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SUMMARY

The role of astrocytes in neurovascular coupling (NVC) is unclear. Here, we applied a 

multimodality imaging approach to concomitantly measure synchronized neuronal or astrocytic 

Ca2+ and hemodynamic changes in the mouse somatosensory cortex at rest and during sensory 

electrical stimulation. Strikingly, we found that low-frequency stimulation (0.3–1 Hz), which 

consistently evokes fast neuronal Ca2+ transients (6.0 ± 2.7 ms latency) that always precede 

vascular responses, does not always elicit astrocytic Ca2+ transients (313 ± 65 ms latency). 

However, the magnitude of the hemodynamic response is increased when astrocytic transients 

occur, suggesting a facilitatory role of astrocytes in NVC. High-frequency stimulation (5–10 Hz) 

consistently evokes a large, delayed astrocytic Ca2+ accumulation (3.48 ± 0.09 s latency) that is 

temporarily associated with vasoconstriction, suggesting a role for astrocytes in resetting NVC. At 

rest, neuronal, but not astrocytic, Ca2+ fluctuations correlate with hemodynamic low-frequency 

oscillations. Taken together, these results support a role for astrocytes in modulating, but not 

triggering, NVC.
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Graphical Abstract

In Brief

Using concomitant multimodality optical imaging of synchronized neuronal or astrocytic Ca2+ and 

hemodynamic changes, Gu et al. show hemodynamic responses to slow sensory stimuli without 

astrocytic Ca2+ changes. Astrocytic Ca2+ correlates with vasoconstriction after fast stimuli. 

Neuronal, not astrocytic, slow Ca2+ fluctuations correlate with hemodynamics at rest.

INTRODUCTION

Neurovascular coupling (NVC) is a process by which brain regions control blood flow to 

meet the demands of changes in neuronal activity. There is still no broad consensus on the 

mechanism underlying NVC. Of particular interest has been the role neurons and astrocytes 

that may play in triggering NVC. Some studies have shown that neurons can be the driving 

force behind NVC during stimulation-induced changes in hemodynamics (Attwell and 

Laughlin, 2001; O’Herron et al., 2016), and others have focused on the role of astrocytes 

(Mishra et al., 2016). Studies assessing the role of astrocytes in NVC have measured 

intracellular Ca2+ as a marker of activity and have shown that Ca2+ elevation in astrocytes is 

associated with release of vasoactive compounds that might drive blood flow changes in 

NVC (Girouard et al., 2010; Metea and Newman, 2006; Mulligan and MacVicar, 2004; 

Takano et al., 2006a). However, the role of astrocytes in NVC was recently questioned 

because the Ca2+ transients evoked in astrocytes in response to neuronal activity were sparse 

Gu et al. Page 2

Cell Rep. Author manuscript; available in PMC 2020 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and delayed relative to the onset of functional hyperemia (Schulz et al., 2012; Schummers et 

al., 2008; Wang et al., 2006). In addition, NVC persisted in IP3R2 knockout mice (Nizar et 

al., 2013), in whom Ca2+ signaling in astrocytes is inhibited, which has been interpreted to 

suggest that astrocytes are not involved in NVC during stimulation-induced changes in 

hemodynamics.

The lack of consensus is likely due to the large range of stimulations used, the complexity of 

astrocytic Ca2+ changes, and the fact that most studies used high-resolution microscopy, 

which restricts imaging to very small fields of view (FOVs). Moreover, most studies that 

monitored Ca2+ signals only captured Ca2+ transients occurring in the soma triggered by 

strong stimulation (Haustein et al., 2014). These studies may have missed Ca2+ signals in 

astrocyte processes associated with nearby overlapping synapses (Di Castro et al., 2011; 

Panatier et al., 2011). Indeed, in vivo evidence using genetically encoded calcium inidicators 

(GECIs) (e.g., GCaMP6f) has shown that Ca2+ signals in astrocytes are highly 

compartmentalized and that the activity in discrete regions or microdomains can be 

uncorrelated with that occurring in the soma (Otsu et al., 2015; Srinivasan et al., 2015). This 

indicates that astrocytic Ca2+ dynamics may be more complex than typically assumed. 

Noteworthy is the fact that these Ca2+ signaling studies were conducted at single-astrocyte 

cell level within a small FOV accessible by two-photon confocal microscopy rather than 

over the cell population from which synchronized Ca2+ signaling arises (Kuga et al., 2011; 

Nimmerjahn et al., 2009; Paukert et al., 2014). Indeed, the behavior of synchronized Ca2+ 

signaling from large-scale astrocyte populations is not well understood and neither is their 

functional role in NVC.

Large-scale synchronized activity from cell populations is likely to play an important role in 

NVC. Increases in cerebral blood flow (CBF) triggered by sensory stimulation (functional 

hyperemia) reflect flow changes occurring simultaneously among several blood vessels over 

the stimulated brain region (Pan et al., 2014). Previous in vivo studies in the rodent cortex 

showed that astrocytes in the stimulated region tend to exhibit synchronized Ca2+ elevations 

(Hirase et al., 2004; Takata and Hirase, 2008). Astrocytes are highly interconnected and 

organized as a syncytium in which individuals occupying distinct domains are extensively 

coupled through gap junctions (Giaume et al., 2010; Nimmerjahn and Bergles, 2015), and it 

is unclear how astrocyte networks are controlled when engaging in NVC (Nuriya and 

Hirase, 2016; Rosenegger and Gordon, 2015). Similarly, large-scale synchronized cellular 

activation (assessed with Ca2+ indicators) is highly correlated with the spontaneous slow 

functional hemodynamic oscillations detected with fMRI (assessed with blood oxygen level-

dependent [BOLD] or perfusion techniques) during the resting state (Du et al., 2014). 

Although there is consistent evidence of neuronal involvement in stimulation-induced 

BOLD changes (Logothetis, 2008) and of the slow BOLD oscillations used to measure 

resting functional connectivity with fMRI (Schölvinck et al., 2010; Shmuel and Leopold, 

2008), the involvement of astrocytes is less clear. No study has evaluated the interactions 

between synchronized astrocytic Ca2+ signals and NVC during stimulation-induced changes 

in hemodynamics or during resting spontaneous hemodynamic fluctuations.

To address the role of astrocytes in NVC both during stimulation and at rest, synchronized 

Ca2+ activity for a large area of the hindpaw somatosensory cortex was measured from 
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astrocytes and neurons along with the associated hemodynamic changes in the mouse brain. 

A viral injection of GCaMP6f (Chen et al., 2013; Haustein et al., 2014) into the 

somatosensory cortex of cre transgenic mice enabled either neuron-specific or astrocyte-

specific Ca2+ expression. A multimodality imaging platform (MIP) through a chronic cranial 

window (Gu et al., 2018) was applied to enable acquisition of cell-specific Ca2+ changes 

from astrocytes or neurons while concurrently measuring dynamic changes in cerebral blood 

flow velocity (CBFv), blood volume (total hemoglobin concentration [HbT]), and vascular 

dilation separately for veins and arteries at high spatiotemporal resolutions and over a 

relatively large FOV. We show that the synchronized astrocytic Ca2+ responses to low-

frequency sensory stimulations were weaker, slower, less consistent, and longer-lasting than 

the synchronized neuronal Ca2+ responses, whereas, for high-frequency stimulation, the 

astrocytic Ca2+ responses were cumulative and consistent but longer-lasting than the 

cumulative neuronal Ca2+ responses and persisted after the end of stimulation. More 

importantly, our findings suggest a facilitatory and resetting role of astrocytes in NVC 

during stimulation. However, at rest under physiological conditions, astrocytic Ca2+ 

fluctuations do not seem to contribute to hemodynamic low-frequency oscillations, which, 

instead, are driven by neuronal oscillations, although they might participate when 

hemodynamics are disrupted; for example, during hypercapnia.

RESULTS

Genetic Expression of GCaMP6f in Neurons and Astrocytes

To define the mechanisms by which astrocytic and neuronal activities are involved in NVC 

in vivo, we used a viral injection strategy to express a genetically encoded Ca2+ indicator, 

GCaMP6f, in mice in a cell-specific manner (Figures 1B and 1E). For neuronal expression, 

we injected AAV5-syn-GCaMP6f (AV-5-PV2822, Penn Vector Core) into the hindpaw 

region of the somatosensory cortex in wild-type C57 mice (Figure 1B). After 4 weeks, 

GCaMP6f was expressed in 47.9% ± 2.6% of cortical neurons (n = 6 mice) (Figures 1C–

1D’). Ex vivo confirmation via double staining with NeuN antibody to label neurons and 

GFP antibody to label GCaMP6f showed that all GFP+ cells were neurons. No GCaMP6f 

cells that were glial fibrillary acidic protein (GFAP+) were detected (Figure S1). For 

astrocyte expression, we injected AAV5-Flex-GCaMP6f (AV-5-PV2816, Penn Vector Core) 

into the same brain region in GFAP-Cre mice (Jax 024098). Cre recombination induced 

GCaMP6f expression in 45.2% ± 4.5% of cortical astrocytes (n = 6 mice) after 4 weeks of 

injection (Figures 1F–1G’), which could be visualized in vivo using our MIP through a 

cranial window (Figures 1A and 1H). Double staining with GFAP antibody to label 

astrocytes and GFP antibody to label GCaMP6f showed that the GFP+ cells were all 

astrocytes; consistently, these GCaMP6f cells were not NeuN+ (Figure S1). It must be noted 

that, unlike previously reported dye labeling routes (Takano et al., 2006a), GCaMP6f was 

expressed in both the soma and the processes of astrocytes (yellow arrows and white 

arrowheads in Figures 1G’ and S1), facilitating simultaneous characterization of different 

regional synchronized Ca2+ dynamics from the astrocyte population (e.g., processes versus 

somata) (Shigetomi et al., 2013, 2016).
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Frequency Dependence of Synchronized Neuronal and Astrocytic Ca2+ Dynamics

Synchronized Ca2+ transients from cortical neuronal and astrocyte populations were 

measured under different stimulation frequencies (e.g., 0.3 Hz, 1 Hz, 3 Hz, 5 Hz, and 10 

Hz). For neurons, when the stimulation frequency was slow (0.3 Hz and 1 Hz), the 

synchronized Ca2+ transient corresponded one to one with each single stimulation. When the 

frequency was increased to 3 Hz, sometimes a stimulation did not lead to a Ca2+ response 

(Figures 2A and 2B). For the higher frequencies (5 Hz and 10 Hz), the GCaMP6f signal 

could not keep up with the neuronal ensemble response, and there was cumulative Ca2+ 

elevation (Figures 2C–2E). The peak Ca2+ amplitudes increased from 0.15% ± 0.02% for 

0.3 Hz to 0.52% ± 0.05% for 1 Hz, 4.4% ± 0.1% for 3 Hz, 6.2% ± 0.2% for 5 Hz, and 7.7% 

± 0.1% for 10 Hz (Figure 2K; m = 17, n = 6).

For astrocytes, the synchronized Ca2+ responses also showed a transition from primarily 

transient responses to individual stimulation at 0.3–3 Hz to mostly slow cumulative 

elevations at 5–10 Hz (Figures 2F–2J and 2L). Interestingly, often there was no astrocytic 

Ca2+ transient to an electrical stimulation, even at the lowest frequencies of 0.3-Hz and 1-Hz 

stimulation. The response rate to an electrical stimulation for neuronal Ca2+ was 99% ± 

0.2%, and for astrocytic Ca2+ it was 57.73% ± 8.2% at0.3 Hz and 47.7% ± 7.0% for 1 Hz (p 

< 0.001, m = 20, n = 6, Student’s t test) (Figure 2G; Figure S2). The neuronal and astrocyte 

responses to stimulations above 1 Hz were likely constrained by the inability of GCaMP6f to 

keep up with cellular dynamics for its slow off rate (Chen et al., 2013). In neurons at 3 Hz, 

there was some evidence of responses to individual stimulation, but there was also a slow 

accumulation of fluorescence. By 5 and 10 Hz, individual transients could not be detected, 

and a cumulative increase in fluorescence was detected. Astrocytes also exhibited a complex 

response when the stimulation frequency increased. At low frequency, individual 

stimulations could be resolved (except that, many times, a stimulation did not evoke a 

change in astrocyte Ca2+). At high frequencies (5 and 10 Hz), some evidence of individual 

responses could be detected on a large increasing level of cumulative fluorescence. Two 

components were distinguished in the astrocyte Ca2+ signal: a fast component that was most 

visible for the lower-frequency stimulations (0.3–5 Hz) and a slow component observed at 3 

Hz and higher stimulation frequencies (5–10 Hz). The fast component consisted of Ca2+ 

transients that decreased with the higher-frequency stimulations, corresponding to 3.19% ± 

0.18% for 0.3 Hz (m = 18, n = 6) and 3.39% ± 0.19% for 1 Hz (m = 18, n = 6) but 

decreasing to 2.2% ± 0.3% for 3 Hz (m = 26, n = 6), 1.7% ±0.2% for 5 Hz (m = 17, n = 6), 

and 0.08% ± 0.006% for 10 Hz (m = 17, n = 6). The slow astrocytic component showed a 

slow Ca2+ accumulation that was first detected at 3 Hz and increased with the frequency of 

stimulation from 0.08% ± 0.02% at 3 Hz (m = 17, n = 6) to 3.3% ± 0.2% at 5 Hz (m = 17, n 

= 6) and to4.2% ± 0.19% at 10 Hz (m = 18, n = 6). Interestingly, astrocytic Ca2+ response to 

5-Hz stimulation exhibited a bi-phase response; i.e., an early phase of fast transient Ca2+ 

spikes followed by a later phase of slow Ca2+ accumulation (Figure 2I). There was a 3.48 ± 

0.09 s latency to stimulation onset of the slow cumulative astrocytic Ca2+ elevation, which 

was significantly slower than the cumulative neuronal increase in fluorescence (p < 0.001, m 

= 17, n = 6, Student’s t test). This latency matches well the ~3- to 4-s delay for astrocytic 

somatic Ca2+ elevations previously reported in studies that used dye loading (Nizar et al., 

2013; Schummers et al., 2008). This suggests that the slow astrocytic Ca2+ accumulation 
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component evoked by high-frequency stimulation corresponds to somatic Ca2+ signaling. 

Additionally, these results indicate that astrocytes do not always give transient Ca2+ 

responses to electrical stimulation, even for low frequencies (0.3 to 1 Hz). This is also 

consistent with previously published results at the single-cell level using two-photon 

microscopy (Haustein et al., 2014).

Single Sensory Stimulation Evoked Ca2+ Transients that Were Fast and Highly 
Synchronized for Neuronal Populations and Slower and Less Synchronized for Astrocytic 
Populations

To assess the neuronal and astrocytic responses to isolated stimulation, we measured the 

Ca2+ transients elicited at the lowest stimulation frequency (3 mA and 0.3 ms). The recorded 

neuronal Ca2+ transients observed for each single stimulation (Figure 3A; Figure S3) were 

fast and reproducible across the repeated stimulation trials (m = 20 trials, n = 5 mice). The 

measured latency, duration, and peak amplitude of neuronal Ca2+ transients were τN (latency 

of neuronal response to stimulation onset) = 6.0 ± 2.7 ms, ΔtN (duration of neuronal 

response) = 537 ± 34 ms, and relative florescence change (DF/F)N = 6.40% ± 0.29%, which 

were averaged over a region of interest (ROI) of ~diameter (ϕ) 0.5 mm (blue circle in Figure 

3A).

Similarly, robust synchronized Ca2+ transients were detected from astrocytes in response to 

some of the single stimulations (e.g., 57.73% ± 8.2% of 0.3-Hz stimulations elicited an 

astrocytic response). Astrocyte responses were slower, longer-lasting, and smaller than 

neuronal responses, with a measured latency, duration, and peak amplitude of τA (latency of 

astrocyte response to stimulation onset) = 313 ± 65 ms, ΔtA (duration of astrocyte response) 

= 993 ± 48 ms, and ΔF/FA = 1.74% ± 0.1% over an ROI of ~ϕ0.5 mm (Figure 3B; Figure 

S3) (m = 20 trials, n = 5 mice).

Comparisons between astrocytic and neuronal Ca2+ transients revealed significant 

differences. Neuronal Ca2+ increases occurred immediately following the stimulation onset 

(latency of 6.0 ± 2.7 ms), whereas astrocytic Ca2+ increases were delayed by 313 ± 65 ms (p 

< 0.001, Student’s t test, m = 20, n = 5 mice) and were less synchronized (Figures 3A and 

3B). The astrocytic Ca2+ transient amplitude was 72.8% ± 0.3% lower (p <0.001, Student’s t 

test, m = 20, n = 5 mice), and its duration was 84.9% ± 10.9% longer (p < 0.001, Mann-

Whitney test, m = 20, n = 5 mice) than neuronal ones (Figures 3C–3E). It should be noted 

that the detected Ca2+ transient from the synchronized astrocyte population is different from 

the previously reported Ca2+ fluctuations at single-cell level, which were slow, sparse, and 

evoked only by high-frequency stimulation (Schummers et al., 2008). Our data (Figure 3B) 

are consistent with recent findings of a faster Ca2+ transient in the processes of astrocytes 

that expressed GCaMP6f (Otsu et al., 2015). Thus, coordinated astrocyte responses from 

many cells over the somatosensory cortex have been detected from a single electrical 

stimulation.

To assess whether astrocytes have spatially restricted responses, we measured the correlation 

of the transients evoked by single stimulation on 15 contiguous astrocytes and compared 

them with those for 15 contiguous neurons on a circular ROI (~ϕ30 mm) (Figures 3F and 

3G). Analysis of the spatiotemporal correlations of Ca2+ changes in single cells within the 
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ROIs (i, j = 1,…, m) shows that the cross-correlation coefficient for neuronal Ca2+, rN = 

0.966 ± 0.005 (m = 15, n = 5 mice), was significantly larger (p < 0.001, Mann-Whitney test) 

than for astrocytic Ca2+, rA = 0.638 ± 0.025 (m = 15, n = 5 mice) (Figures 3H and 3I). 

Furthermore, the duration (ΔtA = 953 ± 42 ms, m = 20, n = 5 mice) of synchronized 

astrocytic Ca2+ transients across the population of astrocytes (Figure 3J) evoked by 

stimulation was 62.6% ± 9.1% broader than that of a single astrocyte (ΔtA = 586 ± 33 ms, m 

= 20, n = 5 mice; Figure S4), whereas the duration (ΔtA = 484 ± 24 ms, m = 20, n = 5 mice) 

of synchronized neuronal Ca2+ transients (Figure 3J) was similar to that of a single neuron 

(ΔtA = 453 ± 23 ms, m = 20, n = 5 mice; Figure S4). This indicates that Ca2+ activation of 

the neuronal population is highly synchronized whereas that of the astrocyte population is 

much less so.

Neuronal, Not Astrocytic, Ca2+ Correlated with NVC to Single Sensory Stimulation

Single sensory stimulations (0.3 Hz) evoked weak, sparse astrocytic Ca2+ transients but 

highly synchronized, consistent, and strong neuronal Ca2+ transients (Figures 3A and 3F), 

which led us to compare their association with hemodynamic changes induced by single 

stimulation. At 0.3-Hz stimulation, neuronal Ca2+ reliably responded to almost all of the 

stimulation trials with an overall response rate of 99% ± 0.1%, whereas astrocytic Ca2+ 

responded irregularly, showing an overall response rate of 57.7% ± 8.2% across all 8 trials (p 

< 0.001, m = 20, n = 6, Student’s t test) (Figures 4A and 4B). Although astrocytes 

consistently responded to the first 3 stimulations, their Ca2+ response rate declined from 

84.4% ± 8.6% to 32.4% ± 10.5% for the late 7–8 stimulations in each trial (p < 0.001, m = 

20, n = 6, repeated one-way ANOVA), and their transient amplitudes decreased from 3.03% 

± 0.18% to 0.45% ± 0.19% (p < 0.0001, m = 12, n = 3, Student’s t test) (Figures 4B, 4E, and 

4F). On the other hand, the hemodynamics (e.g., ΔHbT) responded to almost all stimulations 

(98% ± 0.2% for the first 3 and 97% ±0.1% for the last 3 stimulations; Figure 4C), similar to 

the rate of the neuronal responses. Thus, the pattern of hemodynamic responses to single 

stimulation corresponded to that observed for neuronal but not for astrocytic transients, 

which indicates that neurons, and not astrocytes, are driving the individual hemodynamic 

responses. Interestingly, the neuronal Ca2+ amplitude was very consistent at the beginning or 

end of the stimulation train, indicating that they are independent of whether there was or 

there was no astrocytic Ca2+ response (7.2% ± 0.19% versus 6.7% ± 0.34%, p = 0.22, m = 

12, n = 4). However, the HbT amplitude without astrocytic Ca2+ response was significantly 

lower than that with astrocytic Ca2+ response(0.42% ± 0.03% versus 1.15% ± 0.06%, first 3 

versus last 3 stimulations, p < 0.0001, m = 12, n = 4) (Figure 4F), suggesting that astrocytes 

modulate the NVC response upon neuronal stimulation.

To attempt to sort out the responses of astrocyte soma from those of the processes, we 

measured the astrocytic Ca2+ increases to single stimulation after local cortical injection of 

carbenoxolone (Cbx) to inhibit gap junctions, which should influence astrocytic processes, 

and after cyclopiazonic acid (CPA) to deplete astrocyte intracellular Ca2+ stores, which 

would influence astrocytic somata (Kuga et al., 2011; Srinivasan et al., 2015). After Cbx, the 

response to single stimulation was almost completely abolished, from a baseline of 2.56% ± 

0.05% to 0.075% ± 0.035% (p < 0.0001, m = 12, n = 3, Student’s t test), whereas after CPA, 

the response was only partly reduced, to 1.28% ± 0.086% (p < 0.001, m = 12, n = 3, 
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Student’s t test) (Figures 4K–4N). This is consistent with the interpretation that the transient 

Ca2+ evoked by single stimulation originated primarily from the fast astrocyte processes 

(Otsu et al., 2015). Although consistent with the notion that the astrocyte response to single 

stimulation is due to astrocyte processes, the Cbx application also affected neuronal 

responses (Figures 4G–4J), complicating the assumption that these agents are specific.

Overall, these results show that neuronal Ca2+ transients had a one-to-one association with 

the hemodynamic responses during continuous, low-frequency stimulation; astrocytic Ca2+ 

transients during single stimulation dissociated from the hemodynamic responses, their 

occurrences decreased following the first 3 stimulations in a trial, but when they occurred, 

they were associated with stronger hemodynamic responses; and the fast astrocytic Ca2+ 

activity appeared to be mediated by the processes of astrocytes and might be predominantly 

engaged at the onset of upcoming hemodynamic responses (e.g., the first 3 stimulations).

Neuronal Ca2+ Drives NVC under High-Frequency Stimulation, and Slow Astrocytic Ca2+ Is 
Associated with Vasoconstriction

Unlike previous studies that only observed strong high-frequency stimulation-evoked slow 

astrocytic Ca2+ elevations, our results showed that fast Ca2+ transients from synchronized 

astrocytic processes responded to the onset of single stimulations (as achieved at 0.3 Hz) but 

frequently disassociated from the ΔHbT responses after repeated stimulations (Figures 4B 

and 4C). We also showed that 5-Hz stimulations evoked both an early phase of fast transient-

like Ca2+ and a later phase of slow cumulative astrocytic Ca2+ elevations (Figure 5G). The 

simultaneous assessment of the hemodynamic responses (e.g., ΔCBF, ΔHbT, and vessel 

diameter change [ΔD/D]) allowed us to assess the role of these astrocytic Ca2+ signals in 

NVC under fast stimulations.

A comparison of temporal profiles during high-frequency stimulation (5 Hz) showed that 

neuronal Ca2+ elevations correlated with the hemodynamic changes (e.g., ΔCBF, ΔHbT, and 

ΔD/D) despite delays in their onset (e.g., τCBF = 1.3 ± 0.44 s, τHbT = 3.24 ± 0.53 s, τΔD/D = 

0.501 ± 0.079 s; n = 5 mice), all of which reached their peak and started to decrease near the 

end of the stimulation period (t = 10 s) (Figures 5H and 5J–M, blue bars). In contrast, the 

overall astrocytic Ca2+ elevations evoked by high-frequency stimulation were de-correlated 

from the hemodynamic changes during stimulation (Figures 5I–5M, pink bars). However, 

when the coexisting fast and slow astrocytic Ca2+ modes were considered, a detailed 

comparison revealed that the fast-process Ca2+ fluctuations lasting 3.48 ± 0.9 s (red arrow in 

Figure 5G and in the dashed blue box in Figure 5I) correlated with the rising phase of ΔCBF 

(red trace), which might suggest a role of astrocyte processes in facilitating onset of NVC 

during the early phase of high-frequency stimulation. On the other hand, the correlation 

between the hemodynamics and the neuronal versus the astrocytic Ca2+ accumulation 

(Figures 5H–5K) showed that the slow astrocytic Ca2+ elevation (τA = 5.74 ± 0.43 s) did not 

correlate with ΔCBF (r = −0.049 ± 0.23, p = 0.088, m = 20, n = 5, Student’s t test) or ΔHbT 

(r = 0.015 ±0.08, p = 0.249, m = 20, n = 5, Student’s t test). In contrast, cumulative neuronal 

Ca2+ had a strong positive correlation with ΔCBF (r = 0.77 ± 0.13, p < 0.001, m = 20, n = 5, 

Student’s t test) and ΔHbT (r = 0.34 ± 0.38, p < 0.001, m = 20, n = 5, Student’s t test) 

(Figure 5M). Instead, the 3.48 ± 0.09 s-delayed astrocytic Ca2+ elevation, whose plateau 
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extended 20 s beyond the stimulation period, correlated with the vasoconstriction (ΔD/D, r = 

0.66 ± 0.05, p < 0.001, m = 20, n = 6, Student’s t test) that followed the peak of stimulation-

induced vasodilation (4.78 ± 0.2 s latency) (Figure 5L). The correlation between neuronal 

Ca2+ elevation (Figure 5M) and ΔD/D was not significant (rN = 0.1 ± 0.25, p = 0.548, m = 

20, n = 5, Student’s t test).

These results suggest that, although neuronal populations are better correlated with NVC 

during high-frequency stimulation, the astrocytic transients (presumably processes) likely 

facilitate early vascular responses, and the large, slow cumulative astrocytic Ca2+ elevations 

(presumably from astrocytic somata) appear to mediate vasoconstriction upon termination of 

high-frequency stimulation, enabling recovery of NVC following high-frequency 

stimulation. The long tail of Ca2+ elevation extending beyond the stimulation train could 

result from the confounding effects of the relatively slow decay of GCaMP6f that would not 

allow for recovery during high-frequency stimulation and the averaging of Ca2+ dynamics 

over an extended response volume that may have different temporal characteristics.

To identify the origin of the bi-phasic astrocytic Ca2+ signal, we recorded the astrocytic Ca2+ 

increases to 5-Hz stimulations after local cortical injection of Cbx and CPA (Kuga et al., 

2011; Srinivasan et al., 2015). Astrocytic slow cumulative Ca2+ elevation markedly 

decreased after CPA, from 4.7% ± 0.1% to 0.83% ±0.1% (p < 0.0001, m = 12, n = 3, two-

tailed t test), whereas it did not change after Cbx (4.7% ± 0.1% to 4.5% ± 0.3%, p = 0.67, m 

= 12, n = 3, two-tailed t test) (Figure S5), which indicates that the soma drives cumulative 

Ca2+ during high-frequency stimulation. These results suggest that the slow accumulative 

Ca2+ phase likely originated primarily from the slow somatic signal of the astrocyte 

ensemble, as evidenced by its inhibition by CPA (Figure S5).

Resting State Neuronal, but Not Astrocytic, Ca2+ Slow Oscillations Correlated with 
Hemodynamic Slow Oscillations

Previous studies have found that the low-frequency oscillations (LFOs) used by resting 

fMRI to explore brain functional connectivity are most likely derived from neuronal activity 

(Du et al., 2014; Schölvinck et al., 2010). However, the interplay between neuronal and 

astrocytic activities giving rise to LFOs has not been studied. The resting LFOs of neuronal 

and of astrocytic Ca2+ signals and of the hemodynamic (e.g., HbT) fluctuations were 

measured (Figures 6A–6C) (the methods are described in Figure S6). The power spectra of 

resting LFOs in the synchronized neuronal or astrocytic Ca2+ signals were derived by 

Fourier transform, as shown in Figures 6D–6G (Du et al., 2014). Neuronal Ca2+, HbT, and 

CBF all showed an LFO spectral peak within 0.03–0.08 Hz (cellular and metabolic band; 

black arrows in Figure 6), and CBF showed an additional peak (red arrow) around 0.1–0.12 

Hz (vascular effect), as previously reported (Du et al., 2014). Astrocytic Ca2+ exhibited only 

narrow band responses that occasionally got above background noise but no prominent band 

of LFO between 0.03–0.08 Hz, as detected for neuronal and hemodynamic responses 

(Figure 6E).

The correlation between hemodynamic LFOs and neuronal (blue) versus astrocytic (purple) 

Ca2+ LFOs (Figure 6I) showed that neuronal Ca2+ LFO was correlated with ΔHbT LFO (r = 

0.314 ± 0.051, p = 0.016, n = 6 mice), with a HbT time lag of 2.96 ± 0.32 s. There was no 
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significant correlation between astrocytic Ca2+ and HbT LFOs (r = 0.14 ± 0.04, p = 0.47, n = 

6 mice). This result confirms that the cellular driver for resting LFOs (frequency f = 0.03–

0.08 Hz) is the neurons and is consistent with prior studies that show correlations between 

low-frequency hemodynamic changes and low-frequency neuronal activities (Schölvinck et 

al., 2010; Shmuel and Leopold, 2008). We have now measured resting spontaneous 

astrocytic activity and shown that astrocytes do not contribute to resting LFOs.

All data described so far were acquired under normal physiological conditions. To test the 

effects of hypercapnia on the contribution of astrocytes to LFOs, inhaled CO2 was increased, 

which dilated the cerebrovascular vessels. During hypercapnia, an LFO peak of astrocytic 

Ca2+ emerged within 0.03–0.08 Hz (Figure S6). This indicates that, although neuronal 

oscillatory activity correlated with hemodynamic LFOs, astrocytes might contribute to 

oscillatory signals when hemodynamics deviate from natural physiological states, such as is 

the case for vasodilation induced by hypercapnia, or, presumably, other disruptive 

physiological and/or pharmacological conditions. Other than the additional peak around 0.1–

0.12 Hz (vascular effect), the hemodynamic fluctuations under hypercapnia remained largely 

unchanged; e.g., ΔHbT LFO from 17.3% ± 2.88% to 15.2% ± 0.49% (p = 0.135), ΔCBF 

LFO from 8.27% ± 1.73% to7.48% ± 4.23% (p = 0.711). These results suggest that, 

although astrocytes under physiological conditions do not contribute to resting 

hemodynamic LFOs, they might participate when hemodynamics are disrupted, which 

emphasizes the importance of controlling the physiological state of the animal when 

measuring astrocytic activities.

DISCUSSION

Here the roles of synchronized Ca2+ from neuron and astrocyte populations were measured 

using GCaMP6f and correlated with NVC. Key findings from these studies were as follows:

1. The use of an innovative multimodality imaging approach allowed us to record 

changes in synchronized Ca2+ signaling from neuronal and astrocytic ensembles 

and the concurrent hemodynamic changes at a higher temporal resolution (80-Hz 

sampling rate) and larger FOV (over 3 × 3mm2) than those of prior studies that 

used two-photon microscopy. The high sensitivity and fast frame rate enabled us 

to distinctly detect both astrocytic Ca2+ transients and slow accumulative 

responses. The data clearly show that, both in the resting state and during hind 

paw stimulation, NVC can occur without detectable astrocyte responses but that, 

when occurring, they affect the hemodynamic responses, suggesting that 

astrocyte responses are important for modulating NVC. When there was a fast 

transient astrocyte response (fast Ca2+ transient), NVC was stronger, and when 

strong stimulation triggered slow astrocyte responses (slow accumulative Ca2+), 

there was vasoconstriction.

2. We characterized the neuronal and astrocytic Ca2+ transients using GCaMP6f, 

including latency, duration, and amplitude, and the frequency dependence of 

neuronal and astrocytic Ca2+ response that had not been previously reported. 

Importantly, detection of astrocytic Ca2+ transients in response to single sensory 

stimulation (e.g., 0.3 Hz) was possible because of the high sensitivity of MIP 
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combined with GCaMP6f. Although prior work reported rapid Ca2+ transients in 

astrocytes with a similar time course as neural Ca2+ signals, the data are 

confounded by the fact that they were acquired using bulk-loaded Ca2+ 

indicators, which are taken up by both neurons and astrocytes (Lind et al., 2013). 

In contrast, prior studies with two-photon microscopy (TPM) that used 

genetically encoded Ca2+ indicators were only able to detect responses triggered 

by fast stimulations; e.g., eight stimuli or more were needed to elicit robust 

responses (Haustein et al., 2014). More details regarding comparison with 

previous studies are provided in the Supplemental Experimental Procedures.

3. We characterized the relation between neuronal and astrocytic Ca2+ transients 

and the hemodynamic response (DHbT) to single sensory stimulation. The 

results show that the DHbT response is always associated with neuronal Ca2+ 

firing regardless of astrocytic Ca2+ activity. In addition, unlike previous studies 

(Schummers et al., 2008; Takano et al., 2006a), we documented that there was a 

relatively fast astrocytic Ca2+ response to single stimulation. A recent study 

combining fMRI and GCaMP6f recording of neurons and astrocytes reported 

that fast stimulation always elicited astrocytic activation that occurred in 

synchrony with BOLD responses (Wang et al., 2018). In our results, we also 

observed cumulative and extended astrocytic Ca2+ responses to all fast 

stimulations and uncovered an association with vasoconstriction after 

stimulation. As capillary responses are heterogeneous (some increase with vessel 

dilation and some may even decrease with vessel constriction) (Pan et al., 2014), 

flow measurements from a single capillary (e.g., with TPM) may also be subject 

to observation bias. In this respect, the ability to measure the changes in regional 

CBFv in response to stimulation-induced neuronal activation obviates this 

potential observation bias.

4. We found that, under high-frequency stimulation, astrocytic Ca2+ responses 

included an early-phase transient followed by a slow accumulation, which 

correlated with local microvascular constriction (i.e., possibly feedback to reset 

hemodynamics) after stimulation, and this was observed consistently for all high-

frequency stimulation trains. We know of no other study demonstrating this 

temporal sequence in astrocytic Ca2+, which transitions from low-amplitude fast 

spikes to cumulative high-amplitude Ca2+ responses with intermediate-frequency 

(5 Hz) and high-frequency stimulations.

5. Spontaneous LFOs using fMRI have been used to map brain functional 

connectivity based on the assumption that the hemodynamic (BOLD) LFOs 

represent the corresponding oscillatory fluctuations of intrinsic brain activity 

(White et al., 2009). Indeed, in a previous study, we showed that hemodynamic 

(e.g., HbR, the basis of BOLD) LFOs correlate with cellular (potentially 

including neuronal and astrocytic) Ca2+ LFOs (roughly 0.03–0.08 Hz) (Du et al., 

2014). Later, Ma et al. (2016) used GCaMP6f to demonstrate that cellular LFO 

may be of neuronal origin, but the contribution of astrocytes to LFOs was not 

studied. Here, using high spatiotemporal resolution, simultaneous MIP images of 

hemodynamic and synchronized Ca2+ changes, we observed a frequency band at 
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~0.07 Hz in neuronal Ca2+ and HbT LFOs but not in astrocytic Ca2+, indicating 

that the BOLD LFOs indeed reflect neuronal and not astrocytic activity. 

Interestingly, we also observed that a frequency band at ~0.07 Hz emerged in 

astrocytic Ca2+ LFOs under mild hypercapnia, suggesting a role for astrocytes in 

vasodilation. Altogether, our results, both at rest and during stimulation, expand 

our understanding of the role of astrocytes in NVC.

Synchronized Ca2+ Signaling from Neuronal versus Astrocytic Populations

Previous NVC research measuring Ca2+ changes has focused on single cells and single 

vessels using TPM imaging (Otsu et al., 2015; Schummers et al., 2008). These studies are 

critically important; however, large-scale cell ensembles may behave differently from any 

specific single cell and, thus, also need to be explored. This is especially true for 

understanding hemodynamic regulation where the vessel network is extensive. In several 

recent studies (Haustein et al., 2014; Paukert et al., 2014; Shigetomi et al., 2010, 2013; 

Srinivasan et al., 2015), genetically encoded Ca2+ indicators have shown great promise for 

studying astrocytic Ca2+ transients from subcellular regions, such as astrocytic processes, 

that were previously difficult to investigate (Srinivasan et al., 2015). In the current study, we 

used GCaMP6f to capture the fast transient Ca2+ responses of neurons and astrocytes (Chen 

et al., 2013). Using GCaMP6f injection, we uncovered different Ca2+ responses between 

neurons and astrocytes to sensory stimulation that were different over all frequencies used. 

The synchronized astrocytic Ca2+ responses were lower in amplitude than neuronal 

responses (1.74% ± 0.1% versus 6.40% ± 0.29%), had slower onsets (313 ± 65 ms versus 

6.0 ± 2.7 ms), and were longer-lasting (993 ± 48 ms versus 537 ± 34 ms) and less 

synchronized (62.6% ± 9.1% broader than that of a single astrocyte versus similar neuronal 

Ca2+ transients for synchronized and single neurons). Most interestingly, the responses to 

single stimulation were very different. Although the neuronal population responded to 

virtually every stimulation under the conditions used (e.g., at 0.3 Hz), the astrocytes only 

responded 57.73% ± 8.2% of the time. The hemodynamic response, as measured by total 

hemoglobin, which represents blood volume, also responded to virtually every stimulation. 

This result clearly shows that NVC can occur without an astrocyte response. However, the 

amplitude of the hemodynamic response was larger when astrocytic Ca2+ increased, likely 

indicating that astrocytes play a modulatory role in NVC.

Because of sensitivity and resolution limitations of the MIP technique, we were unable to 

detect the response to individual neurons or astrocytes at subcellular resolutions and, instead, 

measured the synchronized responses of neuronal and astrocytic ensembles and the 

associated hemodynamic responses to single electrical stimulation. There are wider-field 

TPM techniques emerging that may allow both single-cell resolution and ensemble 

resolution; however, it is likely that, because of the nature of astrocyte gap junction 

coupling, it will be important to have information about the ensemble as well as about single 

cells. Indeed, there is a lot of literature documenting the advantages of detecting single 

neuronal activity as well as that of local field potential, which records ensemble activity. 

Generally, TPM has superb spatial resolution to image the dynamics of subcellular Ca2+ 

signaling, including that of astrocytic endfeet and the coupling effects of the neighboring 

individual blood vessels and nerves, but its FOV is very small. The MIP technique used in 
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this study offers great advantages for studying NVC over a larger FOV, with high sensitivity 

and high temporal resolution and allowing simultaneous recording of cellular and 

hemodynamic changes.

Prior in vivo studies using dye bulk loading of fluorescent indicators (Schummers et al., 

2008) reported slow somatic Ca2+ elevations. However, recent studies have shown Ca2+ 

transients in astrocytic processes that are faster and more frequent and can occur 

independent of the astrocytic somatic signals (Srinivasan et al., 2015). The work presented 

here shows that the frequency of the stimulation also influences the type of astrocytic 

response elicited (fast versus slow and cumulative). Analyses of the association between the 

fast and slow astrocytic Ca2+ signals and the hemodynamic responses revealed that the fast 

astrocytic process signal tended to occur at the initiation of a new stimulation period, and 

when they occurred, the amplitude of the hemodynamic signal was larger than when they did 

not, suggesting a modulatory role in NVC. In contrast, the slow somatic Ca2+ signal was 

observed only for the higher-frequency stimulations (5–10 Hz) and was associated with a 

decrease in the hemodynamic response and correlated negatively with vessel diameter(i.e., 

vasoconstriction). This implicates a role of astrocytes in the resetting of vascular tone 

following vasodilation after high-frequency neuronal stimulations.

In our study, we also showed that GCaMP6f was expressed in pyramidal neurons (Figure 

S1), and, as reported by others, it was not expressed in interneurons (Wilson et al., 2017). A 

study by Lecrux et al. (2011) indicates that the vascular response is primarily driven by 

enhanced activity of output excitatory pyramidal neurons releasing glutamate and 

cyclooxygenase-2 (COX-2) products. Our findings are also consistent with pyramidal 

neurons being the neurogenic hubs of NVC in the somatosensory cortex. Previous studies 

have indicated that pyramidal neurons are neurogenic hubs and that interneurons are key 

intermediaries in NVC (Lecrux et al., 2011). Thus, new drugs and methods that block 

astrocyte gap junctions devoid of neuronal (pyramidal neurons and interneurons) or vascular 

effects need to be developed.

Studies have shown that astrocytes are functionally and structurally heterogeneous (Morel et 

al., 2017). The physiological diversity of astrocytes is apparent between different brain 

circuits and microcircuits, and individual astrocytes display diverse signaling in subcellular 

compartments (Bayraktar et al., 2014; Khakh and Sofroniew, 2015). We compared the 

astrocytic Ca2+ responses of several small ROIs with single (presumably fast subtype) and 

fast (presumably slow subtype) stimulations and showed that astrocytes within the same 

ROIs responded with Ca2+ transients to slow stimulations (0.3–1 Hz) and with slow Ca2+ 

accumulations to fast stimulations (5 Hz). Although unlikely because each ROI (e.g., ~ϕ50 

mm) comprises few astrocytes, we cannot rule out the possibility that different subtypes 

might underlie the transient versus the accumulative Ca2+ responses. Future studies with 

subcellular imaging are needed to clarify whether Ca2+ transients to single stimulation occur 

in the same astrocytes that show accumulative responses with fast stimulation.

The following are limitations of our studies. Although we assign the synchronized astrocytic 

Ca2+ transient increases to processes and the slow large increase with high-frequency 

stimulation to somatic Ca2+ increases, our imaging approach lacked subcellular resolution to 
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reliably identify individual astrocyte processes and somatic signals. Instead, we provide 

evidence that the transient Ca2+ signals corresponded to astrocytic processes by their 

sensitivity to Cbx, whereas the demonstration that the slowcumulative Ca2+ fromsomata is 

supported by their sensitivity to CPA, as used previously (Srinivasan et al., 2015). Although 

Cbx is not ideal for studying the role of astrocytes in NVC because it also affects neuronal 

activities, which, in turn, would affect NVC (Selli et al., 2014), here we used it specifically 

to understand the fast astrocytic responses. Gap junction inhibitors that only affect astrocytes 

and not neurons are needed to affirmatively identify the roles of astrocytes in NVC. 

Improving the spatial resolution of our imaging setup with new capabilities (Boas and Dunn, 

2010; Logothetis, 2008; White et al., 2009) is also needed to ultimately validate the kinetic 

differences of the responses to stimulations in subcellular astrocytic compartments. The slow 

off rate of GCaMP6f likely constrained the temporal resolution to distinguish very fast Ca2+ 

changes during fast (>1 Hz) stimulations (Chen et al., 2013). Another limitation was the use 

of anesthesia because anesthetics affect astrocytic Ca2+ signals (Takano et al., 2006a; Thrane 

et al., 2012). Details regarding the selection of anesthetics are addressed in Figure S7. Also, 

although inferring the lack of interaction between neuronal and astrocytic Ca2+ responses 

based on consistent neuronal responses to single stimulation and inconsistent ones in 

astrocytes, we were limited by the fact that we did not simultaneously record neuronal and 

astrocytic responses Ca2+ in the same animal.

Conclusions

The results show that a synchronized Ca2+ response can be detected from astrocytes in 

response to low-frequency sensory stimulation. At low frequencies, many stimulations did 

not evoke an astrocyte response, in contrast to the neuronal and hemodynamic responses. 

This indicates that the astrocyte response is not necessary to evoke a hemodynamic response 

even though the astrocyte response is fast enough. However, when astrocytes did respond, 

the hemodynamic response was larger, indicating a likely role in modulating the strength of 

NVC. At the higher frequencies, the slow and longer-lasting astrocytic Ca2+ accumulation 

(presumably of somatic origin), which was consistently elicited to fast stimulation, is likely 

to play a role in constricting dilated vessels following stimulation, mediating resetting of 

NVC. During resting conditions, there was very low power in slow astrocytic Ca2+ 

fluctuations, which did not correlate with the slow hemodynamic oscillations. This indicates 

that neuronal, but not astrocytic, fluctuations drive slow hemodynamic fluctuations in the 

resting state.

EXPERIMENTAL PROCEDURES

All experiments were carried out according to NIH guidelines and were approved by the 

Institutional Animal Care and Use Committee of Stony Brook University. The physiological 

conditions (electrocardiography [ECG], body temperature, respiration, partial pressure of 

carbon dioxide [pCO2], partial pressure of oxygen [pO2], and pH) were continuously 

monitored during the experiment to ensure a similar status for all mice (Figure S7; Table 

S1).
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Transgenic Mice and GCaMP6f Expression in Neurons and Astrocytes

GFAP-Cre mice, obtained from Jackson Laboratory and maintained as a heterozygous line, 

were used for experiments when they reached an age between postnatal days 60–70 (P60–

P70). All information regarding the generation and genotyping of this line is available at 

https://www.jax.org/strain/024098. To express GCaMP6f in astrocytes of the transgenic 

mouse brain, a virus, AAV5.CAG.Flex.GCaMP6f.WPRE.SV40 (AV-5-PV2816, Penn Vector 

Core), was injected into the hindpaw area of the sensorimotor cortex. To express GCaMP6f 

in neurons of the mouse brain, a virus, AAV5.Syn.GCaMP6f.WPRE.SV40 (AV-5-PV2822, 

Penn Vector Core), was injected into the same brain region of the wild-type (WT).

In Vivo Time-Lapse MIP Imaging

A custom MIP developed in our lab was used for simultaneous image acquisition of Ca2+ 

fluorescence, HbT, and CBFv in a time-sharing mode (Figure 1). For GCaMP6f-Ca2+ 

fluorescence imaging, a narrow-band blue light-emitting diode (LED) at 488 nm (Lumencor) 

was used for excitation, and a long-pass dichroic filter at 495 nm (Semrock, Rochester, NY) 

was used for fluorescence emission. The neuronal or astrocyte activity was quantified as 

ΔF/F after spectral absorption correction to minimize the confounding artifacts induced by 

the hemodynamic changes, such as in HbT, acquired at the isoseismic point of 568 nm. CBF 

was mapped by laser speckle contrast image (LSCI), which acquired photographic images 

illuminated by a laser diode at 830 nm through a bifurcated monomode fiber. The relative 

change of CBF (ΔCBF) was calculated from the speckle contrast coefficient, 

K = τc/T + τc2/2T 2 exp −2T /τc − 1 1/2
, where σ is the local SD of the adjacent pixels’ 

intensities from a sub-volume in the spatiotemporal domain, T is the camera exposure time, 

and <I> denotes the mean value of the intensity from this sub-volume (Luo et al., 2008). 

CBF (relative flow rate) is inversely proportional to the decorrelation time τc. All channels 

of spectral illumination and image acquisition (time [T] = 10 ms exposure per channel) were 

controlled by a workstation via a high-speed digital time base using custom C++ software. 

The neuronal and astrocytic Ca2+ transients were imaged at 80 frames per second (fps), and 

the hemodynamic responses (e.g., HbT and CBF channels) were imaged at 12.5 fps. 

Paradigms for sensory stimulation and resting state oscillations are detailed in the 

Supplemental Experimental Procedures and Figure S6.

Statistics

All data are presented as means ± SEM. Comparison of two different groups (e.g., neurons 

and astrocytes) or two different time periods (pre- and post-stimulation) was analyzed using 

Student’s t test when normality tests were passed; otherwise, a Mann-Whitney test was used 

as indicated. Comparisons made across multiple stimulation trials within a group (e.g., 

stimulation trial 1, 2,…, in neuron or astrocyte group) were analyzed using repeated 

measurement (RM) one-way ANOVA. If the p value is less than 0.001, then it is reported as 

p < 0.001; otherwise, precise p values are provided for each test. In all tests, p < 0.05 is 

considered statistically significant.
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Highlights

• Neurovascular coupling without astrocytic Ca2+ during slow somatosensory 

stimulation

• Neurovascular response is larger when astrocytic Ca2+ responds with slow 

stimulation

• Large increases in astrocytic Ca2+ occur with vasoconstriction with fast 

stimulation

• Low-frequency vascular fluctuations correlate with neuronal but not astrocytic 

Ca2+
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Figure 1. A Schematic Illustrating the Experimental Approach
(A) Multimodality imaging platform (MIP) that combines fluorescence, spectroscopic, and 

laser speckle contrast images for simultaneous cellular Ca2+ and hemodynamic recordings.

(B and E) Viral injection to express GCaMP6f in neurons and astrocytes, respectively.

(C and F) Cartoons representing neurons and astrocytes.

(D, D’, G, and G’) Ex vivo confocal fluorescence images showing the GCaMP6f 

distributions in cortical neurons and astrocytes (yellow arrows), where the dashed lines in 

(G) show the territories of astrocytes, with white arrows pointing to the connectivity between 

astrocytes.

(H) A sketch illustrating simultaneous MIP imaging of the synchronized Ca2+ from the 

neuronal or astrocytic network, CBF, HbT, and vessel dilation.
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Figure 2. Frequency Dependence of Neuronal and Astrocytic Ca2+ Dynamics to Sensory 
Stimulations (3 mA and 0.3 ms)
(A–E) Synchronized neuronal Ca2+ responses to 0.3-, 1-, 3-, 5-, and 10-Hz stimulations.

(F–J) The corresponding astrocytic Ca2+ responses, showing predominance of fast transient 

Ca2+ at low frequency (single stimulation; e.g., 0.3 Hz) and slow cumulative Ca2+ at high 

frequency (fast stimulation; e.g., R5 Hz).

(K–M) Neuronal (transient and cumulative) Ca2+ (K) and astrocytic (transient and 

cumulative) (L) Ca2+ fluorescence amplitudes versus stimulation frequency and latencies to 

the onset of neuronal versus astrocytic Ca2+ cumulation evoked by 5Hz fast stimulation (M).

The data are shown as mean ± SEM.
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Figure 3. Synchronized Ca2+ Transients from Neuron and Astrocyte Populations Elicited by 
Single Sensory Stimulation (Hind Paw, 3 mA and 0.3 ms)
(A and B) Recorded neuronal and astrocytic Ca2+ traces of individual stimulations (m = 20) 

and their averaged traces (bold curves); the insets show the neuronal and astrocytic 

GCaMP6f fluorescence images.

(C–E) Statistical comparisons of amplitude, latency, and duration between neuronal and 

astrocytic GCaMP6f Ca2+ fluorescence transients.

(F and G) Traces of Ca2+ transients in single-cell ROIs (m = 15) elicited by a sensory 

stimulation for neuronal and astrocyte populations; small circles (~ϕ30 mm each, m = 15) 

represent the ROIs (blue for neurons, red for astrocytes) selected for cross-correlation 

analysis.

(H and I) Cross-correlation charts (i, j = 1,…,m) for neuronal and astrocyte populations and 

spatiotemporal correlations of neuronal and astrocytic Ca2+ transients.

(J) Durations of neuronal and astrocytic Ca2+ responses of single cells within the ROIs.

The data are shown as mean ± SEM.

Gu et al. Page 22

Cell Rep. Author manuscript; available in PMC 2020 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Traces of Synchronized Neuronal and Astrocytic Ca2+ and HbT Responses to a 0.3-Hz 
Sensory Stimulation Train (0.3 ms and 3 mA, 8 Trials)
(A) Synchronized neuronal Ca2+ (n = 2).

(B) Synchronized astrocytic Ca2+ (n = 2); arrows show missing responses.

(C) Hemodynamic responses (n = 2).

(D) ROIs.

(E) Mean response rates with stimulation trials, among which astrocytic Ca2+ response rates 

decreased with the stimulations.

(F) Neuronal Ca2+ and HbT amplitudes in response to stimulations with versus without 

astrocytic Ca2+ response (m = 4).

(G–I) Neuronal response to single stimulation at baseline and after topical cortical injection 

of Cbx and CPA applications.
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(J) Histograms showing peak responses of neuronal Ca2+ (ΔF/F) under single stimulation, 

revealing significant differences from baseline to Cbx (i.e., 6.29% ± 0.2% versus 1.8% ± 

0.08%, p < 0.0001, m = 12, n = 3, two-tailed t test) and from baseline to CPA (i.e., 6.29% ± 

0.2% versus 0.64% ± 0.05%, p < 0.0001, m = 12, n = 3, two-tailed t test).

(K–M) Astrocytic Ca2+ transients to single sensory stimulation at baseline, after Cbx (i.e., 

2.56% ± 0.05% versus 0.075% ± 0.035%, p < 0.0001, m = 12, n = 3, Student’s t test) to 

inhibit gap junctions and of CPA (i.e., 2.56% ± 0.05% versus 1.28% ± 0.086%, p < 0.0001, 

m = 12, n = 3, Student’s t test) to partially delete intracellular calcium (Ca2+
i) stores and 

their statistics.

(N) Overall, Cbx abolished astrocytic Ca2+ transients, potentially suggesting that the fast 

astrocytic Ca2+ signaling might be from astrocyte processes (or endfeet). However, the 

assessment of the consequences of Ca2+ transient inhibition on NVC is confounded by the 

fact that Cbx also affected neuronal responses.
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Figure 5. Synchronized Neuronal/Astrocytic Ca2+ and HbT Responses to 5-Hz Fast Sensory 
Stimulation (0.3 ms and 3 mA and 10 s)
(A–C) Neuronal Ca2+, CBF, and angiographic images.

(D–F) Astrocytic Ca2+, CBF, and angiographic images.

(G) Time-lapse neuronal or astrocyte Ca2+ elevations; the red and purple arrows point to the 

early phase of the fast process and later phase of slow cumulative somatic responses.

(H–L) Simultaneous acquisition of averaged time-lapse neuronal or astrocytic Ca2+ and 

hemodynamic (ΔCBF, ΔHbT, and ΔD/D) responses to fast stimulation (6 unaveraged traces 

in the dashed box in I), showing fast processes Ca2+).

(M) Correlations of neuronal or astrocytic Ca2+ with ΔCBF, ΔHbT, ΔD/D during and after 

stimulation. The findings for the astrocytic Ca2+ elevations to 5-Hz stimulation at baseline 

and after topical cortical injection of Cbx and CPA, along with the corresponding neuronal 

Ca2+ changes, are shown in Figure S5.
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Figure 6. Resting State Neuronal but Not Astrocytic Ca2+ Slow Oscillations Correlated with 
Hemodynamic Slow Oscillations
(A–C) Time traces of resting state low-frequency oscillations in synchronized neuronal Ca2+ 

(blue), astrocytic Ca2+ (pink), and HbT (red) acquired from the sensorimotor cortex.

(D–G) Power spectra of LFOs of synchronized neuronal Ca2+, synchronized astrocytic Ca2+, 

HbT, and CBFv of the surrounding cortical parenchymal tissue.

(H) Statistical comparisons of LFO amplitudes within its oscillation band (0.03–0.08 Hz) 

under normocapnia averaged across animals (n = 6 mice).

(I) Correlation of neuronal Ca2+ and HbT (blue bar) versus astrocytic Ca2+ and HbT (purple 

bar) (p = 0.014, n = 6 mice).

The data are shown as mean ± SEM. Black/red arrows, lower band (0.04–0.08 Hz) and 

higher-band (~0.12 Hz) slow oscillations. The results for the resting-state LFOs under 

hypercapnia, performed to assess the response of astrocytic LFOs during vasodilation, are 

shown in Figure S6.
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