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Summary
Background—Ca2+ signaling mechanisms are crucial for proper regulation of vascular smooth
muscle contractility and vessel diameter. In cerebral artery myocytes, a rise in global cytosolic
Ca2+ concentration ([Ca2+]i) causes contraction while an increase in local Ca2+ release events
from the sarcoplasmic reticulum (Ca2+ sparks) leads to increased activity of large-conductance
Ca2+-activated (BK) K+ channels, hyperpolarization and relaxation. Here, we examined the impact
of SAH on Ca2+ spark activity and [Ca2+]i in cerebral artery myocytes following SAH.

Methods—A rabbit double injection SAH model was used in this study. Five days after the
initial intracisternal injection of whole blood, small diameter cerebral arteries were dissected from
the brain for study. For simultaneous measurement of arterial wall [Ca2+]i and diameter, vessels
were cannulated and loaded with the ratiometric Ca2+ indicator fura-2. For measurement of Ca2+

sparks, individual myocytes were enzymatically isolated from cerebral arteries and loaded with the
Ca2+ indicator fluo-4. Sparks were visualized using laser scanning confocal microscopy.

Results—Arterial wall [Ca2+]i was significantly elevated and greater levels of myogenic tone
developed in arteries isolated from SAH animals compared with arteries isolated from healthy
animals. The L-type voltage-dependent Ca2+ channel (VDCC) blocker nifedipine attenuated
increases in [Ca2+]i and tone in both groups suggesting increased VDCC activity following SAH.
Membrane potential measurement using intracellular microelectrodes revealed significant
depolarization of vascular smooth muscle following SAH. Further, myocytes from SAH animals
exhibited significantly reduced Ca2+ spark frequency (~50%).

Conclusions—Our findings suggest decreased Ca2+ spark frequency leads to reduced BK
channel activity in cerebral artery myocytes following SAH. This results in membrane potential
depolarization, increased VDCC activity, elevated [Ca2+]i and decreased vessel diameter. We
propose this mechanism of enhanced cerebral artery myocyte contractility may contribute to
decreased cerebral blood flow and development of neurological deficits in SAH patients.
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Introduction
Intracellular Ca2+ is a ubiquitous second messenger, playing critical roles in a wide array of
physiological processes including muscle contraction [2]. In the cerebral vasculature,
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average intracellular Ca2+ concentration or global cytosolic Ca2+ ([Ca2+]i) dictates smooth
muscle contraction (and arterial diameter) via regulation of myosin light chain kinase
activity [4]. Thus, an elevation in global cytosolic Ca2+ leads to enhanced vasoconstriction
and potentially a decrease in cerebral blood flow [12]. Paradoxically, localized intracellular
Ca2+ release events, termed Ca2+ sparks, promote a decrease in [Ca2+]i and relaxation of
cerebral artery myocytes [15,27]. Ca2+ sparks are generated by the coordinated opening of
ryanodine receptors (RyRs) located on the sarcoplasmic reticulum of smooth muscle cells
and activate plasmamemmal large conductance Ca2+-activated K+ (BK) channels leading to
membrane potential hyperpolarization, decreased activity of voltage-dependent Ca2+

channels (VDCCs), decreased [Ca2+]i, and vasodilation. Currently, the impact of
subarachnoid hemorrhage on local and/or global Ca2+ signals in myocytes from small
diameter cerebral arteries is unclear [24].

Methods
SAH model

A rabbit double-injection model of SAH was used in this study. Briefly, anesthetized New
Zealand white rabbits (males, 3.0-3.5 kg) received an intracisternal injection of autologous
arterial blood (2.5 ml) using a previously described surgical procedure [8,9]. Forty-eight
hours after the initial injection, the procedure was repeated with animals receiving a second
injection of 2.5 ml of arterial blood. Five days after the initial surgery, rabbits were
euthanized and posterior cerebral and cerebellar arteries (100-200 μm diameter) were
dissected for in vitro studies. All protocols were conducted in accordance with the
guidelines for the care and use of laboratory animals (NIH publication 85-23, 1985) and
followed protocols approved by the Institutional Animal Use and Care Committee of the
University of Vermont, USA.

Simultaneous measurement of global cytosolic Ca2+ and arterial diameter
Intact cerebral arteries were cannulated on glass micropipettes mounted in a Living Systems
Inc. (Burlington, VT) arteriograph chamber. Arteries were loaded, in the dark, with the
ratiometric Ca2+ indicator fura-2-AM (5 μM) in a MOPS solution containing pluronic acid
(0.05%) for 45 minutes at room temperature. The MOPS loading solution had the following
composition (in mM): 145 NaCl, 5 KCl, 1 MgSO4, 2.5 CaCl2, 1 KH2PO4, 0.02 EDTA, 3 3-
(N-morpholino)propanesulfonic acid (MOPS), 2 pyruvate, 5 glucose, 1% bovine serum
albumin (pH 7.4). Arteries were then continuously superfused with aerated artificial cerebral
spinal fluid (aCSF) at 37° C for the remainder of the experiment. The composition of the
aCSF was (in mM): 125 NaCl, 3 KCl, 18 NaHCO3, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2, 5
glucose aerated with 5% CO2, 20% O2, 75% N2 (pH 7.35). Ratio images of the arterial wall
were obtained from background corrected images of the 510 nm emission from arteries
alternately excited at 340 and 380 nm using software developed by IonOptix Inc. (Milton,
MA). Arterial wall [Ca2+] is calculated using the following equation [3] : [Ca2+] = Kd × β ×
(R-Rmin)/(Rmax-R). An apparent Kd of 282 nM of fura-2 for Ca2+ was used [12]. Arterial
constriction was expressed as a percent decrease from the maximal (fully dilated) diameter
obtained at the end of each experiment in Ca2+-free aCSF containing the vasodilators
nifedipine (1 μM) and forskolin (1 μM). In some studies intracellular microelectrodes were
used to measure smooth muscle membrane potential in intact pressurized arteries, as
described previously [25].

Measurement of Ca2+ sparks in isolated cerebral artery myocytes
Individual smooth muscle cells were enzymatically isolated from posterior cerebral and
cerebellar artery segments [26]. Isolated myocytes were then loaded with fluo-4-AM (10
μM) for 60 minutes (21 C) in a HEPES-buffered physiological saline solution (PSS)
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containing pluronic acid (0.05%). The HEPES-PSS had the following composition (in mM):
135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose (pH 7.4 with NaOH).
Myocyte images were acquired with a Noran Oz laser scanning confocal microscope [19].
Fluo-4 was excited using the 488 nm line of a krypton/argon laser and the light emitted by
this dye (520 nm) was separated from the excitation light and collected. Images were
acquired at a frequency of ≈60 Hz for a period of 20 seconds. Ca2+ sparks are detected and
analyzed using custom software (written by Dr. Adrian Bonev, University of Vermont, using
IDL 5.0.2; Research Systems Inc., Boulder, CO). Baseline fluorescence (Fo) was determined
by averaging 10 images without Ca2+ spark activity. Fractional fluorescence increases (F/Fo)
are determined in areas (2.1 μm × 2.1 μm) where Ca2+ sparks were observed. Ca2+ sparks
are defined as local fractional fluorescence increases greater than 1.3. All measurements
were recorded at room temperature.

Results
Elevated global cytosolic Ca2+ and enhanced myogenic tone in small diameter cerebral
arteries following SAH

The relationship between intravascular pressure, arterial Ca2+ and myogenic tone was
examined in small diameter (150-200 μm) cerebral arteries isolated from healthy control and
SAH model rabbits. Arterial wall Ca2+ and constriction increased as intravascular pressure
was elevated within the range (60-100 mmHg) typically experienced by these arteries in
vivo. Arteries from SAH animals exhibited significant elevations in both arterial wall Ca2+

and constriction compared to similar arteries from control animals (Figure 1A). For
example, at 100 mmHg, arterial wall Ca2+ was ~26% higher in arteries isolated from SAH
animals (231 ± 17 nM, n = 4) compared with arteries isolated from healthy (184 ± 12 nM, n
= 4). The level of constriction (myogenic tone) at 100 mmHg was ~1.5 fold higher in
arteries isolated from SAH animals (39 ± 3 % decrease in diameter, n = 4) compared with
arteries isolated from healthy animals (27 ± 2 % decrease in diameter, n = 4). In the presence
of the L-type VDCC blocker nifedipine (1 μM), arterial Ca2+ was greatly reduced in arteries
from both SAH (141 ± 15 nM) and control (118 ± 7 nM) rabbits. Nifedipine (1 μM) also
reduced pressure-induced constrictions by 92 ± 1 % and 93 ± 1 % in arteries from SAH and
control animals, respectively. These data suggest that increased VDCC activity underlies
enhanced pressure-induced constriction observed in small diameter cerebral arteries from
SAH.

Increased VDCC activity could reflect either increased L-type VDCC expression or
enhanced VDCC activation due to smooth muscle membrane potential depolarization
following SAH. Quantitative real-time PCR was used to assess L-type VDCC expression
encoded by the gene CaV1.2 [17]. Using this approach, no significant difference in CaV1.2
mRNA levels was detected in cerebral artery homogenates from control and SAH animals
(Figure 1B). Next, we used intracellular microelectrodes to directly measure vascular
smooth muscle membrane potential from intact pressurized cerebral arteries. At 80 mmHg,
smooth muscle membrane potential was significantly depolarized by approximately 8 mV in
arteries isolated from SAH animals compared with arteries from control animals (Figure
1C). These findings suggest that membrane potential depolarization of vascular smooth
muscle leads to increased VDCC activity, elevated global cytosolic Ca2+ and enhanced
constriction of small diameter cerebral arteries following SAH.

Ca2+ spark frequency is decreased in cerebral artery myocytes from SAH animals
A decrease in Ca2+ spark frequency and associated BK activity promotes membrane
potential depolarization, elevated global cytosolic Ca2+, and vasoconstriction [15,27]. To
explore whether decreased Ca2+ spark frequency may contribute to enhanced cerebral artery
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constriction, Ca2+ sparks were measured in isolated cerebral artery myocytes using laser
scanning confocal microscopy and the Ca2+ indicator dye fluo-4. As illustrated in figure 2,
Ca2+ sparks were observed in cerebral artery myocytes obtained from both control and SAH
animals. However, Ca2+ spark frequency was markedly decreased (by approximately 50%)
in myocytes isolated from SAH animals. Consistent with the observed decrease in Ca2+

spark frequency, the frequency of transient BK currents detected using patch clamp
electrophysiology was also reduced by approximately 50 % in freshly isolated cerebral
artery myocytes from SAH animals (Koide and Wellman, unpublished observations). These
data suggest that a decrease in the frequency of Ca2+ sparks and their associated BK channel
currents may contribute to enhanced constriction of small diameter cerebral arteries
following SAH.

Discussion
Aneurysmal SAH is associated with high rates of morbidity and mortality [1]. It has been a
long-held belief that delayed and sustained large diameter (conduit) cerebral artery
vasospasm (“angiographic vasospasm”) is a major contributor to SAH-induced death and
disability. However, there is a growing appreciation that a host of other factors are also
likely involved in the pathological consequences associated with cerebral aneurysm rupture
[5,20]. Here, we provide evidence that SAH enhances the dynamic constriction of small
diameter pial arteries in response to physiological increases in intravascular pressure, an
effect that could have a pronounced influence to decrease cerebral blood flow. Our findings
indicate that this augmented constriction is associated with enhanced smooth muscle
contraction due to membrane potential depolarization, enhanced voltage-dependent Ca2+

channel activity and elevated global cytosolic calcium. Further, our recent findings suggest a
decrease in the frequency of Ca2+ sparks and associated BK channel activity may contribute
to enhanced cerebral artery constriction and elevated global cytosolic Ca2+ (figure 3).

The cerebral circulation maintains a constant level of blood flow to the brain despite
physiological fluctuations in cerebral perfusion pressure [14]. To achieve stable cerebral
blood flow in the face of changes in blood pressure, cerebral arteries must constrict in
response to increased intravascular pressure and dilate when intravascular pressure is
reduced. In pial arteries from healthy animals, physiological increases in intravascular
pressure lead to smooth muscle membrane potential depolarization, an increase in the
activity of L-type CaV1.2 channels (encoded by the gene CACNA1C), and increased global
cytosolic Ca2+ [12,17]. The open-state probability of CaV1.2 is steeply voltage-dependent
[16]; thus, small changes in membrane potential can have a profound impact on smooth
muscle Ca2+. Our present results suggest membrane potential depolarization and enhanced
L-type VDCC activity in small diameter arteries is likely to contribute to SAH-induced
impairment in the autoregulation of cerebral blood flow reported by others [18,23]. Our
evidence also suggests enhanced activity of L-type VDCCs play a large part in the SAH-
induced elevation in global cytosolic Ca2+. However, in the presence of the L-type VDCC
blocker nifedipine, global Ca2+ remained elevated (by approximately 20%) in arteries from
SAH animals. This nifedipine-resistant increase in global Ca2+ in cerebral arteries from
SAH animals may reflect the emergence of R-type VDCC channels [9], or the possible
upregulation of additional Ca2+ entry pathways.

Our present findings suggest decreased Ca2+ spark and associated BK channel activity
contribute to SAH-induced membrane potential depolarization and enhanced VDCC activity
in cerebral artery myocytes. Harder and colleagues [6] were the first to report that the
membrane potential of cerebral artery myocytes is depolarized following SAH and a number
of subsequent studies have provided further evidence for decreased voltage-dependent K+

(KV) channel activity in pial arteries following SAH [7,10,13,21,22,24]. Interestingly, BK
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channel activity and expression have been reported to be unchanged in basilar artery
myocytes obtained from a canine SAH model [11]. Our current work demonstrates that
decreased BK channel activity following SAH results from a decrease in local Ca2+

signaling from the SR to the plasma membrane (i.e. decreased Ca2+ spark activity), rather
than a direct effect on BK channel properties or expression.

Conclusions
In this study, we examined global and local Ca2+ signaling in cerebral artery myocytes
following SAH. As for global Ca2+, we observed a significant increase in averaged cytosolic
Ca2+ and constriction in cerebral arteries from SAH animals at physiological intravascular
pressures. Regarding local Ca2+ signaling, we report a decrease in the frequency of Ca2+

sparks and associated transient outward BK currents, which likely contribute to membrane
potential depolarization, increased VDCC activity and enhanced cerebral constriction artery
following SAH. These data suggest that increased global Ca2+ and impaired local Ca2+

signaling may contribute to decreased cerebral blood flow and the development of
neurological deficits frequently observed following aneurysmal SAH.
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Figure 1. Elevated global cytosolic Ca2+ following SAH
A. Summary data from simultaneous measurement of arterial wall Ca2+ (using fura-2) and
diameter. Arterial wall Ca2+ and tone were significantly increased at intravascular pressures
between 60 and 100 mmHg in arteries isolated from SAH animals compared with controls.
B. Summary data using quantitative real-time PCR. Total RNA was collected from posterior
cerebral arteries. CaV1.2 expression was not altered following SAH. NS: not statistically
significant. C. Summary data from membrane potential measurement using intracellular
microelectrodes. Vascular smooth muscle membrane potential in arteries from SAH animals
was significantly depolarized following SAH. * P<0.05.
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Figure 2. Decreased Ca2+ spark frequency in cerebral myocytes from SAH animals
Imaging of Ca2+ sparks in cerebral artery myocytes loaded with the fluorescent Ca2+

indicator fluo-4. Fluorescent images were detected using laser scanning confocal
microscopy with Ca2+ sparks defined as a fractional fluorescent increase of greater than 30%
within 2.1 μm by 2.1 μm analysis areas. Large size images represent an average of 30
images in gray scale without Ca2+ spark activity. White crosses depict where individual
Ca2+ sparks occurred during the 20 sec recordings. Scale bars represent 10 μm. Smaller
images illustrate the time course of Ca2+ sparks in control and SAH myocytes. Images were
obtained every 19 msec.
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Figure 3. Summary cartoon
In control cerebral artery myocytes, local Ca2+ release events from the sarcoplasmic
reticulum (Ca2+ sparks) activate large conductance Ca2+ activated (BK) K+ channels,
causing membrane potential hyperpolarization, decreased voltage-dependent Ca2+ channel
(VDCC) activity and decreased global cytosolic Ca2+. Following SAH, the frequency of
Ca2+ sparks and therefore BK channel activity is decreased, promoting membrane potential
depolarization, increased VDCC activity and increased global cytosolic Ca2+ levels.
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