imaged by MRI (SI Appendix, Fig. S11). Fig. 6A 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
Ca2+ 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 Ca2+ spike from the on/off
stimulation trial, followed by reduced power levels. A similar phenomenon was shown by the two-channel bilateral Ca2+ recording
PNAS | Published online January 30, 2018 | E1651
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Fig. 4. Bilateral astrocytic Ca2+ recordings with simultaneous fMRI. (A) The representative traces of astrocytic Ca2+ and simultaneous BOLD signal in FP-S1 of
both hemispheres with 30-s right forepaw stimulation (Inset: BOLD-fMRI map with left FP-S1 activation; concurrent events: epoch 2, 3, 5). (B) The mean time
course of the astrocytic Ca2+ signal from evoked-only events vs. the concurrent (evoked + intrinsic) events (Left). The intrinsic astrocytic Ca2+ spike in the
activated FP-S1 can be represented by subtracting the two events, which shows similar onset time to the intrinsic astrocytic Ca2+ 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 Ca2+ spikes of two hemispheres (Trial # = 32; rats, n = 6).

Fig. 5. Subcortical fMRI activation patterns underlying the intrinsic astrocytic Ca2+ spikes. (A) The representative traces of the FP-S1 astrocytic Ca2+ 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 Ca2+ 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 Ca2+ vs. right FP-S1, astrocytic Ca2+).
An increased EEG-like power level of neuronal Ca2+ transients was
detected before the intrinsic astrocytic Ca2+ events upon electrical
stimulation, followed by reduced power levels as well (SI Appendix,
Fig. S12). These results indicate that the intrinsic astrocytic Ca2+
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 Ca2+ 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 thalamus 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 CIs; SI Appendix, Table S2).
Similar patterns were also shown in the EEG-like power spectral
analysis for the simultaneously acquired neuronal Ca2+ signal (SI
Appendix, Fig. S12). Also noteworthy is that the beta band (13–
30 Hz) power level increased upon stimulation and was significantly higher than during the evoked events, which could contribute to the positive BOLD signal detected only in the concurrent
events (Fig. 6B). The increased power in the beta frequency band
E1652 | www.pnas.org/cgi/doi/10.1073/pnas.1711692115

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 Ca2+-mediated neurovascular
coupling events.
Discussion
Simultaneously recorded fMRI and GCaMP-mediated Ca2+
signals were used to characterize the cell-specific neurovascular
coupling events underlying two types of fMRI signals in anesthetized rats. In addition to the conventionally evoked BOLD
fMRI signal positively correlated to the neuronal and astrocytic
Ca2+ signal, an intrinsic astrocytic Ca2+ 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 Ca2+
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 thalamic nuclei preceded the intrinsic astrocytic Ca2+ signal followed 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 Ca2+ recording and the LFP recordings in both central thalamus and FP-S1. (A) The representative trace of the FP-S1 astrocytic
Ca2+ 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, 4 s, 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 Ca2+ 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 decreased 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 contributing to the bidirectional fMRI signal changes remain unclear
(1). Earlier studies have shown that the astrocytic Ca2+ signal
plays a crucial role in controlling blood flow through gliovascular
interaction (3, 4) and especially vasoconstriction and vasodilation under a variety of conditions (7, 8, 12, 40). Upon sensory
stimulation, increased neuronal activity (both LFP and neuronal
Ca2+ signals) is correlated with the evoked astrocytic Ca2+ 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 reWang et al.

cord the Ca2+ signal from astrocytes in deep cortical layers, in
contrast to the previous in vivo optical measurement from superficial layers of the cortex (5, 10, 19, 41), enabling the detection of the Ca2+ signal from a population of astrocytes located
in layer 5 of the cortex. The optical fiber integrated the Ca2+
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 Ca2+ signal, which
is shorter than reported in previous studies (5, 10). Several other
optical imaging studies have also reported the rapid onset of
evoked Ca2+ signal in astrocytes in vivo (11, 35), as well as fast
miniature Ca2+ transients in the hippocampal slice (42), indicating 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
(IP3R2−/−) to inhibit the astrocytic Ca2+ intracellular release,
therefore indicating that there may be a parallel pathway to
mediate the astrocytic Ca2+-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 Ca2+
signal (43). In IP3R2−/− mice, the capillary dilation is abolished
where the glial Ca2+ signal is reduced (6). This study suggests
that the astrocytic Ca2+ signal may mediate the neurovascular
coupling through capillary control. In addition, the causal relationship of the astrocytic Ca2+ signal with BOLD fMRI can be
further specified in transgenic mice with inhibited astrocytic Ca2+
intracellular release and pericyte-deficient mice (5, 45).
Astrocytic Ca2+-mediated vessel constriction has been observed 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 Ca2+ causes negative BOLD signal
changes through vasoconstriction during normal functioning.
Here, we showed that the intrinsic astrocytic Ca2+ spike was the
crucial linkage of neurovascular coupling to mediate the negative
BOLD signal in the whole cortex. The data show that the intrinsic astrocytic Ca2+ 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 α-chloralose (36, 47). Interestingly, in the hippocampus of mice anesthetized with urethane, astrocytic Ca2+ waves
have been reported to correlate with the decreased power level
in both infraslow and high-frequency ranges, as well as with reduced blood flow (30). Besides the spontaneous neuronal oscillation, the astrocytic Ca2+ transients have also been reported to
be coupled with carbachol-induced oscillations in the hippocampal brain slices (34). Therefore, the intrinsic astrocytic
Ca2+-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 Ca2+ signal with decreased BOLD signal? Spreading depolarization/depression can
be elicited by numerous noxious triggers, such as chemical
treatment with potassium and glutamate, hypoxia, and focal ischemia, 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 Ca2+ waves propagating through the local
neuronal and astrocytic network from the triggered source (28,
48, 49). However, the novel intrinsic astrocytic Ca2+-mediated
neurovascular coupling events showed spatiotemporal features
distinct from spreading depression (SI Appendix, Fig. S8). First,
intrinsic astrocytic Ca2+ signals can occur concurrently with the
evoked astrocytic Ca2+ signal, mediating, respectively, both
positive and negative BOLD fMRI signals in the brain. Although
the elevated astrocytic Ca2+ 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 Ca2+-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
Ca2+ spikes in the two hemispheres (Fig. 4), which is different
from Ca2+ waves traveling through the astrocytic network from
the source of spreading depression (31, 32). We presented evidence
that the intrinsic astrocytic Ca2+ signals detected instantaneously
throughout the cortex (Figs. 3 and 4) were initiated by subcortical
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projections activating the intrinsic astrocytic Ca2+-mediated neurovascular coupling events (50, 51).
The intrinsic astrocytic Ca2+ 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 Ca2+-mediated
neuronal activity changes may shed light on the thalamic regulation of the state switch leading to arousal. The simultaneously
acquired astrocytic Ca2+ 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 Ca2+ 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 increased fMRI signals in the thalamus and decreased fMRI signals in the whole cortex are correlated with state fluctuation
associated with arousal at eye opening (15). Optogenetic activation 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 2+ spikes. Alpha power is also reduced following
eye opening (54). The regulation of alpha-power oscillationdependent brain states is less efficient when delivered upon
the high alpha-power state (55, 56). It is plausible that the intrinsic astrocytic Ca2+ spikes may be involved in the spontaneous fluctuation of the alpha-band EEG activity to mediate
the brain excitability (56).
Two issues remain to be solved to better understand the interaction of astrocytic calcium and BOLD fMRI signal during
the brain state fluctuation. The first issue is the brain state dependency and potential anesthetic effects on the correlation of
astrocytic calcium signal and BOLD fMRI signal. Besides
α-chloralose, the negative BOLD signal coupled to the intrinsic
astrocytic Ca2+ 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 α-chloralose
anesthetic effect. Interestingly, the negative BOLD correlation
pattern varied across different animals, indicating a potential
dependency on the anesthetic effect of urethane (SI Appendix,
Fig. S14). In a preliminary experiment, the astrocytic Ca2+ signal
was recorded simultaneously with LFP in free-moving rats,
showing the intrinsic astrocytic Ca2+ spikes in coincidence with
the EEG state changes during sleep cycles (SI Appendix, Fig.
S15). This preliminary result further implicates the highly correlated intrinsic astrocytic Ca2+ 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 Ca2+ signal to the negative BOLD signal and
their underlying molecular mechanism. In the present study,
both intrinsic astrocytic Ca2+ signal and negative BOLD signal
were dampened in rats anesthetized with medetomidine, an
adrenergic alpha-2 receptor agonist, which can inhibit norepinephrine effect through negative feedback (SI Appendix, Fig.
S16). It has been shown that the locomotion- or startle-induced
astrocytic Ca2+ 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 Ca2+ signal and vasoconstriction, respectively or sequentially (59). It is also possible that the
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Materials and Methods
Detailed methods are provided in SI 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 (Regierungspräsidium, Tuebingen, Baden-Württemberg, 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.Syn.GCaMP6f.WPRE.SV40 and AAV5.
GfaABC1D.cyto-GCaMP6f.SV40 (Addgene52925; GfaABC1D.cyto promoter for
cytoplasmic expression of GCaMP6f; ref. 61).
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