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Astrocyte Ca2� Signaling Drives Inversion of Neurovascular
Coupling after Subarachnoid Hemorrhage
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Physiologically, neurovascular coupling (NVC) matches focal increases in neuronal activity with local arteriolar dilation. Astrocytes
participate in NVC by sensing increased neurotransmission and releasing vasoactive agents (e.g., K �) from perivascular endfeet sur-
rounding parenchymal arterioles. Previously, we demonstrated an increase in the amplitude of spontaneous Ca 2� events in astrocyte
endfeet and inversion of NVC from vasodilation to vasoconstriction in brain slices obtained from subarachnoid hemorrhage (SAH)
model rats. However, the role of spontaneous astrocyte Ca 2� signaling in determining the polarity of the NVC response remains unclear.
Here, we used two-photon imaging of Fluo-4-loaded rat brain slices to determine whether altered endfoot Ca 2� signaling underlies
SAH-induced inversion of NVC. We report a time-dependent emergence of endfoot high-amplitude Ca 2� signals (eHACSs) after SAH that
were not observed in endfeet from unoperated animals. Furthermore, the percentage of endfeet with eHACSs varied with time and
paralleled the development of inversion of NVC. Endfeet with eHACSs were present only around arterioles exhibiting inversion of NVC.
Importantly, depletion of intracellular Ca 2� stores using cyclopiazonic acid abolished SAH-induced eHACSs and restored arteriolar
dilation in SAH brain slices to two mediators of NVC (a rise in endfoot Ca 2� and elevation of extracellular K �). These data indicate a
causal link between SAH-induced eHACSs and inversion of NVC. Ultrastructural examination using transmission electron microscopy
indicated that a similar proportion of endfeet exhibiting eHACSs also exhibited asymmetrical enlargement. Our results demonstrate that
subarachnoid blood causes a delayed increase in the amplitude of spontaneous intracellular Ca 2� release events leading to inversion of
NVC.
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Introduction
Blood flow within the brain parenchyma is dynamically coupled
to the ongoing pattern of neuronal activity. Under physiological

conditions, stimulus-evoked increases in the frequency of neuro-
nal action potentials elicit vasodilation of nearby parenchymal
arterioles. This phenomenon, called functional hyperemia, or
neurovascular coupling (NVC), supports brain health by spa-
tially and temporally matching cerebral blood flow to local tissue
metabolic demand (Iadecola, 1993; Anderson and Nedergaard,
2003). Astrocytes are key intermediaries in NVC— having pro-
jections to neuronal synapses as well as processes (endfeet) that
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Significance Statement

Aneurysmal subarachnoid hemorrhage (SAH)—strokes involving cerebral aneurysm rupture and release of blood onto the brain
surface—are associated with high rates of morbidity and mortality. A common complication observed after SAH is the develop-
ment of delayed cerebral ischemia at sites often remote from the site of rupture. Here, we provide evidence that SAH-induced
changes in astrocyte Ca 2� signaling lead to a switch in the polarity of the neurovascular coupling response from vasodilation to
vasoconstriction. Thus, after SAH, signaling events that normally lead to vasodilation and enhanced delivery of blood to active
brain regions cause vasoconstriction that would limit cerebral blood flow. These findings identify astrocytes as a key player in
SAH-induced decreased cortical blood flow.
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encase parenchymal arterioles (Araque et al., 1999). In response
to enhanced neurotransmission, astrocytes release vasoactive
substances, including potassium ions (K�), from their endfeet
onto adjacent parenchymal arterioles (Zonta et al., 2003; Filosa et
al., 2006). The majority of evidence supports a role for increased
astrocyte endfoot Ca 2� in mediating neurally evoked vasodilator
release (Straub et al., 2006; Attwell et al., 2010; Srinivasan et al.,
2015).

In addition to nerve-stimulated increases in Ca 2�, spontane-
ous Ca 2� elevations (200 –300 nM in amplitude) lasting several
seconds occur in astrocyte endfeet (Koide et al., 2012; Shigetomi
et al., 2013). In brain slices from healthy animals, these sponta-
neous events resulted from IP3-dependent endoplasmic reticu-
lum (ER) Ca 2� release (Dunn et al., 2013). Presently, the ability
of spontaneous Ca 2� signaling to influence NVC and/or the re-
lease of vasoactive substances into the restricted perivascular
space between endfeet and parenchymal arterioles is unclear.
However, we demonstrated previously both an increase in the
amplitude of spontaneous Ca 2� events in astrocyte endfeet and
inversion of the NVC response from vasodilation to vasocon-
striction in brain slices obtained from subarachnoid hemorrhage
(SAH) model rats (Koide et al., 2012; Koide and Wellman, 2015).
Interestingly, although the NVC response switched from vasodi-
lation to vasoconstriction, neurally evoked changes in endfoot
Ca 2� were not altered by SAH.

Strokes caused by cerebral aneurysm rupture and SAH are
associated with a high incidence of morbidity and mortality that
often manifest several days after the initial bleed (Al-Khindi et al.,
2010; Østergaard et al., 2013). The inversion of NVC may be an
important contributor to delayed cerebral ischemia, develop-
ment of neurological deficits, and poor outcome frequently ob-
served in SAH patients (Koide et al., 2013). The goal of the
present study was to determine whether altered spontaneous
Ca 2� signaling in astrocyte endfeet plays a causal role in the
inversion of NVC after SAH. Here, we report that the time-
dependent emergence of high-amplitude spontaneous Ca 2� sig-
nals in astrocyte endfeet paralleled the occurrence of inversion of
NVC in brain slices from SAH model rats. These endfoot high-
amplitude Ca 2� signals (eHACSs) were only observed adjacent
to arterioles exhibiting inversion of NVC. Importantly, normal
arteriolar dilation was restored in brain slices from SAH animals
when eHACSs were abolished by depletion of ER Ca 2� stores.
These results indicate that subarachnoid blood causes an increase
in the amplitude of spontaneous Ca 2� signaling events in astro-
cyte endfeet that leads to inversion of NVC. Furthermore, this
work signifies that pathological changes in astrocyte function can
profoundly impact cerebral blood flow regulation.

Materials and Methods
Rat SAH model
To mimic aneurysmal SAH, isoflurane-anesthetized Sprague Dawley rats
(male, 10 –12 weeks old; Charles River Laboratories) received two injec-
tions of autologous, unheparinized arterial blood (500 �l drawn from tail
artery) into the cisterna magna as described previously (Nystoriak et al.,
2011; Koide et al., 2012). Blood injections were given 24 h apart with the
exception of animals studied at the 4 and 24 h time points that received
only one intracisternal injection. Sham-operated animals underwent
identical procedures except that saline, rather than blood, was injected
into the cisterna magna. All procedures were conducted in accordance
with the NIH Guide for the Care and Use of Laboratory Animals (eighth
edition, 2011) and followed protocols approved by the Institutional An-
imal Care and Use Committee at the University of Vermont.

Simultaneous measurements of parenchymal arteriolar diameter
and astrocyte endfoot Ca 2� in freshly prepared cortical brain slices
Brain slice preparation. Animals were killed by decapitation while under
deep anesthesia with pentobarbital (60 mg/kg) at the following time
points: 4 h, 24 h, and 2, 4, 7, and 14 d after SAH. Brains were removed
from animals and placed in ice-cold aerated (5% CO2/95% O2) artificial
CSF (ACSF), and coronal brain slices, 160 �m in thickness, were cut from
the middle cerebral artery (MCA) territory using a Leica VT1000S vi-
bratome. Brain slices were then incubated with the fluorescent Ca 2�

indicator dye Fluo-4 AM (10 �M) for 1.5 h at 29°C in ACSF containing
0.04% pluronic acid. Using these parameters, Fluo-4 was preferentially
loaded into astrocytes (Parri et al., 2001; Kawamura and Kawamura,
2011). In a subset of brain slices, the caged-Ca 2� compound 1-(4,
5-dimethoxy-2-nitrophenyl)-1,2-diaminoethane-N,N,N�,N�-tetraacetic
acid, tetra(acetoxymethyl ester) (DMNP-EDTA AM, 10 �M) was in-
cluded with the Fluo-4. Brain slices were then rinsed and maintained in
aerated ACSF at room temperature until imaged.

Simultaneous measurements of arteriolar diameter and astrocyte endfoot
Ca2�. Infrared-differential interference contrast (IR-DIC) and fluores-
cent images were simultaneously recorded from brain slices using
multiphoton imaging systems coupled to a Coherent Chameleon Ti-
Sapphire laser. A Bio-Rad Radiance multiphoton imaging system (exci-
tation wavelength, 820 nm; fluorescent bandpass filter, 575/150 nm;
sampling frequency, �1 Hz) with an Olympus XLUM PlanF1 20� ob-
jective (0.95 NA) was used for the majority of studies. For these experi-
ments, the image size was 512 � 512 pixels, and pixel resolution was 0.12
�m/pixel. For studies requiring the photolysis of caged Ca 2�, a Zeiss
LSM-7 multiphoton imaging system (excitation, 730 nm; fluorescent
bandpass filter, 525/50 nm; sampling frequency, �2 Hz) was used with a
Zeiss W Plan-APOCHROMAT 20� objective (1.0 NA). The image size
for these experiments was 512 � 300 pixels, and pixel resolution was 0.17
�m/pixel. To study NVC, electrical field stimulation (EFS; 50 Hz, 0.3 ms
alternating square pulse, 3 s duration) was applied using a pair of plati-
num wire electrodes (2 mm apart) to trigger neuronal action potentials
(Koide et al., 2012). To elevate astrocyte endfoot Ca 2� independent of
neuronal activation, we used photolysis of caged Ca 2� or “Ca 2� uncag-
ing” in DMNP-EDTA-loaded slices. Photolysis was achieved using an
�0.5 s laser pulse of approximately three times the average imaging
power to uncage Ca 2� within a selected endfoot (excitation volume, �1
�m 3). Throughout all recordings, brain slices were continually super-
fused (�2 ml/min) with ACSF (aerated with 5% CO2/95% O2, pH
�7.35, 35�37°C) containing the thromboxane A2 analog 9,11-dideoxy-
11�,9�-epoxymethanoprostaglandin F2� (U46619; 100 nM) to induce a
physiological level of arteriolar tone (Koide et al., 2012). Parenchymal
arteriolar segments (diameter, 3–14 �m before EFS) within the MCA
territory, located at a depth of 50 –250 �m from the pial surface and
surrounded by Fluo-4-loaded endfeet, were chosen for this study. In-
traluminal red blood cells were observed in the majority of recordings
(89%), and their presence or absence did not correlate with a particular
vascular response to EFS or uncaging. At the end of each experiment,
brain slices were treated with ionomycin (10 �M) and 20 mM CaCl2 to
obtain maximum fluorescence intensity.

Analysis of parenchymal arteriolar diameter. Using IR-DIC images, the
intraluminal parenchymal arteriolar diameter was measured at three
evenly spaced points along a 10 �m segment showing the greatest re-
sponse to stimulation (EFS, Ca 2� uncaging, or 10 mM K � superfusion).
Diameter change, expressed as a percentage increase or decrease from
baseline diameter, was determined from 10 s of recording before stimu-
lation and then averaged for the three points of measurement. Diameter
measurements were made manually using custom software, SparkAn, writ-
ten by Dr. A. D. Bonev at the University of Vermont (Burlington, VT).

Analysis of astrocyte endfoot Ca2�. A region of interest (ROI; 1.2 � 1.2
�m) was placed within an astrocyte endfoot that was either (1) adjacent
to an arteriolar segment used to measure diameter change after EFS or
Ca 2� uncaging or (2) exhibiting spontaneous Ca 2� events in unstimu-
lated brain slices. Baseline Ca 2� within a ROI was determined by aver-
aging 10 consecutive images before stimulation and/or exhibiting no
spontaneous activity. The following criteria were used to define sponta-
neous Ca 2� events: (1) �30% increase in fluorescence intensity for at
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least two consecutive images (�2 s) and (2) multiple events observed
within a ROI during a 4 min recording. The maximal fluorescence
method was used to estimate Ca 2� concentrations within an ROI (Mara-
vall et al., 2000; Koide et al., 2012).

Ultrastructural analysis using electron microscopy
Transmission electron microscopy (TEM) was used to examine brain
parenchymal arterioles and surrounding astrocyte endfeet in cortical
layer 2/3 of the MCA territory (i.e., the same region examined in brain
slice studies). Specimens were prepared for TEM using standard proce-
dures (Hayat, 1981). Briefly, unoperated control, 2 d sham-operated, and
2 d SAH model rats were anesthetized with pentobarbital (60 mg/kg) and
fixed by transcardial perfusion at an intravascular pressure of 75 mmHg
using a solution containing 135 mM sucrose, 0.085 mM NaH2PO4, 0.5 mM

CaCl2, and 1% glutaraldehyde, pH 7.3. Brains were then dissected from
animals and fixed in 1% glutaraldehyde for an additional 24 h. Cortical
blocks were cut, rinsed in 0.1 M cacodylate buffer, and immersed in 1%
OsO4 for 4 h at 4°C, and then dehydrated using a series of graded ethanol
and propylene oxide solutions and embedded in Spurr’s resin overnight
at 60°C. Ultrathin (90 nm) sections obtained using an Ultracut mi-
crotome were contrasted with uranyl acetate and lead citrate. A Jeol 1400
transmission electron microscope was used to obtain a series of nonover-
lapping images (magnification, 5000�) capturing the entire arteriolar
circumference. Consistent with previous reports (Mathiisen et al., 2010;
McCaslin et al., 2011), the cellular structures providing sheath-like cov-
erage of the abluminal surface of the arteriolar wall were identified as
astrocyte endfeet. The distance between endfeet and arteriolar smooth
muscle was considered the perivascular space. Endfoot thickness and the
perivascular space were measured at 10 random, equally spaced points
along the arteriolar circumference using ImageJ (NIH).

Statistical analysis
Data are expressed as mean � SEM (n, the number of observations; N,
the number of animals). Unpaired Student’s two-tailed t test was used for
comparisons between two groups. One-way ANOVA followed by either
a Tukey or Bonferroni test was used for the post hoc comparison of
multiple groups. Chi-squared analysis was used to determine the depen-
dence between variables.

Reagents
U46619, cyclopiazonic acid (CPA), and ionomycin were obtained from
EMD Millipore. DMNP-EDTA AM was purchased from Interchim.
Fluo-4 AM and pluronic acid were obtained from Invitrogen. All other

reagents were purchased from Sigma-Aldrich. The composition of ACSF
(in mM) was 125 NaCl, 3 KCl, 18 NaHCO3, 1.25 NaH2PO4, 1 MgCl2, 2
CaCl2, 5 glucose, and 0.4 ascorbic acid. ACSF containing 10 mM K � was
made by iso-osmotic replacement of NaCl with KCl.

Results
The emergence of high-amplitude spontaneous Ca 2� events
in astrocyte endfeet after SAH
To explore the relationship between the inversion of NVC and
the occurrence of high-amplitude spontaneous Ca 2� signals in
astrocyte endfeet, cortical brain slices from the MCA territory
were studied from SAH model rats at six time points following
injection of blood into the subarachnoid space (4 h, 24 h, and 2, 4,
7, and 14 d). A subarachnoid blood clot was observed adjacent to
the circle of Willis on the ventral surface of the brain between the
4 h and 4 d SAH time points. However, at 7 and 14 d after SAH,
the clot was no longer visible. Although remote from the site of
blood injection (i.e., cisterna magna), extravascular red blood
cells have been observed around parenchymal arterioles from the
MCA territory using this model of SAH (Koide et al., 2012).
Spontaneous Ca 2� events were imaged using two-photon exci-
tation microscopy and the fluorescent Ca 2� indicator Fluo-4 in
astrocyte endfeet surrounding parenchymal arterioles (Fig.
1A,B). Consistent with our previous observation (Koide et al.,
2012), SAH led to a significant increase in the overall mean am-
plitude of spontaneous Ca 2� events following SAH (F(6,523) �
5.75; ANOVA, p 	 0.0001). Post hoc comparison of the means
(Bonferroni) revealed significance at the 24 h and 2, 4, and 7 d
SAH time points (p � 0.01, p � 0.0002, p � 0.004, p � 0.03,
respectively). With further analysis, we determined that the in-
creased mean amplitudes were due to the emergence of a subpop-
ulation of high-amplitude Ca 2� events not observed in control
animals. In brain slices from unoperated control animals, basal
endfoot Ca 2� was 128 � 4 nM, and spontaneous elevations in
endfoot Ca 2� did not exceed 500 nM (range, 179 to 496 nM; mean,
303 � 10 nM; n � 73 events from 13 endfeet). However, in brain
slices from SAH animals, we often observed high-amplitude
spontaneous events (peak Ca 2�, �500 nM; eHACSs) in addition
to spontaneous Ca 2� increases that were similar in amplitude to

Figure 1. Emergence of eHACSs following SAH. A, Top, Images of parenchymal arterioles and surrounding astrocyte endfeet in brain slices obtained from control (left) and 2 d SAH model rats
(right). The red dashed lines on grayscale IR-DIC images depict the intraluminal diameter. Overlapping pseudocolor-mapped fluorescent Ca 2� images of endfeet were simultaneously acquired using
two-photon microscopy. Scale bars, 10 �m. Bottom, Time-lapse images from the area within the yellow dotted box in top panels. B, Spontaneous Ca 2� activity recorded from 1.2�1.2 �m regions
of interest shown in the black squares in A. Black arrowheads indicate the spontaneous Ca 2� events depicted in the time-lapse series of A. Red circles indicate eHACSs (peak Ca 2� levels of �500
nM). C, Number of endfeet with and without eHACSs (red and gray dots, respectively) observed in control (N � 8 animals) and SAH model animals (N � 6 – 8 animals per time point). Chi-squared
analysis indicates an association between the incidence of endfeet exhibiting eHACSs and time (4 h, 2 d, 4 d) after SAH (� 2 � 8.839, df � 2, p � 0.012).
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those observed in unoperated animals (peak Ca 2�, 	500 nM;
“control-like events”). Thus, after SAH, endfeet fell into one of
two categories: (1) endfeet with spontaneous Ca 2� events that
were all control-like in amplitude, i.e., with a peak Ca 2� of 	500
nM, or (2) endfeet with a combination of eHACSs and control-like
spontaneous Ca2� events. �2 analysis indicates an association be-
tween the incidence of endfeet exhibiting eHACSs and time (4 h,
2 d, 4 d) after SAH (�2 � 8.839, df � 2, p � 0.012). For example, at
the earliest time point (4 h SAH), only �27% of endfeet had
eHACSs, whereas �83% of endfeet were eHACS-positive in brain
slices from 2 d SAH animals (Fig. 1C). The mean amplitude (�700
nM) and frequency of eHACSs were similar at all SAH time points
(F(5,83) � 0.81, ANOVA, p � 0.54 and F(5,39) � 1.80, ANOVA, p �
0.14, respectively). When compared with events from control ani-
mals, post hoc comparison of the means (Bonferroni) demonstrated
that there was no change in the amplitude of control-like
spontaneous Ca2� events at any time points after SAH, regardless of
the presence or absence of eHACSs (p 
 0.05 in each group; Table
1). These data demonstrate that SAH leads to the time-dependent
emergence of high-amplitude spontaneous Ca2� events (i.e.,
eHACSs) not observed in control animals.

The inversion of NVC parallels the emergence of eHACSs
after SAH
We next examined whether the inversion of NVC followed a
similar time-dependent pattern of development as that of
eHACSs after SAH. In brain slices from control animals, EFS-
evoked neuronal activation caused the anticipated NVC re-
sponse: a rise in astrocyte endfoot Ca 2� followed by vasodilation
of the adjacent arteriole (Fig. 2A; n � 6 arterioles, N � 6 animals).
Similar vasodilatory NVC responses were observed in all brain
slices obtained from 4 h SAH animals (n � 6 arterioles, N � 5
animals). However, EFS-induced vasoconstriction (i.e., inver-
sion of NVC) was observed in brain slices from animals at later
SAH time points. Inversion of NVC peaked at 2 d SAH, with
100% of brain slices (n � 7 arterioles, N � 6 animals) exhibiting
EFS-induced vasoconstriction, and then steadily declined at later

time points (Fig. 2B,C). One-way ANOVA demonstrated a main
effect of time after SAH on EFS-evoked changes in arteriolar
diameter (F(6,40) � 4.961, p � 0.0007). Post hoc multiple compar-
isons of the means (Bonferroni) revealed significance at the 2 and
4 d SAH time points (p � 0.001 and p � 0.01, respectively).
Although SAH influenced the polarity of EFS-induced vascular
responses, evoked increases in endfoot Ca 2� in brain slices from
SAH animals were similar to those in the control group (Table 2;
F(6,39) � 0.52; ANOVA, p � 0.79). There also was no difference in
the mean arteriolar diameter before EFS between groups
(F(6,40) � 1.74; ANOVA, p � 0.14). In two instances, one at the
24 h and one at the 7 d SAH time points, we observed opposing
vascular responses in brain slices from the same animal, suggest-
ing that inversion of NVC develops and resolves nonuniformly
throughout brain cortex. Consistent with our hypothesis that the
emergence of eHACSs dictates the polarity of the neurovascular
response after SAH, the time course of inversion of NVC was
remarkably similar to the time course of the emergence of astro-
cyte endfeet exhibiting eHACSs (Fig. 2D).

To further explore causality between the emergence of
eHACSs and inversion of NVC, we captured both phenomena in
single continuous recordings (3 min recording of spontane-
ous activity followed by EFS) of brain slices obtained from 24 h
SAH animals. Here, we chose to study the 24 h SAH time point
because approximately half of the brain slices from these animals
exhibited normal NVC (EFS-induced vasodilation), whereas the
remaining slices exhibited inversion of NVC (EFS-induced vaso-
constriction). As anticipated, endfeet in brain slices from 24 h
SAH animals displayed either only control-like spontaneous
Ca 2� events (i.e., no eHACSs) or exhibited a combination of
control-like events and eHACSs during the initial 3 min of re-
cordings capturing spontaneous Ca 2� events (Fig. 3A). EFS-
induced vasodilation (12 � 4% increase in diameter, n � 4
arterioles, N � 4 animals) occurred in all brain slices exhibiting
only control-like spontaneous Ca 2� events (mean amplitude of
spontaneous Ca 2� events, 284 � 16 nM; range, 189 – 485 nM; 32
events in four brain slices from four animals; Fig. 3B). Conversely,

Table 1. Impact of SAH on spontaneous Ca 2� events in astrocyte endfeet

Control 4 h SAH 24 h SAH 2 d SAH 4 d SAH 7 d SAH 14 d SAH

Endfeet without eHACSs
Basal endfoot Ca 2� (nM) 128 � 4 121 � 3* 125 � 7* 134 � 19* 128 � 7* 121 � 6* 125 � 4*
Range of Ca 2� event

amplitudes (nM)
179 – 496 166 – 484 161– 477 214 – 496 208 – 458 192– 491 187– 470

Mean amplitude (nM) 302 � 10 270 � 11* 300 � 17* 348 � 31* 310 � 14* 313 � 18* 293 � 11*
Frequency of spontaneous Ca 2�

events (Hz)
0.024 � 0.003 0.021 � 0.004* 0.022 � 0.005* 0.020 � 0.011* 0.017 � 0.002* 0.024 � 0.003* 0.019 � 0.004*

n, N (endfeet, animals) 13, 8 11, 4 6, 5 2, 7 7, 6 7, 5 11, 5
Endfeet with eHACSs

Basal endfoot Ca 2� (nM) 124 � 7 128 � 3** 127 � 4** 129 � 4** 131 � 6** 131 � 4**
Range of Ca 2� event

amplitudes (nM)
181– 866 229 –1618 182–1323 197–1141 195–1244 218 – 871

Mean amplitude of control-like
events (nM)

294 � 18 321 � 16** 312 � 11** 292 � 14** 289 � 15** 356 � 24**

Mean amplitude of eHACSs (nM) 605 � 43 738 � 72** 691 � 40** 769 � 55** 770 � 73** 758 � 32**
Frequency of spontaneous Ca 2�

events (Hz)
0.025 � 0.005 0.024 � 0.005** 0.034 � 0.004** 0.019 � 0.004** 0.017 � 0.002** 0.019 � 0.004**

eHACSs (percentage of total
events)

39.5 � 12.6 41.0 � 3.4** 37.6 � 8.5** 46.6 � 9.7** 39.6 � 8.6** 32.7 � 12.1**

n, N (endfeet, animals) 0, 8 4, 4 7, 5 10, 7 10, 6 9, 5 4, 5
All endfeet

Total spontaneous Ca 2� events 73 81 72 94 78 63 70

One-way ANOVA followed by Bonferroni’s test was used for the post hoc comparison of multiple groups.

*p 
 0.05 compared to the control group in endfeet without eHACSs; **p 
 0.05 compared to the 4 h SAH group in endfeet with eHACSs.
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inversion of NVC (EFS-induced vasoconstriction, 17 � 7% decrease
in diameter, n � 5 arterioles, N � 5 animals) was observed in all
brain slices containing eHACS-positive endfeet (71 events in five
brain slices from five animals; Fig. 3B). The presence or absence of
eHACSs did not impact EFS-evoked increases in astrocyte endfoot
Ca2� or the overall frequency of spontaneous Ca2� events (Fig.
3C,D; p � 0.46 and p � 0.33, respectively; two-tailed t test). In two
cases, brain slices with endfeet exhibiting eHACSs also had endfeet

where eHACSs were not observed along the same arteriolar segment.
These results are consistent with the emergence of eHACSs causing
inversion of NVC after SAH.

Abolition of eHACSs restores vasodilatory responses in brain
slices from SAH animals
Release of Ca 2� from the ER underlies the generation of sponta-
neous Ca 2� events in astrocyte endfeet of healthy animals (Dunn

Figure 2. The inversion of NVC parallels the emergence of eHACSs in brain slices from SAH model animals. A, B, EFS-induced changes in arteriolar diameter and astrocyte endfoot Ca 2� in brain
slices from control (A) and 2 d SAH animals (B). Top, IR-DIC images with simultaneously acquired pseudocolored Ca 2� fluorescence maps showing arteriolar diameter (depicted in red dashed line)
and astrocyte endfoot Ca 2� before and after EFS. Scale bars, 10 �m. Bottom, EFS-evoked changes in endfoot Ca 2� and arteriolar diameter corresponding to the above images. Although EFS caused
a similar increase in astrocyte endfoot Ca 2� (black traces), it was associated with vasodilation (green trace) in brain slices from control animals and vasoconstriction (red trace) in brain slices from
2 d SAH animals. C, Summary of EFS-induced arteriolar responses in brain slices from control and SAH model animals. Black lines represent the mean change in diameter per study group (n � 6 – 8
arterioles from 4 – 6 animals per group). *p 	 0.05; **p 	 0.01 (one-way ANOVA followed by the Bonferroni’s post hoc test). D, Relationship between the percentage of endfeet with eHACSs and
the percentage of arterioles exhibiting inversion of NVC at various time points after induction of SAH. Arrows demonstrate the progression of time.

Table 2. Impact of SAH on NVC

Control 4 h SAH 24 h SAH 2 d SAH 4 d SAH 7 d SAH

Brain slices with intact NVC (i.e. arteriolar dilation)
Arteriolar diameter before EFS (�m) 8.7 � 1.3 6.5 � 0.8 5.0 � 0.6 6.8 8.3 � 0.8
Endfoot Ca 2� before EFS (nM) 139 � 19 127 � 8 137 � 8 137 128 � 6
Endfoot Ca 2� after EFS (nM) 421 � 39 427 � 30 404 � 32 388 378 � 38

n, N (slices, animals) 6, 6 6, 5 3, 4 0, 5 1, 5 4, 6
Brain slices with inversion of NVC (i.e. arteriolar constriction)

Arteriolar diameter before EFS (�m) 5.7 � 0.8 7.2 � 1.5 9.2 � 1.6 5.1 � 1.0
Endfoot Ca 2� before EFS (nM) 128 � 6 128 � 4 135 � 3 122 � 5
Endfoot Ca 2� after EFS (nM) 361 � 16 377 � 24 394 � 37 440 � 15

n, N (slices, animals) 0, 6 0, 5 5, 4 7, 5 6, 5 3, 6
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et al., 2013). To examine the role of ER
Ca 2� release in the generation of eHACSs,
CPA, a selective sarco/endoplasmic retic-
ulum Ca 2�-ATPase inhibitor, was used to
deplete astrocyte ER Ca 2� stores. In brain
slices from control animals, CPA treat-
ment (30 �M, 25 min) abolished sponta-
neous endfoot Ca 2� events (Fig. 4A), as
expected. Importantly, CPA also abol-
ished all spontaneous Ca 2� signals, in-
cluding eHACSs, in brain slices from 2 d
SAH animals, indicating that SAH-
induced eHACSs are mediated via ER
Ca 2� release (Fig. 4B).

Using CPA to deplete ER Ca 2�, we
next examined whether the elimination of
SAH-induced eHACSs could restore va-
sodilatory responses typical of NVC.
However, because EFS-evoked vasodila-
tion is also dependent on astrocyte
endfoot ER Ca 2� release (Straub et al.,
2006), we targeted two elements down-
stream of neuronal activation in the
NVC signaling cascade (increased endfoot
Ca 2� and elevated perivascular K�).
First, two-photon photolysis of caged
Ca 2� was used to induce a focal (excita-
tion volume, �1 �m 3) rise in endfoot
Ca 2�. Consistent with EFS-induced vas-
cular responses (Fig. 2), uncaging Ca 2� in
astrocyte endfeet in the absence of CPA
caused a similar amplitude endfoot Ca 2�

transient in all brain slices (control, 436 �
35 nM; SAH, 417 � 32 nM; p � 0.47, two-
tailed t test), but caused vasodilation in
brain slices from control animals and va-
soconstriction in brain slices from 2 d
SAH animals. Treatment of brain slices
from control animals with CPA did not af-
fect vasodilation induced by photolysis of
caged Ca2� in astrocyte endfeet (Fig. 4C;
p � 0.243, two-tailed t test). However, in
brain slices from 2 d SAH animals, CPA treatment (i.e., abolishing
eHACSs) reversed Ca2� uncaging responses from constriction to
dilation (Fig. 4D; p 	 0.0001, two-tailed t test). In the presence of
CPA, the amplitude of endfoot Ca2� transients induced by uncaging
Ca2� were again similar between groups (control, 365 � 53 nM;
SAH, 310 � 50 nM; p � 0.83, two-tailed t test). These results indicate
that abolishing eHACSs restored normal astrocyte–vascular signal-
ing in brain slices from SAH animals (Fig. 4E).

Modest increases in the extracellular/perivascular K� concen-
tration play an important role in astrocyte-to-smooth muscle
communication during NVC (Filosa et al., 2006; Girouard et al.,
2010). Typically, neurally evoked increases in endfoot Ca 2� acti-
vate large-conductance Ca 2�-activated K� (BK) channels on as-
trocyte endfeet, causing an estimated 5–10 mM increase in
perivascular K� and vasodilation via activation of smooth mus-
cle strong inwardly rectifying K� (KIR) channels (Filosa et al.,
2006; Girouard et al., 2010). Previous studies mimicked neurally
evoked endfoot K� efflux by increasing the K� concentration in
the brain slice superfusate from 3 to 10 mM (Filosa et al., 2006;
Girouard et al., 2010; Koide et al., 2012). Here, we examined the
effect of K�-induced changes in arteriolar diameter in brain

slices obtained from control and 2 d SAH animals in the presence
and absence of endfoot spontaneous Ca 2� events. Similar to the
inversion of NVC, increasing extracellular K� from 3 to 10 mM in
brain slices with intact astrocyte ER Ca 2� (i.e., endfeet exhibiting
spontaneous Ca 2� events) caused arteriolar dilation in brain
slices from unoperated animals and vasoconstriction in brain
slices from 2 d SAH animals. As with Ca2� uncaging, abolishing
spontaneous Ca2� events with CPA (30 �M, 25 min) restored arte-
riolar dilation in response to 10 mM extracellular K� in brain slices
from 2 d SAH animals and had no effect on K�-induced vasodila-
tion in brain slices from control animals (Fig. 4F; p 	 0.0001 and p �
0.56, respectively; two-tailed t test). Thus, abolishing eHACSs re-
stored vasodilatory responses in brain slices after SAH.

Asymmetrical enlargement of perivascular astrocyte endfeet
after SAH
CNS pathologies such as traumatic brain injury, ischemic stroke,
and SAH are associated with astrocyte hypertrophy and reactive
gliosis (Murakami et al., 2011; Burda and Sofroniew, 2014). To
explore the impact of SAH on the ultrastructure of the gliovascu-
lar interface (i.e., astrocyte endfeet and parenchymal arterioles),

Figure 3. The presence of eHACSs is associated with inversion of NVC. A, Continuous, in tandem recordings of spontaneous
Ca 2� events and EFS-evoked changes in arteriolar diameter and astrocyte endfoot Ca 2� from brain slices of 24 h SAH animals. In
brain slices with endfeet lacking eHACSs (left), EFS triggered a rise in endfoot Ca 2� and vasodilation of the adjacent arteriole.
However, when eHACSs were present in the surrounding endfeet (right), a similar EFS-evoked rise in endfoot Ca 2� elicited
vasoconstriction (i.e., inversion of NVC). B, Summary of EFS-induced changes in arteriolar diameter in brains slices with and
without endfeet exhibiting eHACSs (n � 4 or 5 arterioles, N � 4 or 5 animals). **p 	 0.01 (two-tailed t test). C, Summary of the
EFS-induced rise in endfoot Ca 2� in brain slices with or without eHACSs (n � 7–11 endfeet, N � 4 or 5 animals). D, Summary of
the frequency of spontaneous Ca 2� events in brain slices with or without eHACSs (n � 7–11 endfeet, N � 4 or 5 animals).
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we used TEM to image brain cortex from control, 2 d sham-
operated, and 2 d SAH model animals. Astrocyte endfeet
surrounding parenchymal arterioles from control and sham-
operated animals exhibited a thin, uniform, sheath-like mor-
phology (Fig. 5A). In contrast, perivascular endfeet of SAH
animals exhibited regions of asymmetrical thickening that con-
tained numerous subcellular organelles, including lysosomes
(Fig. 5A). Lysosomes were observed in 12 of 16 endfeet after SAH,
but were not observed in endfeet from control or sham-operated
animals. Remarkably, in 2 d SAH animals, the percentage of
endfeet exhibiting asymmetrical hypertrophy (�81%, 13 of 16
endfeet) was similar to the percentage of endfeet exhibiting
eHACSs (�83%; Fig. 1D). Using a threshold of three times the
mean thickness of control endfeet (�690 nm), we determined
that �17% of the arteriolar circumference is surrounded by an

enlarged endfoot after SAH (Fig. 5C;
Tukey’s test, p 	 0.0001 vs control, p �
0.0008 vs sham). Interestingly, despite
enlargement of endfoot processes, the dis-
tances measured between the endfeet and
arteriolar smooth muscle (i.e., the perivas-
cular space) in these samples were similar
between groups (�70 nm; F(2,627) � 1.17;
ANOVA, p � 0.31; Fig. 5B). These results
suggest a possible link between struc-
tural changes in perivascular endfeet af-
ter SAH and altered endfoot Ca 2�

signaling (i.e., eHACSs).

Discussion
This study provides evidence that the
emergence of high-amplitude spontane-
ous Ca 2� events within astrocyte endfeet
underlies SAH-induced inversion of
NVC. High-amplitude Ca 2� signals, or
eHACSs, were absent in brain slices from
unoperated control animals and were
present only in endfeet surrounding arte-
rioles exhibiting inversion of NVC. Fur-
thermore, abolishing eHACSs through
pharmacologic depletion of ER Ca 2� re-
stored typical vasodilatory responses to
two elements involved in the NVC signal-
ing cascade—increased endfoot Ca 2� and
modest elevation of extracellular K�. BK
channels, localized to the endfoot mem-
brane (Price et al., 2002), are the most
likely Ca 2� sensor responsible for trans-
ducing eHACSs into a pathological vascu-
lar response. Astrocyte BK channels are an
important component of neurovascular
communication (Filosa et al., 2006; Gir-
ouard et al., 2010; Koide et al., 2012) and
contain auxiliary �4 subunits (Seidel et
al., 2011) conferring a high level of Ca 2�

sensitivity to these channels (Horrigan
and Aldrich, 2002; Bai et al., 2011). Thus,
considering the Ca 2� sensitivity and
large single channel conductance of BK
channels, it is likely that SAH-induced
eHACSs cause a substantial increase in
BK-mediated K� efflux. Because the re-
stricted perivascular space between
endfeet and arteriolar myocytes is esti-

mated to be 	100 nm (Nagelhus et al., 1999; Fig. 5B), relatively
small changes in the number of K� ions would significantly im-
pact the K� concentration within the microdomain surrounding
parenchymal arterioles (Girouard et al., 2010). Cerebral arteries
are highly sensitive to changes in extracellular K� (Knot et al.,
1996; Zaritsky et al., 2000). Modest increases in extracellular K�

(�20 mM) cause arteriolar dilation via activation of smooth mus-
cle KIR channels (Knot et al., 1996; Filosa et al., 2006; Girouard et
al., 2010). However, larger increases (
20 mM) cause a depolar-
izing shift in the K� equilibrium potential of smooth muscle that
leads to enhanced Ca 2� entry through L-type voltage-dependent
Ca 2� channels and arteriolar constriction (Knot and Nelson,
1998). Our previous work indicates that SAH-induced inversion
of NVC is a result of abnormally elevated basal perivascular

Figure 4. Abolishing eHACSs restores arteriolar dilation in brain slices from SAH animals. A, B, Depletion of intracellular Ca 2�

stores with CPA (30 �M) treatment abolished spontaneous Ca 2� events in astrocyte endfeet from control and 2 d SAH animals
(n � 5– 6 endfeet per group, N � 4 animals per group). C, D, Changes in endfoot Ca 2� and arteriolar diameter evoked by
photolysis (uncaging) of caged Ca 2� in brain slices from control (C) and 2 d SAH animals (D), with (top) or without (bottom)
spontaneous Ca 2� signals, i.e., with or without CPA treatment. E, Summary data depicting the percentage change in arteriolar
diameter induced by Ca 2� uncaging in the presence or absence of CPA (n � 4 arterioles per group, N � 3– 4 animals per group).
F, Summary data depicting the percentage change in diameter evoked by increasing extracellular K � in ACSF superfusate from 3
to 10 mM in the presence or absence of CPA (n � 6 –10 arterioles per group, N � 4 or 5 animals per group). **p 	 0.01 (two-tailed
t test).
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K� that, when combined with neurally
evoked K� efflux, leads to smooth muscle
membrane potential depolarization and a
switch in the polarity of the vascular re-
sponse from dilation to constriction
(Koide et al., 2012). We now demonstrate
that altered spontaneous Ca 2� signaling
in the form of eHACSs dictates the polar-
ity of NVC after SAH. These results are
consistent with the concept that SAH-
induced eHACSs enhance BK channel ac-
tivity in the endfeet, causing an increase in
basal perivascular K� and inversion of
NVC.

This work expands upon a growing
body of research indicating that SAH-
induced cortical infarcts and poor clinical
outcome are due to disruption of blood
flow within the brain microcirculation
(Dreier et al., 2002; Ishiguro et al., 2002;
Rabinstein et al., 2005; Pluta et al., 2009;
Nystoriak et al., 2011; Østergaard et al.,
2013). Microvasculature dysfunction af-
ter SAH would be predicted to cause cere-
bral infarction in relatively small, spatially
defined regions due to the paucity of col-
laterals within the brain parenchyma
(Nishimura et al., 2007). Roughly 60% of
patients exhibit diffuse ischemic brain le-
sions following SAH (Hijdra et al., 1986).
Furthermore, it has been suggested that
the mechanism underlying diffuse brain
injury differs from that which causes cell
death near the site of aneurysm rupture
(Rabinstein et al., 2005). Although neuro-
nal viability was not directly examined in
the current study, the inversion of NVC
likely precedes substantial cell death or
neuronal injury after SAH, as EFS-evoked
changes in endfoot Ca 2� were compara-
ble in brain slices from control and SAH
animals. Previous studies have also shown altered ion channel
function and/or expression in vascular smooth muscle cells fol-
lowing exposure to the blood component oxyhemoglobin
(Ishiguro et al., 2005; Wellman, 2006; Link et al., 2008). Thus, it is
possible that ischemic events following SAH result from the com-
bined effects of inversion of NVC and other actions of SAH,
including a direct increase in arteriolar smooth muscle contrac-
tility (Nystoriak et al., 2011). Future studies will be required to
establish the contribution of pathological astrocyte Ca 2� signal-
ing and inversion of NVC to the development of delayed cerebral
ischemia following SAH.

Astrocytes typically respond to CNS perturbations (including
SAH) by undergoing a characteristic hypertrophy known as re-
active gliosis (Murakami et al., 2011; Burda and Sofroniew,
2014). Although the morphological and molecular changes asso-
ciated with reactive gliosis are well described (Sofroniew, 2009),
the functional consequences remain unclear. Previous in vivo
measurements of astrocyte Ca 2� signaling using a mouse model
of familial Alzheimer’s disease demonstrated a “hyperactive”
Ca 2� signaling phenotype in reactive astrocytes (Delekate et al.,
2014). Importantly, the aberrant Ca 2� signals present in endfeet
were associated with spontaneous vasoconstrictions of the neigh-

boring arterioles. These data provide an interesting parallel be-
tween the phenomena we observe after SAH (i.e., emergence of
endfeet exhibiting eHACSs, inversion of NVC, and asymmetrical
endfoot hypertrophy) and the functional alterations observed in
a mouse model of Alzheimer’s disease.

The results from our TEM studies demonstrated asymmetri-
cal enlargement of astrocyte endfeet following SAH. Although
endfoot swelling has been suggested to compress cerebral mi-
crovessels after SAH (Østergaard et al., 2013), it is unlikely that
the endfoot enlargement we report directly caused arteriolar nar-
rowing, as we detected no change in arteriolar diameter before
EFS at any time points after SAH (Table 2). Furthermore, we
found no change in the width of the perivascular space using
TEM (Fig. 5). However, these static TEM measurements of the
perivascular space were made using perfusion-fixed tissue sus-
ceptible to spacing artifacts. It is also important to consider that
the perivascular space surrounding parenchymal arterioles pro-
vides a critical and dynamic conduit for the exchange of CSF with
brain interstitial fluid (ISF; Iliff et al., 2012, 2013). Considering
previous work showing that increased arousal decreases ISF–CSF
fluid exchange (Xie et al., 2013), it is possible that increases in
arteriolar diameter during vasodilatory NVC coincide with de-

Figure 5. Astrocyte endfeet with asymmetrical hypertrophy encase parenchymal arterioles following SAH. A, Top, Low-
magnification TEM images of parenchymal arterioles in cerebral cortices obtained from 2 d sham-operated and 2 d SAH model
animals. Astrocyte endfeet are highlighted in yellow. Bottom, High-magnification images of the arteriolar wall (endothelial and
smooth muscle cell layers) as well as the surrounding astrocyte endfoot from within the black boxes. Lysosomes (round electron-
dense structures) were observed only in areas of enlarged endfeet from SAH animals. B, Distance between astrocyte endfeet and
arteriolar smooth muscle (i.e., width of the perivascular space) measured at 10 random equally spaced locations along the
arteriolar circumference (n � 16 –27 arterioles per group, N � 4 or 5 animals per group). C, Summary of endfoot hypertrophy.
Data are presented as the percentage of the arteriolar circumference surrounded by an enlarged endfoot (i.e., 
3 times the mean
thickness of control endfeet; n � 16 –27 arterioles per group, N � 4 or 5 animals per group). **p 	 0.01 versus control, ##p 	
0.01 versus sham (one-way AONVA followed by Tukey’s test).
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creases in perivascular volume. Conversely, vasoconstrictive
NVC would be predicted to increase perivascular volume and
enhance ISF–CSF exchange. Thus, it is conceivable that the in-
version of NVC after SAH represents an adaptive response pro-
moting the clearance of bloody CSF.

Our data indicate that SAH-induced high-amplitude Ca 2�

signaling events, in the form of eHACSs, result from increased
Ca 2� release from subcellular ER stores (Fig. 4). However, the
cellular basis underlying the enhanced release of Ca 2� after SAH
remains to be determined. An increase in ER Ca 2� load or in-
creased expression/sensitivity of IP3 receptors could potentially
contribute to the emergence of eHACSs after SAH. However,
increased production of IP3 could also underlie SAH-induced
eHACSs. It is generally appreciated that endfoot Ca 2� signals
result from activation of Gq-coupled receptors and the produc-
tion of IP3 (Fiacco and McCarthy, 2006; Straub et al., 2006).
Astrocytes express a multitude of Gq-coupled receptors that
could play a role in the generation of eHACSs. Previously, puri-
nergic signaling was implicated in the hyperactive Ca 2� signaling
phenotype observed in reactive astrocytes in an Alzheimer’s dis-
ease model (Delekate et al., 2014). Furthermore, the Gq-coupled
purinergic receptors P2Y2 and P2Y4 are expressed in astrocyte
endfeet (Simard et al., 2003), and upregulation of purinergic sig-
naling has been implicated after SAH (Kasseckert et al., 2013).
Interestingly, astrocyte lysosomes are capable of ATP release
(Zhang et al., 2007), and we observed organelles appearing to be
lysosomes in endfeet of SAH animals, but not control animals
(Fig. 5A). There is strong evidence from Alzheimer’s disease
models that astrocyte lysosomes are involved in the clearance of
�-amyloid plaques (Funato et al., 1998; Wyss-Coray et al., 2003).
Considering the distribution of red blood cells and blood prod-
ucts along the parenchymal arteriolar walls after SAH (Koide et
al., 2012), the presence of enlarged endfeet containing lysosomes
in our TEM samples may indicate a role for astrocytes in the
clearance of extravascular blood components. However, future
studies are necessary to determine the role of reactive astrogliosis
and purinergic signaling in the development of SAH-induced
eHACSs and inversion of NVC.

In summary, our results indicate a causal link between the
emergence of high-amplitude spontaneous Ca 2� events in astro-
cyte endfeet (i.e., eHACSs) and SAH-induced inversion of NVC.
These findings identify astrocytes as a key player in SAH-induced
disruption of cortical blood flow. Further work targeting the im-
pact of SAH on astrocyte function may lead to the development
of new therapeutic strategies to treat brain pathologies such as
hemorrhagic stroke.
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