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Abstract

The brain requires an adequate supply of oxygen and nutrients to maintain proper function as 

neuronal activity varies. This is achieved, in part, through neurovascular coupling mechanisms that 

mediate local increases in blood flow through the dilation of arterioles and capillaries. The role 

of astrocytes in mediating this functional hyperemia response is controversial. Specifically, the 

function of astrocyte Ca2+ signaling is unclear. Cortical arterioles dilate in the absence of astrocyte 

Ca2+ signaling, but previous work suggests that Ca2+ increases are necessary for capillary dilation. 

This question has not been fully addressed in vivo, however, and we have reexamined the role 

of astrocyte Ca2+ signaling in vessel dilation in the barrel cortex of awake, behaving mice. We 

recorded evoked vessel dilations and astrocyte Ca2+ signaling in response to whisker stimulation. 

Experiments were carried out on WT and IP3R2 KO mice, a transgenic model where astrocyte 

Ca2+ signaling is substantially reduced. Compared to WT mice at rest, Ca2+ signaling in astrocyte 

endfeet contacting capillaries increased by 240% when whisker stimulation evoked running. In 

contrast, Ca2+ signaling was reduced to 9% of WT values in IP3R2 KO mice. In all three 

conditions, however, the amplitude of capillary dilation was largely unchanged. In addition, the 

latency to the onset of astrocyte Ca2+ signaling lagged behind dilation onset in most trials, 

although a subset of rapid onset Ca2+ events with latencies as short as 0.15 s occurred. In 

summary, we found that whisker stimulation-evoked capillary dilations occurred independent of 

astrocyte Ca2+ increases in the cerebral cortex.
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Two-photon microscopy image of an astrocyte enveloping a capillary that is branching off of 

a penetrating arteriole (bottom) in the somatosensory cortex of the awake mouse. Astrocytes 

are labeled with GCaMP6f (green) and blood vessels are filled with Texas Red dextran (red).

INTRODUCTION

Multiple regulatory mechanisms ensure that the brain receives an adequate supply of oxygen 

and nutrients as the metabolic demands of its neurons vary. Among these mechanisms is 

functional hyperemia. Focal increases in neuronal activity result in localized increases in 

blood flow to active brain regions (Attwell et al., 2010; Mishra et al., 2021). Increases 
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in blood flow are generated by dilation of arteries on the surface of the brain as well 

as arterioles and capillaries within the brain. This response is the basis of blood oxygen 

level-dependent functional imaging (BOLD fMRI) (Mishra et al., 2021). Several signaling 

mechanisms mediate vessel dilation in response to increased neuronal activity. These 

neurovascular coupling mechanisms include direct signaling from neurons to blood vessels 

and indirect signaling via astrocytes and vascular endothelial cells acting as relay cells 

(Attwell et al., 2010; Nippert et al., 2018; Pfeiffer et al., 2021). Direct neuronal signaling 

to vessels can be mediated by release of nitric oxide (NO) and prostaglandins. Indirect 

signaling via astrocytes may be mediated by release of prostaglandins, epoxyeicosatrienoic 

acids (EETs), and K+. Endothelial cells may also release vasodilatory signals in response 

to neuronal activity. These neurovascular coupling mechanisms work in concert, but the 

importance of individual mechanisms may vary in different brain regions and under different 

physiological and pathological conditions and their relative contribution to vessel dilation 

remains a matter of debate.

One ongoing controversy concerns astrocyte-mediated vessel dilation and, in particular, 

whether activity-dependent increases in Ca2+ within astrocytes mediate vessel dilation. 

Inositol-trisphosphate receptor 2 knockout (IP3R2 KO) mice have been particularly useful 

in addressing this question. The IP3R2 receptor is expressed exclusively in astrocytes in the 

CNS and is responsible for most Ca2+ signaling in these glial cells (Holtzclaw et al., 2002). 

Ca2+ signaling in astrocytes is largely, but not completely eliminated in IP3R2 KO animals 

(Srinivasan et al., 2015; Stobart et al., 2018). However, stimulus-evoked arteriole dilation 

is not diminished in these KO animals (Nizar et al., 2013; Takata et al., 2013; Bonder 

and McCarthy, 2014; Biesecker et al., 2016). Even in WT animals, arteriole dilations are 

observed in the absence of astrocyte Ca2+ signaling or, if Ca2+ increases are seen, they occur 

following dilation (Nizar et al., 2013; Bonder and McCarthy, 2014; Tran et al., 2018). These 

observations indicate that arteriole dilation is not mediated by astrocyte Ca2+ signaling. 

However, this conclusion has been challenged by recent observations demonstrating rapid 

stimulus-evoked Ca2+ increases in astrocytes in WT and IP3R2 KO animals (Lind et al., 

2013; Otsu et al., 2015; Stobart et al., 2018).

Capillaries as well as arterioles within the brain actively dilate in response to neuronal 

activity and contribute to functional hyperemia (Hall et al., 2014; Attwell et al., 2016; 

Khennouf et al., 2018). The importance of astrocyte Ca2+ signaling in mediating capillary 

dilation may differ from that of arteriole dilation. In cortical brain slices, buffering astrocyte 

Ca2+ increases with BAPTA substantially reduces electrical stimulus-evoked capillary 

dilations, but not arteriole dilations (Mishra et al., 2016). Similarly, in the retina, light-

evoked vasodilations are blocked in capillaries but not in arterioles when evoked Ca2+ 

increases are reduced in Müller cells (the principal macroglial cells of the retina) in IP3R2 

KO animals (Biesecker et al., 2016). Ca2+ increases are both necessary and sufficient to 

evoke capillary dilations in the retina. These results suggest that unlike arterioles, capillary 

dilations are mediated by Ca2+ signaling in astrocytes. However, this question has not been 

fully addressed in vivo using physiological stimuli.

We have reexamined the role of astrocyte Ca2+ signaling in neurovascular coupling in 

the barrel cortex utilizing awake behaving mice. We anticipated that whisker stimulation-
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evoked capillary dilations would be abolished in IP3R2 KO animals. Instead, we found 

that capillary dilations as well as arteriole dilations were not reduced in the absence of 

evoked Ca2+ increases. Whisker stimulation evoked capillary dilations in 1st through 4th 

order capillaries in both WT and KO animals, indicating that capillary dilation in the cortex 

is not related to astrocyte Ca2+ signaling.

METHODS

Ethics Statement

All experimental procedures were approved by and adhered to the guidelines of the 

Institutional Animal Care and Use Committee of the University of Minnesota.

Animals

All experiments were performed on 8 – 20 week old male and female IP3R2−/− and WT 

littermate mice on a C57BL/6 background (Jackson Lab #000664) obtained from Dr. J. 

Chen, University California, San Diego, La Jolla, CA.

Viral transfection

Astrocyte Ca2+ signaling was monitored with both cytoplasmic and membrane-tethered 

GCaMP6f induced by viral transfection. pZac2.1 gfaABC1D-cyto-GCaMP6f (Addgene 

plasmid #52925) and pZac2.1 gfaABC1D-lck-GCaMP6f were from Baljit Khakh (Addgene 

viral prep # 52924-AAV5) and packaged into AAV serotype 5 by the University of 

Minnesota Viral Vector Core and Addgene, respectively. The promoter and serotype were 

chosen for selective GCaMP6f expression in astrocytes (Srinivasan et al., 2016).

Surgery and Virus Injection

Surgical methods were adopted from Tran and Gordon (Tran and Gordon, 2015). 

Dexamethosane (2mg/kg, S.C.) and SR-Buprenex (2mg/kg, S.C.) were administered prior 

to surgery and mice were anesthetized with isoflurane (4% induction, 1.5% maintenance). 

The bregma, lambda and sagittal sutures were exposed and a titanium headbar was secured 

to the frontal and parietal bones with cyanoacrylate glue and two screws (F000CE094, J.I. 

Morris). A 3 mm diameter craniotomy over the left whisker barrel cortex was performed 

while keeping the dura intact. 750 to 1000 nL of either AAV5-gfaABC1D-Cyto-GCaMP6f 

(1 × 1013 particles/mL) or AAV5-gfaABC1D-Lck-GCaMP6f (1 × 1012 particles/mL) was 

injected into the barrel cortex 350 to 500 μm beneath the surface. AAV was injected through 

a glass micropipette (35 to 50 μm tip diameter) at 250 nL/min (Goldey et al., 2014). The 

cranial window was then rinsed with saline to remove excess blood and the craniotomy 

covered with a glass coverslip plug (two 3 mm diameter and one 5mm diameter glass 

coverslips stacked and glued together) and glued into place with cyanoacrylate glue. The 

glass window and the headbar were further secured with dental cement (C&B-Metabond, 

Parkell). After surgery, animals were given prophylactic antibiotic treatment of Sulfatrim 

(1:32) in drinking water for seven days.
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Cortical imaging

Three weeks after surgery, mice underwent two days of acclimation on a treadmill used in 

the imaging experiments. Mice were secured by their headbar to the treadmill for 30 min 

sessions while receiving intermittent puffs of air (10 PSI) directed at their whiskers. Imaging 

experiments were performed four to seven weeks after surgery and viral injection. Prior to 

an experimental session, mice were injected with 0.05 mL of 3% (W/V) Texas Red dextran 

(70 kDA; Invitrogen #D1830) through the tail vein to label vessels for imaging. Mice were 

then secured by their headbar and imaged with a custom-built two-photon laser scanning 

(2P) microscope and a 16X, 0.8 NA objective (Nikon CF175 LWD 16xW) based on a 

previous design (Rosenegger et al., 2014). The orientation of the 2P microscope objective 

was adjustable and was oriented perpendicular to the cranial window.

Two-photon excitation of GCaMP6f and Texas Red dextran was achieved using 

a Ti:sapphire laser (Chameleon Vision, Coherent) tuned to 930 nm (30 to 65 

mW post-objective laser power). Fluorescence was detected using bandpass emission 

filters (GCaMP6f, Chroma ET525/50m; Texas Red, Chroma ET630/75m) and GaAsP 

photomultiplier tubes (H10770PA-40; Hamamatsu). Images (256 × 256 pixels) were 

acquired at 4.25Hz. Additional trials were acquired at 8.41Hz (256 × 256 pixels) to 

investigate the presence of fast Ca2+ events.

Blood vessel selection, classification, and imaging

Penetrating arteries that responded to air puffs with dilations were identified and their 

vascular trees were chosen for imaging. Penetrating arterioles were classified as zero order 

vessels while capillaries were classified as follows: vessels branching off the penetrating 

arteriole were considered 1st order capillaries, branches off 1st order capillaries as 2nd order 

capillaries, and so forth up to 4th order capillaries. Vessels were imaged in multiple trials 

consisting of a 10 s pre-stimulus period, a 500 ms air puff onto the contralateral whiskers, 

and a 6.5 s post-stimulus period. Imaged vessels were 70 to 200 μm beneath the cortical 

surface. Imaging sometimes allowed for multiple vessel orders to be visualized at the same 

time. In most cases, however, vessels were imaged starting with penetrating arterioles, and 

continued down through 4th order capillaries. If there were multiple 2nd order vessels, the 

3rd and 4th order vessels off of that 2nd order would be imaged before moving onto other 

2nd order vessels and its daughter branches. This sequence of imaging a penetrating arteriole 

and it daughter branches was repeated up to four times during the course of an experimental 

session. Mouse behavior was monitored during each trial with an IR camera (Thor Labs) 

to track activity. Trials were sorted according to the behavior observed: running during the 

pre-stimulus period, running after stimulus presentation, or no running. Trials with running 

during the pre-stimulus period were discarded. Running trials were not further sorted for 

speed, acceleration, or duration of running.

Vessel diameter and astrocyte Ca2+ signaling measurements

Vessel diameter and astrocyte Ca2+ signaling were monitored simultaneously in individual 

trials, with vessels labeled with Texas Red dextran and astrocytes labeled with GCaMP6f. 

Time stacks of 2P microscopy images from single trials were registered using a custom 
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MATLAB (MathWorks) program to correct for motion during trials. Trials with large motion 

artifacts were discarded.

Vessel diameter was determined in each image by measuring the intensity profile of Texas 

Red dextran fluorescence along a line drawn perpendicular to the vessel and was taken as the 

full width at half-maximal intensity of the profile. Plots of vessel diameter versus time from 

individual trials were then averaged together for all trials on a single vessel with the same 

category of mouse activity (no running or running after air puff). Typically, three to seven 

trials from the same activity category were averaged. Vessel responses were measured from 

these averaged traces. Peak vessel dilation was calculated as

100 * DPeak − DBaseline / DBaseline

where DBaseline is the mean vessel diameter during the last 4 s of the pre-stimulus period 

and DPeak is the mean of the largest vessel diameter value and the two values immediately 

preceding and following the maximal value in a 3.5 s window following the stimulus. The 

latency to the onset of vessel dilation was determined as the time at which the vessel 

diameter increase surpassed 10% of the peak dilation.

Astrocyte endfoot Ca2+ increases were measured within manually drawn regions of 

interest (ROIs) using ImageJ (Schindelin et al., 2012). The ROIs encompassed the endfeet 

surrounding that portion of the vessel where vessel diameter was measured and extended 

approximately 5 μm along the length of the vessel and 2 μm laterally away from the vessel. 

Calcium increases were also measured in astrocyte fine processes near imaged vessels. ROIs 

were drawn on both sides of an imaged vessel and encompassed processes beginning ~7 μm 

from the vessel edge and extending another 10 to 30 μm away from the vessel, depending 

on the vessel position in the image frame. Plots of GCaMP6f fluorescence intensity vs. time 

from the same trials used to measure vessel diameter were averaged together. Peak Ca2+ 

responses (ΔF/F) were calculated as

FPeak − FBaseline / FBaseline

where FBaseline is the mean baseline GCaMP6f fluorescence over the 10s pre-stimulus 

period and FPeak is the mean of the largest fluorescence intensity value and the two values 

immediately preceding and following it. The latency to the onset of the Ca2+ increase 

was determined as the time at which the fluorescence increase surpassed 10% of the peak 

fluorescence value.

Statistics

Two sample t-tests and one-way or two-way ANOVAs were used, as appropriate. The 

sample size (n) for each experiment using Cyto-GCaMP6f animals is reported in Tables 

1 to 4 and represents the number of vessels and associated astrocytes sampled. n is 

otherwise specified in the text. Peak vessel dilations and peak Ca2+ responses within 

a given vessel order were compared using two-way ANOVAs and the Tukey-Kramer 

post-hoc test separating groups by genotype and activity condition. Two sample t-tests 
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were used to analyze differences between the WT and IP3R2 KO peak Ca2+ responses at 

capillary endfeet and surrounding processes of a given GCaMP6f condition. The Pearson’s 

correlation coefficient and coefficient of determination (R2) for capillary dilations and peak 

Ca2+ increases were carried out on both GCaMP6f conditions. Dilation onset latency was 

analyzed using one-way ANOVAs and the Tukey-Kramer post-hoc test to compare latency 

differences between orders within a genotype condition. Onset latency to evoked Ca2+ 

increase was analyzed with one-way ANOVAs and the Tukey-Kramer post-hoc test to 

compare differences between vessel orders within a GCaMP6f condition. Onset latency 

data for dilation and evoked Ca2+ were pooled and compared between the appropriate 

conditions using two sample t-tests. Evoked Ca2+ onset latency cumulative frequency was 

compared using a two sample Kolmogorov-Smirnov test. Data are expressed as means ± 

SEM. Significance thresholds were: *p < 0.05, **p < 0.01, ***p < 0.001.

RESULTS

We investigated the relation between astrocyte Ca2+ signaling and the dilation of capillaries 

and arterioles in the somatosensory cortex of the awake mouse. Astrocyte Ca2+ signaling 

was monitored by viral transfection of the genetically encoded Ca2+ indicator GCaMP6f 

while the diameter of blood vessels was measured by labeling vessel lumens with Texas Red 

dextran. Calcium signaling was measured with the cytoplasmic genetically encoded Ca2+ 

indicator Cyto-GCaMP6f as well as with the membrane-tethered indicator Lck-GCaMP6f. 

Blood vessel diameter and Ca2+ signaling in adjacent astrocyte endfeet and processes were 

monitored simultaneously with 2P microscopy. Individual penetrating arterioles (zero order 

vessels) and 1st through 4th order capillaries (Fig. 1a) were monitored in separate trials 

while astrocyte Ca2+ signaling was measured in ROIs adjacent to the vessel (Fig. 1d). In 

a typical trial, stimulation of the contralateral whiskers produced a short latency vessel 

dilation followed by an increase in endfoot Ca2+ whose onset and peak trailed the vessel 

dilation (Fig 1b to e).

Trials were divided into a number of groups. Results were separated into trials by different 

order vessels: zero order penetrating arterioles and 1st, 2nd, 3rd and 4th order capillaries 

(Dalkara et al., 2011). Results were further separated into trials where the mouse did not run 

during the trial and trials where the mouse began running following the stimulus. Finally, 

experiments were performed on WT mice and on IP3R2 KO littermates.

Averaged responses from 4th order capillaries using the cytoplasmic Ca2+ indicator are 

shown in Fig. 2, with results separated into four groups: trials where WT mice did not 

run, trials where WT mice ran after the onset of the stimulus, trials from IP3R2 KO mice 

where the mouse did not run, and trials from IP3R2 KO mice where the mouse ran after 

stimulus onset. In WT mice that did not run (Fig. 2a), whisker stimulation evoked a large, 

rapid vessel dilation. Astrocyte Ca2+ increases, in contrast, were substantially slower, both 

in onset and in time course. Voluntary running induces the release of norepinephrine, elicits 

astrocyte Ca2+ signaling via α1 adrenergic activation, and enhances astrocyte sensitivity to 

local circuit activity (Nimmerjahn et al., 2009; Paukert et al., 2014). In agreement with these 

findings, we found that astrocyte Ca2+ increases were substantially larger in amplitude and 

longer in duration in trials where the stimulus evoked running (Fig. 2b). However, vessel 
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dilation in these trials had a similar time course and amplitude to the no running trials. In 

IP3R2 KO mice (both no running and running trials; Fig. 2c and d), similar amplitude vessel 

dilations were also seen. However, the astrocyte Ca2+ increase was almost abolished. Thus, 

in all four groups, whisker stimulation evoked similar vessel dilations despite the widely 

varying Ca2+ increases in the astrocyte endfeet contacting the capillaries.

Summaries of all the results using the cytoplasmic Ca2+ indicator are given in Fig. 3 and 

Tables 1 to 4. Several features should be noted. In capillaries of 2nd through 4th orders, 

there were significant differences in astrocyte Ca2+ signaling between trials where mice did 

not run and where whisker stimulation evoked running (with a mean latency to running 

onset of 0.62 ± 0.02 s following the initiation of the stimulus; n = 707 trials). Astrocyte 

Ca2+ increases were substantially larger in trials where mice ran, particularly in astrocyte 

endfeet surrounding the higher order vessels. In 4th order capillaries, for instance, Ca2+ 

increases were 275 ± 39% larger in running trials. In addition, endfoot Ca2+ levels remained 

elevated longer in running trials. This is illustrated in Fig 2b and by the “Latency to Peak 

Ca2+ Increase” in Tables 1 and 3. Despite these large differences in endfoot Ca2+ signaling, 

however, vessel dilations were no larger in running trials than in trials without running.

The opposite was seen in trials on IP3R2 KO mice. For vessels of all orders, evoked 

astrocyte Ca2+ increases were substantially smaller in IP3R2 KO animals (both running 

and no running trials) than in WT littermates. Indeed, averaged over vessels of all orders, 

endfoot Ca2+ increases were reduced to 9% of WT in KO animals. Despite these dramatic 

decreases in astrocyte Ca2+ signaling, there was only one condition where vessel dilation 

was reduced between WT and KO animals (2nd order WT Running and IP3R2 KO).

Astrocyte Ca2+ increases may be better correlated with the time course of return of vessel 

diameter back to baseline diameter following its peak rather than to the amplitude of the 

peak dilation (Girouard et al., 2010; Rosenegger et al., 2015; Gu et al., 2018; Tran et al., 

2020). We tested this by determining the time to 50% decay from peak dilation for all 

vessels that dilated at least 3%. We found that there were no significant differences in the 

decay time between any of the groups (WT and KO; no running and running) for each vessel 

order (one-way ANOVAs, Tukey-Kramer post-hoc test, p > 0.3).

The astrocyte Ca2+ increases summarized in Fig. 3 and in Tables 1 to 4 were measured 

with the Ca2+ indicator Cyto-GCaMP6f. This indicator measures Ca2+ levels in the bulk 

cytoplasm and largely reflects Ca2+ released from internal stores (Holtzclaw et al., 2002). 

This is in accordance with the dramatic decrease in evoked Ca2+ signaling observed in 

IP3R2 KO mice, where the Ca2+ release channels in the endoplasmic reticulum are absent. 

However, astrocyte Ca2+ increases can also arise from Ca2+ influx across the plasma 

membrane through P2X1, P2X5, TRPA1 channels, and Ca2+-permeable AMPA receptors 

(Shigetomi et al., 2013b; Srinivasan et al., 2015; Bazargani and Attwell, 2016; Mishra et al., 

2016). It is possible that the cytoplasmic Ca2+ indicator did not detect these signals in the 

KO animals.

We tested whether significant Ca2+ activity remained in KO animals by monitoring evoked 

Ca2+ signaling with the membrane-tethered indicator Lck-GCaMP6f, which is sensitive to 
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Ca2+ increases arising from influx across the plasma membrane (Srinivasan et al., 2016). 

Calcium responses measured from WT and IP3R2 KO animals using the cytoplasmic Ca2+ 

indicator are replotted in Fig. 4a with data from the four orders of capillaries combined (no 

running trials only). The large decrease in the Ca2+ response in the KO animals is evident, 

with response amplitude dropping from 0.58 ± 0.07 to 0.050 ± 0.004 ΔF/F; only 8.7% of the 

WT response remained in the KO animals. An average of the Ca2+ responses from the four 

orders of capillaries measured using the membrane-tethered indicator are shown in Fig. 4b. 

There is a similar, although smaller reduction in the Ca2+ responses seen in the KO animals, 

with response amplitude dropping from 0.26 ± 0.02 to 0.079 ± 0.004 ΔF/F; only 30.2% of 

WT amplitude remained in the KO animals. Results are summarized in Fig. 4c, showing the 

large reduction in evoked Ca2+ signaling in IP3R2 KO animals using both the cytoplasmic 

and membrane-tethered GCaMP6f Ca2+ indicators.

If astrocyte Ca2+ increases contribute to stimulus-evoked capillary dilation, there should 

be a correlation between the magnitude of the dilation and the size of the evoked-Ca2+ 

increase. We tested this by plotting peak capillary dilation vs. peak endfoot Ca2+ increases 

in WT animals for individual vessels for both Cyto- and Lck-GCaMP6f Ca2+ indicators 

(Fig. 4d). The correlation was extremely weak for both indicators, with R2 coefficients 

of determination of 0.048 and 0.001 for the Cyto- and Lck-GCaMP6f Ca2+ indicators, 

respectively. Indeed, for the Lck Ca2+ indicator, the correlation trended towards a negative 

value, the opposite of what one would predict if astrocyte Ca2+ mediated vessel dilation.

Calcium events at astrocyte endfeet are commonly associated with astrocyte-mediated vessel 

dilation (Girouard et al., 2010; MacVicar and Newman, 2015; Biesecker et al., 2016; Boulay 

et al., 2017; Tran et al., 2018). It is possible, however, that fine astrocyte processes, which 

are closely associated with synapses and display Ca2+ events, may also contribute to vessel 

dilation by generating and/or releasing vasoactive molecules. Calcium signaling in these fine 

processes may be retained in IP3R2 KO animals and may evoke vessel dilation. We tested 

this by determining whether IP3R2 KO animals maintained their evoked Ca2+ responses 

or whether the responses were reduced, as they are at the endfeet. Calcium responses to 

whisker stimulation were measured in WT and IP3R2 KO animals using the membrane 

tethered Lck-GCaMP6f Ca2+ indicator, which provides a better measure of Ca2+ responses 

than the Cyto indicator in fine processes (Shigetomi et al., 2013a; Srinivasan et al., 2016; 

Stobart et al., 2018). The mean Ca2+ responses around 0 order penetrating arterioles and 

around 1st through 4th order capillaries are shown in Fig. 5a and b, respectively. Significant 

reductions in the Ca2+ responses are seen in the processes of KO animals, compared to WT. 

Mean Ca2+ response amplitude in processes surrounding arterioles dropped from 0.15 ± 0.02 

to 0.07 ± 0.01; only 47% of the WT signal remained in the KO animals. Similarly, Ca2+ 

response amplitude in processes surrounding capillaries dropped from 0.16 ± 0.01 to 0.07 

± 0.003; only 44% of the WT signal remained in the KOs. These reductions are similar to 

the reductions seen in endfeet when measured with the Lck-GCaMP6f Ca2+ indicator (Fig. 

4b). The results are summarized in Fig. 5c, and show a substantial reduction in evoked Ca2+ 

signaling in the astrocyte processes of IP3R2 KO animals, around both 0 order penetrating 

arterioles and around capillaries.
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Latencies to the onset of vessel dilation in different order vessels are summarized in Fig. 6, 

where results from no running trials are displayed. There were no significant differences to 

onset of dilation between WT and IP3R2 KO animals (two sample t-test of combined WT 

vs combined IP3R2 KO trials, p = 0.1). In WT animals, onset latencies were shorter for 

1st order capillaries compared to arterioles and higher order capillaries (0 order vs 1st order 

onset latency, p = 0.026; 1st order vs 2nd order onset latency, p = 0.009. 1-way ANOVA, 

Tukey-Kramer post-hoc test used for other WT order comparisons, p > 0.05).

Latencies to the onset of endfoot astrocyte Ca2+ increases are summarized in Fig. 7. For 

Ca2+ increases in the cytoplasm of astrocyte endfeet (measured with Cyto-GCaMP6f), 

mean latencies were similar for endfeet contacting all orders of capillaries, approximately 

1.3 s, and somewhat shorter for endfeet contacting arterioles (Fig. 7a) (1-way ANOVA, 

Tukey-Kramer post-hoc test Cyto-GCaMP6f order comparisons, all comparisons had p 

> 0.75). There was a wide distribution of latencies within all groups, with latencies as 

short as 0.15 s seen in all vessel orders. We also measured endfoot Ca2+ signaling using 

Lck-GCaMP6f to determine whether faster Ca2+ signals were generated near the plasma 

membrane (Srinivasan et al., 2016). Indeed, mean latencies for endfoot Ca2+ signaling were 

shorter for all vessel orders when monitored with Lck-GCaMP6f (two sample t-test of 

combined Cyto-GCaMP6f (n = 117) vs combined Lck-GCaMP6f (n = 65) trials, p = 9 × 

10−6). Latencies as short as 0.15 s were observed with Lck-GCaMP6f as well. A comparison 

of endfoot Ca2+ response latencies monitored with cytoplasmic and membrane-tethered 

GCaMP6f is shown in heat map and cumulative frequency plots (Fig. 7b to d). Short latency 

responses are seen with both cytoplasmic and membrane-tethered indicators. On average, 

Ca2+ signaling near the plasma membrane had shorter latencies than did cytoplasmic Ca2+ 

signals (two sample Kolmogorov-Smirnov test, p = 1.25 × 10−4).

Astrocyte Ca2+ responses were monitored with a 2P microscopy acquisition rate of 4.25 Hz, 

which limits the temporal resolution of Ca2+ latency measurements. In order to determine 

whether shorter latency Ca2+ responses occurred, experiments were also conducted using a 

2P microscopy frame rate of 8.41 Hz. No shorter latency responses were observed at these 

faster acquisition rates (two sample t-test of combined Lck-GCaMP6f at 4.25Hz (n = 38) vs 

combined Lck-GCaMP6f at 8.41Hz (n = 27), p = 0.08).

DISCUSSION

We have investigated the role of astrocyte Ca2+ signaling in mediating neurovascular 

coupling in penetrating arterioles and capillaries in the cerebral cortex. There is no question 

as to whether Ca2+ increases in astrocytes can result in the dilation of both arterioles and 

capillaries. Both types of vessels dilate when Ca2+ concentrations are raised in astrocytes by 

photolysis of caged Ca2+ or IP3 (Metea and Newman, 2006; Takano et al., 2006; Gordon 

et al., 2008; Girouard et al., 2010; Mishra and Newman, 2010). The question we address 

here is whether astrocyte Ca2+ increases mediate vessel dilation in vivo under physiological 

conditions.

The role of astrocyte Ca2+ signaling in mediating neurovascular coupling has been examined 

by a number of laboratories in the past. Many investigators have concluded that the dilation 
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of penetrating arterioles is not mediated by Ca2+ increases in astrocyte endfeet (Bonder and 

McCarthy, 2014; Hill et al., 2015; Institoris et al., 2015; Mishra et al., 2016). However, 

relatively few studies have examined the causal relation between astrocyte Ca2+ increases 

and the dilation of capillaries (Biesecker et al., 2016; Mishra et al., 2016; Lind et al., 2018; 

Tran et al., 2018).

Previously, Mishra et al (2016) concluded that capillary but not arteriole dilation in the 

cerebral cortex is mediated by Ca2+ increases in astrocytes. Similarly, Biesecker et al (2016) 

concluded that capillary but not arteriole dilation in the retina is mediated by Ca2+ increases 

in Müller cells, the principal macroglial cells of the retina.

Given these previous findings, we anticipated that capillary dilation in the cortex of the 

unanesthetized mouse would also be mediated by Ca2+ increases in astrocyte endfeet. To our 

surprise, we found the opposite result. Dilation of capillaries as well as penetrating arterioles 

were not dependent on Ca2+ increases in the endfeet of astrocytes contacting the vessels 

(Figs. 2 to 3, Tables 1 to 4). Capillary dilations in 1st through 4th order capillaries were, 

with one exception, not diminished in IP3R2 KO animals, compared to WT littermates, 

even though evoked Ca2+ increases in astrocyte endfeet were reduced to an average of 9% 

of the WT values. Similarly, capillary dilations were not increased in animals where the 

whisker stimulus evoked running, even though astrocyte Ca2+ signaling increased an average 

of 240%.

The above observations were made with the cytoplasmic Ca2+ indicator Cyto-GCaMP6f. 

It is well known, however, that astrocyte Ca2+ signaling is not completely eliminated in 

IP3R2 KO animals. Other sources of Ca2+, including additional IP3R isoforms (Sherwood 

et al., 2017) and surface channels, including P2X1,P2X5, TRPA1 channels, and Ca2+-

permeable AMPA receptors (Lalo et al., 2008; Shigetomi et al., 2013b; Srinivasan et 

al., 2015; Bazargani and Attwell, 2016; Mishra et al., 2016) can also generate astrocyte 

Ca2+ increases. It is possible that Ca2+ influx through plasma membrane channels is a 

more important source for a Ca2+-mediated astrocyte signaling mechanism, as Mishra et 

al (2016) suggest. This is a reasonable supposition as Ca2+-dependent PLA2 and PLD2 

enzymes, which contribute in the synthesis of the vasodilating molecules PGE2 and EETs, 

are associated with the plasma membrane (Klein, 2005; Sun et al., 2005, p 1). Similarly, 

BK channels, which are activated by Ca2+ and release vasodilating K+, are imbedded in the 

plasma membrane (Ledoux et al., 2006).

With this in mind, we evaluated the importance of Ca2+ influx through plasma membrane 

channels by measuring whisker stimulation-evoked Ca2+ increases using the membrane-

tethered Ca2+ indicator Lck-GCaMP6f. Our results were similar to those obtained with the 

cytoplasmic indicator. Evoked Ca2+ increases at endfeet were reduced to 30% of WT values 

in IP3R2 KO mice. Another potential source of Ca2+ signaling and vasoactive molecule 

production are the fine astrocyte processes that are associated with synapses. Calcium 

signals within these processes near capillaries were also reduced, in this case to 44% of 

WT values, in IP3R2 KO animals, confirming that the reduction in stimulus-evoked Ca2+ 

responses is preserved within astrocyte processes as well as endfeet. Although this is a 

smaller reduction than seen with Cyto-GCaMP6f, it is nevertheless substantial and one 
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would expect to see some reduction in evoked capillary dilation if the dilation was at all 

dependent on astrocyte Ca2+ signaling, a reduction we did not see.

Another test of the dependence of capillary dilation on astrocyte Ca2+ signaling is to 

evaluate the correlation between the two. If capillary dilation was dependent on astrocyte 

Ca2+ signaling, one would expect to see a positive correlation between Ca2+ increases and 

dilation. We found, instead, that there was no meaningful correlation between astrocyte Ca2+ 

signaling and capillary dilation for trials using both the cytoplasmic and the membrane-

tethered Ca2+ indicator (Fig. 4d). Indeed, for the membrane-tethered indicator, which may 

reflect the more meaningful Ca2+ signal for neurovascular coupling, there was a trend 

towards a negative correlation.

One caveat in our experiments should be noted. The IP3R2 KO animals we used 

were a constitutive mouse line and compensatory mechanisms may have been induced. 

Neurovascular coupling pathways other than a Ca2+ dependent astrocyte mechanism may 

have been upregulated to play a more important role in capillary dilation. Although this is 

a potential confound when interpreting the results of our IP3R2 KO experiments, it cannot 

account for the observation that capillary dilation was not altered when astrocyte Ca2+ 

signaling increased substantially in WT animals when mice ran.

Our conclusion that capillary dilation is unrelated to astrocyte Ca2+ signaling in the cortex 

conflicts with the conclusions of Mishra et al (2016) and Biesecker et al (2016). There could 

be several reasons that the findings of Mishra et al (2016) differed from ours. First, their 

experiments were based on chelation of astrocyte Ca2+ with BAPTA in brain slices and 

purinergic antagonist blockade of Ca2+ increases in anesthetized in vivo preparations while 

our work utilized awake WT and IP3R2 KO animals. Second, they recorded from astrocytes 

in cortical layers III-VI in their slices while we imaged astrocytes in layers I-III. However, 

their in vivo recordings were from similar cortical depths as ours. Third, Mishra et al 

(2016) used electrical stimulation to excite neuronal activity while we used air puff whisker 

stimulation. It is possible that electrical stimulation caused larger increases in neuronal 

activity, leading to the activation of astrocytic P2X1 receptors, while our physiological 

stimulus did not. If this were the case, one might conclude that astrocyte Ca2+ signaling can 

contribute to capillary neurovascular coupling, but only for non-physiological stimuli that 

evoke greater than normal increases in neuronal activity.

Biesecker et al (2016) characterized neurovascular coupling in the retina utilizing IP3R2 KO 

animals. Mechanisms of neurovascular coupling could well differ in different regions of the 

CNS. Indeed, capillary dilation in the olfactory bulb may be mediated by astrocyte Ca2+ 

signaling, as stimulus-evoked Ca2+ increases in astrocyte processes consistently precede 

capillary dilations in the olfactory bulb (Otsu et al., 2015; Rungta et al., 2018).

If capillary dilation is not mediated by astrocyte Ca2+ signaling in the cortex, what signaling 

mechanism mediates dilation? Our experiments do not address this question. However, there 

are numerous neurovascular coupling mechanisms that could mediate capillary dilation. 

Dilation could be mediated by release of prostaglandins and NO directly from neurons. 

Dilation could also be mediated by vasodilating agents released from astrocytes in a non-
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Ca2+-dependent manner. We previously proposed that astrocytes could release PGE2 and 

EETs derived from arachidonic acid originating from neurons (Nippert et al., 2018). This 

mechanism of astrocyte signaling does not depend on astrocyte Ca2+ activity. Dilation could 

also be mediated by K+ release from astrocytes by K+ siphoning (Paulson and Newman, 

1987).

Active capillary dilation is thought to contribute substantially to the overall increase in 

cerebral blood flow that occurs during functional hyperemia (Hall et al., 2014; Gould et 

al., 2017). Yet some have questioned whether capillaries are capable of actively dilating, 

based on the observation that pericytes surrounding capillaries do not contain the contractile 

proteins necessary for capillary contraction and relaxation (Hill et al., 2015). Several 

subsequent studies have shown, however, that pericytes, even those contacting 7th order 

capillaries, do contain the contractile protein α-smooth muscle actin (Alarcon-Martinez 

et al., 2018, 2019). Many physiological studies have also demonstrated that pericytes 

surrounding capillaries can contract and that capillaries can actively constrict and dilate 

(Puro, 2007; Hall et al., 2014; Kornfield and Newman, 2014; Biesecker et al., 2016; Mishra 

et al., 2016; Kisler et al., 2017; Cai et al., 2018). The present results confirm this finding. We 

found that capillaries up though the 4th order show large dilations in response to a natural 

physiological stimulus. In addition, 1st order capillaries dilate before upstream arterioles 

(Fig. 6, Table 1), a finding that has been reported by several other laboratories (Hall et al., 

2014; Cai et al., 2018; Rungta et al., 2018; Grubb et al., 2020). This could not occur if 

capillary dilation was the result of passive stretch due to an increase in perfusion pressure 

generated by the dilation of upstream arterioles. We also found that 2nd through 4th order 

capillaries dilate with approximately the same latency as penetrating arterioles.

The existence of short latency Ca2+ increases in astrocytes has also been controversial. 

Several studies have observed stimulus-evoked Ca2+ increases in astrocytes with latencies 

significantly shorter than the latency of vessel dilation (Otsu et al., 2015; Lind et al., 2018; 

Stobart et al., 2018). Our results confirm these observations. We see evoked Ca2+ increases 

in astrocyte endfeet with latencies as brief as 0.15 s, similar to latencies observed previously 

(Lind et al., 2013; Stobart et al., 2018). This observation does not demonstrate that these 

rapid Ca2+ increases are causing capillary dilation, however.

In summary, we have demonstrated that capillary as well as arteriole dilation in the cerebral 

cortex is not related to astrocyte Ca2+ increases. Whisker stimulation evokes capillary 

dilations of similar amplitudes in WT and IP3R2 KO animals and in animals that are 

stationary or running, even though astrocyte Ca2+ signaling varies widely amongst these 

different groups. Our findings do not, however, exclude the possibility that astrocyte Ca2+ 

signaling contributes to capillary dilation in other regions of the CNS.
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Main Point

• Prior studies suggested that capillary dilation in the brain required calcium-

dependent astrocyte signaling. In contrast, we find that stimulus-evoked 

capillary dilation in the cerebral cortex is independent of astrocyte calcium 

signaling.
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Figure 1. 
Measurement of vessel dilation and astrocyte endfoot Ca2+ responses. (a) Maximum 

projection of a Z stack of 2P images showing 0 through 4th order blood vessels in the 

barrel cortex of the mouse. Vessel are labeled with Texas-Red (red) and astrocytes express 

Cyto-GCaMP6f (green). (b to d) 2P images from a time series showing dilation of a WT 4th 

order capillary and Ca2+ increases in adjacent endfeet. The hashed lines around the capillary 

indicate the width of the vessel before stimulation. The time of acquisition, relative to the 

onset of whisker stimulation, is indicated in each panel. (b) Before stimulation. (c) Near the 

peak of vessel dilation. (d) Near the peak of the astrocyte Ca2+ increase. The boxed area 

illustrates the ROI used to measure the endfoot Ca2+ increase. (e) Traces showing capillary 

dilation (blue) and astrocyte Ca2+ increases (orange) in the trial shown in panels b to d. The 

traces are an average of 9 no movement trials from the vessel. The black bar indicates the 

time course of the whisker stimulus.
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Figure 2. 
Average responses of 4th order capillaries and adjacent astrocyte endfeet to whisker 

stimulation. Mean ± SEM vessel dilations (blue) and astrocyte Ca2+ increases (orange) 

are shown. Black bars indicate the time course of the whisker stimulus. (a) Trials where 

WT mice did not run. N = 35 vessels. (b) Trials where the stimulus evoked running in WT 

mice. Running elicited increased astrocyte Ca2+ signaling compared to trials where mice did 

not run. N = 18 vessels. (c) Trials of IP3R2 KO mice where the animal did not run. The 

evoked astrocyte Ca2+ response is largely eliminated compared to WT trials. N = 19 vessels. 

(d) Trials of IP3R2 KO mice where the stimulus evoked running. N = 22. Despite the 

widely varying Ca2+ responses under the four conditions, vessel dilation remained largely 

unchanged.
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Figure 3. 
Summary of vessel dilation and astrocyte endfoot Ca2+ responses for all order vessels. 

Peak vessel dilation (blue) and astrocyte Ca2+ increases (orange) for WT, WT Running, 

IP3R2 KO and IP3R2 KO Running groups for all order vessels are shown as mean 

± SEM plus individual vessel values. Astrocyte Ca2+ increases displayed are from Cyto-

GCaMP6f recordings. Astrocyte Ca2+ increases in WT Running trials were significantly 

larger compared to no running WT trials. Compared to WT and WT Running, astrocyte 

Ca2+ increases in IP3R2 KO groups were significantly decreased. However, across all order 

vessels, vessel dilations remained largely unchanged despite the increased or decreased 

astrocyte Ca2+ signaling. Two-way ANOVA between genotype and movement conditions 

for each vessel order, Tukey-Kramer Post Hoc. Between the different orders, both 0 and 1st 

order vessels (n = 63 and 70, respectively) dilated more than 2nd, 3rd and 4th order vessels 

(n = 114, 100 and 94, respectively). One-way ANOVA, Tukey-Kramer post-hoc test, p < 

0.05. * p < 0.05, ** p < 0.01, *** p < 0.001. Tables 1 to 4 contain a summary of the data 

displayed, including the n’s for each category.
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Figure 4. 
Astrocyte endfoot Ca2+ responses and resulting vessel dilations of 1st through 4th order 

capillaries. (a) Evoked Ca2+ responses in astrocyte endfeet measured with Cyto-GCaMP6f 

in WT (n = 129) and IP3R2 KO (n = 78) animals. Mean ± SEM of all 1st through 

4th order capillary trials. (b) Evoked Ca2+ responses in astrocyte endfeet measured with 

Lck-GCaMP6f in WT (n = 96) and IP3R2 KO (n = 110) animals. Mean ± SEM of all 1st 

through 4th order capillary trials. (c) Summary of results, showing the decrease of evoked 

Ca2+ responses in IP3R2 KO animals measured with both Cyto- and Lck-GCaMP6f Ca2+ 

indicators. Two sample t-test of WT and IP3R2 KO capillary endfeet peak Ca2+ responses, 

*** p < 0.001. (d) Scatterplot showing relation between the evoked astrocyte Ca2+ increase 

and the corresponding capillary dilation for individual capillaries for all 1st through 4th order 

capillaries. Lines indicate least-squares fit for trials using the Cyto (blue, n = 129) and Lck 

(orange, n = 96) Ca2+ indicators. The R2 coefficient of determination values are indicated.

Del Franco et al. Page 22

Glia. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Astrocyte process Ca2+ responses near 0 order penetrating arterioles and 1st through 4th 

order capillaries. (a) Evoked Ca2+ responses in astrocyte processes near 0 order penetrating 

arterioles measured with Lck-GCaMP6f in WT (n = 21) and IP3R2 KO (n = 15) animals. 

Mean ± SEM of all Lck-GCaMP6f 0 order trials. (b) Evoked Ca2+ responses in astrocyte 

processes near 1st through 4th order capillaries measured with Lck-GCaMP6f in WT (n 

= 95) and IP3R2 KO animals (n = 108). Mean ± SEM of all Lck-GCaMP6f 1st through 

4th order capillary trials. (c) Summary of results, showing the decrease of evoked Ca2+ 

responses in astrocyte processes near dilating blood vessels. Two sample t-tests of WT and 

IP3R2 KO animal. ** p < 0.01, *** p < 0.001.
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Figure 6. 
Latency to the onset of vessel dilation for all order vessels from WT and IP3R2 KO mice 

trials without running. 1st order capillaries had a faster dilation onset compared to 0 order 

penetrating arterioles and 2nd order capillaries. One-way ANOVA between the orders of 

each genotype, Tukey-Kramer Post Hoc. * p < 0.05, ** p < 0.01. Mean ± SEM plus 

individual vessels are shown. Tables 1 and 2 contain a summary of the data displayed, 

including the n’s for each category.
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Figure 7. 
Latency to the onset of Ca2+ increase in astrocyte endfeet contacting vessels of different 

orders from WT mice trials without running. (a) Summary of latencies for each vessel order 

of mice expressing either Cyto-GCaMP6f (left, n = 11, 13, 30, 31, 32 for 0, 1st, 2nd, 3rd, 

4th orders, respectively) or Lck-GCaMP6f (right, n = 9, 12, 19, 16, 9 for 0, 1st, 2nd, 3rd, 4th 

orders, respectively). Faster onset latencies were seen in Lck-GCaMP6f trials compared to 

Cyto-GCaMP6f. Mean ± SEM plus individual vessels are shown. Two sample t-test between 

onset latency from combined orders of Cyto-GCaMP6f vs Lck-GCaMP6f, p = 9.0 × 10−6. 

(b & c) Heat maps showing Ca2+ responses from astrocyte endfeet contacting individual 

vessels. Records are sorted by latency. Ca2+ signals measured with Cyto-GCaMP6f (b, n 

= 117) and Lck-GCaMP6f (c, n = 65) are shown. ΔF/F for each vessel was normalized to 

its peak ΔF/F value. Trials where baseline variation exceeding 30% of peak ΔF/F in the 2 

s prior to the stimulus were excluded. Times are relative to stimulus onset (white vertical 

lines). (d) Cumulative plots of the onset latencies of astrocyte Ca2+ responses measured with 

Cyto-GCaMP6f (blue, n = 117) and Lck-GCaMP6f (orange, n = 65). A greater proportion of 
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fast Ca2+ responses were recorded with Lck-GCaMP6f. Two sample Kolmogorov-Smirnov 

test, p = 1.25 × 10−4.

Del Franco et al. Page 26

Glia. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Del Franco et al. Page 27

Table 1.

Summary of vessel dilation and astrocyte endfoot Ca2+ responses in WT animals for trials where the stimulus 

did not evoke running.

WT 0 Order 1st Order 2nd Order 3rd Order 4th Order

Baseline Diameter (μm) 13 ± 1 5.8 ± 0.4 4.7 ± 0.2 4.4 ± 0.2 4.5 ± 0.2

Peak Dilation (%) 17 ± 3 17 ± 3 13 ± 2 11 ± 2 9.3 ± 1.5

Latency to Onset of Dilation (s) 0.65 ± 0.07 0.31 ± 0.05 0.62 ± 0.05 0.53 ± 0.06 0.55 ± 0.06

Latency to Peak Dilation (s) 1.51 ± 0.07 1.21 ± 0.04 1.5 ± 0.1 1.41 ± 0.07 1.6 ± 0.1

Peak Ca2+ Increase (ΔF/F) 0.36 ± 0.15 0.44 ± 0.14 0.51 ± 0.11 0.64 ± 0.14 0.70 ± 0.16

Latency to Onset of Ca2+ Increase (s) 0.85 ± 0.2 1.2 ± 0.2 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.1

Latency to Peak Ca2+ Increase (s) 3.9 ± 0.4 4.1 ± 0.4 3.7 ± 0.3 3.6 ± 0.2 3.7 ± 0.3

n 14 17 35 38 35

Note: The reported sample sizes represent the number of individual vessels measured, which themselves are averages of 3 to 7 trials on that vessel. 

Ca2+ values reported are from Cyto-GCaMP6f animals. Mean ± SEM.
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Table 2.

Summary of vessel dilation and astrocyte endfoot Ca2+ responses in IP3R2 KO animals for trials where the 

stimulus did not evoke running.

IP3R2 KO 0 Order 1st Order 2nd Order 3rd Order 4th Order

Baseline Diameter (μm) 13 ± 1 6.3 ± 0.6 4.9 ± 0.3 4.6 ± 0.3 4.3 ± 0.2

Peak Dilation (%) 15 ± 2 18 ± 2 8.4 ± 1.6 10 ± 2 10 ± 2

WT vs IP3R2 KO p-value 0.797 0.999 0.377 0.999 0.990

Latency to Onset of Dilation (s) 0.49 ± 0.08 0.31 ± 0.07 0.48 ± 0.07 0.50 ± 0.09 0.53 ± 0.1

Latency to Peak Dilation (s) 1.4 ± 0.1 1.41 ± 0.08 1.3 ± 0.1 1.2 ± 0.1 1.4 ± 0.1

Peak Ca2+ Increase (ΔF/F) 0.050 ± 0.008 0.046 ± 0.010 0.050 ± 0.006 0.058 ± 0.008 0.045 ± 0.008

WT vs IP3R2 KO p-value 0.572 0.132 0.039* 0.020* 0.016*

Latency to Onset of Ca2+ Increase (s) 0.59 ± 0.14 0.39 ± 0.09 0.62 ± 0.15 0.41 ± 0.07 0.50 ± 0.12

Latency to Peak Ca2+ Increase (s) 3.5 ± 0.5 3.2 ± 0.4 4.1 ± 0.4 3.9 ± 0.5 3.4 ± 0.5

n 14 15 24 20 19

Note: The table includes p-values for comparisons of Peak Dilation and Peak Ca2+ increases between WT and IP3R2 KO groups. Ca2+ values 
reported are from Cyto-GCaMP6f animals. Mean ± SEM. 2-way ANOVA, Tukey-Kramer post hoc.

*
p < 0.05.
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Table 3.

Summary of vessel dilation and astrocyte endfoot Ca2+ responses in WT animals for trials where the stimulus 

evoked running.

WT Running 0 Order 1st Order 2nd Order 3rd Order 4th Order

Baseline Diameter (μm) 14 ± 1.2 5.9 ± 0.5 4.7 ± 0.3 4.7 ± 0.3 4.6 ± 0.3

Peak Dilation (%) 18 ± 1.6 19 ± 2.6 16 ± 2 14 ± 2.9 11 ± 2.4

WT vs WT Running p-value 0.999 0.940 0.606 0.620 0.919

WT Running vs IP3R2 KO p-value 0.754 0.959 0.048 * 0.626 0.990

Latency to Onset of Dilation (s) 0.61 ± 0.08 0.56 ± 0.08 0.47 ± 0.06 0.74 ± 0.13 0.60 ± 0.11

Latency to Peak Dilation (s) 1.5 ± 0.1 1.4 ± 0.1 1.51 ± 0.08 2.0 ± 0.2 2.1 ± 0.2

Peak Ca2+ Increase (ΔF/F) 0.96 ± 0.39 0.89 ± 0.24 1.3 ± 0.2 1.3 ± 0.3 1.9 ± 0.3

WT vs WT Running p-value 0.091 0.075 1.43 × 10−05 *** 0.026 * 1.32 × 10−06 ***

WT Running vs IP3R2 KO p-value 0.003 ** 1.47 × 10−04 *** 4.67 × 10−09 *** 1.83 × 10−05 *** 3.94 × 10−09 ***

Latency to Onset of Ca2+ Increase (s) 1.5 ± 0.3 1.7 ± 0.2 1.9 ± 0.2 2.1 ± 0.3 2.4 ± 0.3

Latency to Peak Ca2+ Increase (s) 5.1 ± 0.4 5.3 ± 0.4 5.2 ± 0.3 4.8 ±0.5 4.8 ± 0.4

n 12 15 25 15 18

Note: The table includes p-values for comparisons of Peak Dilation and Peak Ca2+ increases between WT and WT Running and between WT 

Running and IP3R2 KO groups. Ca2+ values reported are from Cyto-GCaMP6f animals. Mean ± SEM. 2-way ANOVA, Tukey-Kramer post hoc.

*
p < 0.05,

**
p < 0.01,

***
p < 0.001.
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Table 4.

Summary of vessel dilation and astrocyte endfoot Ca2+ responses in IP3R2 KO animals for trials where the 

stimulus evoked running.

IP3R2 KO Running 0 Order 1st Order 2nd Order 3rd Order 4th Order

Baseline Diameter (μm) 13 ± 1 5.5 ± 0.3 4.6 ± 0.2 4.3 ± 0.2 4.4 ± 0.3

Peak Dilation (%) 16 ± 1 18 ± 2 12 ± 2 9.0 ± 1.3 7.3 ± 1.6

IP3R2 KO vs IP3R2 KO Running p-value 0.989 0.999 0.660 0.953 0.775

WT vs IP3R2 KO Running p-value 0.894 0.996 0.969 0.864 0.863

WT Running vs IP3R2 KO Running p-value 0.855 0.979 0.378 0.300 0.595

Latency to Onset of Dilation (s) 0.59 ± 0.07 0.49 ± 0.08 0.59 ± 0.06 0.66 ± 0.07 0.54 ± 0.08

Latency to Peak Dilation (s) 1.51 ± 0.08 1.31 ± 0.09 1.4 ± 0.1 1.51 ± 0.08 1.9 ± 0.2

Peak Ca2+ Increase (ΔF/F) 0.063 ± 0.008 0.059 ± 0.007 0.059 ± 0.005 0.073 ± 0.008 0.044 ± 0.008

IP3R2 KO vs IP3R2 KO Running p-value 1.0 1.0 1.0 1.0 1.0

WT vs IP3R2 KO Running p-value 0.515 0.095 0.028 * 0.011 * 0.010 **

WT Running vs IP3R2 KO Running p-value 0.001 *** 3.78 × 10−05 *** 3.93 × 10−09 *** 6.86 × 10−06 *** 3.82 × 10−09 ***

Latency to Onset of Ca2+ Increase (s) 0.45 ± 0.07 0.57 ± 0.14 0.46 ± 0.088 0.58 ± 0.1 0.7 ± 0.2

Latency to Peak Ca2+ Increase (s) 4.7 ± 0.4 4.3 ± 0.4 4.1 ± 0.4 4.4 ± 0.4 3.7 ± 0.4

n 23 23 30 27 22

Note: the table includes p-values for comparisons of Peak Dilation and Peak Ca2+ increases between IP3R2 KO and IP3R2 KO Running, between 

WT and IP3R2 KO Running, and between WT Running and IP3R2 KO Running groups. Ca2+ values reported are from Cyto-GCaMP6f animals. 
Mean ± SEM. 2-way ANOVA, Tukey-Kramer post hoc.

*
p < 0.05,

**
p < 0.01,

***
p < 0.001.
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