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Summary

Neurovascular coupling (NVC) allows increased blood flow to metabolically active neurons and
involves the Ca2*-dependent release of vasodilator influences by astrocyte endfeet encasing
parenchymal arterioles. We have previously reported inversion of NVC from dilation to
constriction in brain slices from subarachnoid hemorrhage (SAH) model rats. Corresponding to
NVC inversion, there was a marked increase in the amplitude of spontaneous Ca2* oscillations in
astrocyte endfeet. Calcium-permeable transient receptor potential vanilloid 4 (TRPV4) channels
have been reported in astrocyte endfeet and activators of these channels enhance Ca2* oscillations
in healthy animals. Here, we examined the role of TRPV4 channels in the development of high
amplitude spontaneous Ca?* oscillations in astrocyte endfeet and the inversion of neurovascular
coupling after SAH. Treatment of brain slices with the TRPV4 channel antagonist, HC-067047
(10 uM), did not alter the amplitude of spontaneous Ca2* oscillations after SAH. In addition,
HC-067047 did not inhibit or change SAH-induced inversion of neurovascular coupling. In
summary, TRPV4 channels do not appear to be involved in the inversion of neurovascular
coupling after SAH. Further studies examining the impact of SAH on additional Ca2* signaling
pathways in astrocytes are likely to reveal valuable insights into new therapeutic strategies to
advance SAH treatments.
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Introduction

Neurovascular coupling forms the basis of functional hyperemia and ensures adequate
delivery of oxygen and nutrients to active neurons. This neurally-evoked vasodilation
matches blood flow to task-dependent increases in regional brain function and involves the
coordinated activity of neurons, astrocytes and intracerebral (parenchymal) arterioles. Under
physiological conditions, neurovascular coupling involves 1) neuronal activation and release
of the neurotransmitter, glutamate; 2) activation of metabotropic glutamate receptors
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(mGIuRs) on astrocyte processes leading to a wave of elevated Ca?* in astrocytes due to
activation of inositol triphosphate receptor (IP3Rs); and 3) Ca2+-dependent release of
vasodilatory signals by astrocyte endfeet that encase parenchymal arterioles [8, 23, 25]. A
number of pathologies, such as Alzheimer’s disease, ischemic stroke and hypertension, have
been reported to impair neurovascular coupling [11]. We have recently demonstrated a
fundamental change in the polarity of the neurovascular response in brain slices from SAH
animals [12, 13, 14]. We have found that neuronal activation of similar intensity has the
opposite effect in brain slices from SAH animals causing vasoconstriction rather than the
vasodilation observed in control and sham-operated animals. Local vasoconstriction in
response to neuronal activity after SAH could potentially restrict blood flow, compromise
neuronal viability and contribute to the development of delayed cerebral ischemic injury that
manifests in humans several days after cerebral aneurysm rupture [24].

Our previous findings also indicate that increased amplitude of spontaneous Ca2*
oscillations in astrocyte endfeet after SAH is a key determinant in the inversion of
neurovascular coupling [13]. However, the molecular mechanism leading to enhancement of
these endfoot Ca2* events is presently unclear. Increased activity of TRPV4 channels, a
subtype of Ca2* permeable ion channels within the transient receptor potential (TRP)
channel family [18], is one potential contributor to enhanced endfoot Ca2* signaling after
SAH. TRPV4 channels are located on the plasma membrane of cortical astrocytes [3] and
evidence indicates that a synthetic activator of these channels can increase the amplitude of
spontaneous Ca2* oscillations in astrocyte endfeet encompassing parenchymal arterioles of
healthy mice [6]. Therefore, the goal of the present study was to examine the role of TRPV4
channels in the SAH-induced increased amplitude of spontaneous Ca?* events and the
inversion of neurovascular coupling observed in brain slices obtained from SAH model rats.
Our present findings indicate that TRPV4 channel activity does not contribute to altered
astrocyte Ca2* signaling or the inversion of neurovascular coupling that occurs after SAH.

Materials and Methods

Rat SAH model

Using a surgical approach, two injections of autologous unheparinized arterial blood (500
uL) were made 24 hours apart into the cisterna magna of anesthetized Sprague-Dawley
(male, 10-12 week old) rats. After each injection, animals were placed head down at a 45°
angle for 20 minutes prior to recovery from anesthesia, as previously described [12, 19].
Animals were euthanized 4 days after the first injection, and cortical brain slices (160-um
thick coronal sections, middle cerebral artery territory) were prepared using a vibratome. All
experiments were conducted in accordance with The Guide for the Care and Use of
Laboratory Animals (NIH Pub. No. 85-23, revised 1996) and followed protocols approved
by the Institutional Animal Use and Care Committee of the University of Vermont.

Brain slice studies

Brain slices were loaded for 1 hour at 29°C with the Ca2* indicator dye, Fluo-4-AM (10
uM) and 0.05 % pluronic acid in artificial cerebrospinal fluid (aCSF) containing (in mM):
122 NaCl, 3 KCI, 18 NaHCOQg3, 1.25 NaH,PQy4, 1 MgCl,, 2 CaCls, 5 glucose aerated with 5
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% CO, and 95 % O,. For simultaneous measurements of astrocyte endfoot Ca2* and
parenchymal arteriolar diameter, brain slices were superfused at 37°C with aCSF (aerated
with 5 % CO,/95 % O,, pH ~7.35) containing 100 nM of the thromboxane analog, U46619.
Similar experimental findings were obtained when brain slices were superfused with aCSF
aerated with 5% CO», 20 % O, and 75 % N, (Koide and Wellman, unpublished
observations). Astrocyte endfoot Ca2* was measured using a BioRad Radiance multiphoton
imaging system coupled to a Chameleon Ti:Sapphire laser (Coherent) and an Olympus
BX51WI upright microscope [10, 12]. Fluo-4 was excited at 820 nm and fluorescence
emission was collected using a 575/150-nm bandpass filter. Calcium concentrations in
astrocyte endfeet were determined using the maximal fluorescence (Fnax) method [10, 15].
Avrteriole diameter images were simultaneously acquired using infrared-differential
interference contrast (IR-DIC) microscopy. Arteriolar diameter was determined by
averaging measurements obtained from three points along the length of the vessel on the
same image and are expressed as percent change from the diameter recorded from the first
image of the recording. For induction of neuronal activation, electrical field stimulation
(EFS; 50 Hz; 0.3-ms alternating square pulse; 3-second duration) was applied using a pair of
platinum wires.

Statistical Analysis

Data are expressed as mean + SEM with n representing the number of recordings per group.
Student’s paired t-test was used to determine statistical significance at the level of P < 0.05.

Results

Inhibition of TRPV4 channels does not alter the amplitude of spontaneous Ca?*
oscillations in astrocyte endfeet after SAH

SAH causes a marked increase in the amplitude of spontaneous Ca2* oscillations leading to
inversion of neurovascular coupling [12, 14]. However, the underlying mechanism
responsible for the enhancement of this Ca?* signaling modality after SAH is currently
unclear. A recent study by Dunn et al. [6] found that the synthetic activator of TRPV4
channels, GSK 1016790A, increased the amplitude of spontaneous Ca2* oscillations in
endfeet imaged in brain slices from control mice. To examine whether SAH causes an
increase in endfoot TRPV4 channel activity, studies were done using the TRPV4 antagonist,
HC-067047. In the absence of this compound, the amplitude of spontaneous endfoot Ca2*
events was 474.5 £ 20.0 nM (n = 13 endfeet from 4 animals) (figure 1a, b) in brain slices
from SAH model animals. These measurements are in agreement with our previous work,
with peak amplitudes approximately 100 nM higher than spontaneous Ca?* events recorded
in endfeet from control animals. Incubation of brain slices from SAH animals with
HC-067047 (10 uM for 25 min.) did not alter basal levels of Ca?* (- HC-067047: 195.0 +
7.1 nM; + HC-067047: 195.3 + 8.5 nM; n = 13 endfeet from 4 brain slices) measured during
the interval between spontaneous events (figure 1b). HC-067047 also did not change the
frequency of these spontaneous Ca2* events (figure 1c). Further, as illustrated in figure
panels 1a and 1b, HC-067047 did not alter the amplitude of spontaneous Ca?* events (471.7
+ 23.7 nM, n = 13 endfeet from 4 animals) in brain slices from SAH model animals. This
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data demonstrates that TRPV4 channel activity does not contribute to the enhanced
amplitude of spontaneous Ca?* events that occur in astrocyte endfeet after SAH.

TRPV4 channels do not mediate SAH-induced inversion of neurovascular coupling

To examine the impact of TRPV4 channels on SAH-induced inversion of neurovascular
coupling, electrical field simulation (EFS) was used to induce neuronal action potentials in
brain slices from SAH animals. Consistent with our prior studies [12, 13], EFS resulted in an
increase in endfoot Ca2* from a resting level of 169.6 + 8.6 nM to a peak of 348.9 + 33.0
nM (n = 5) (figure 2a, c). Associated with this EFS-induced increase in Ca2*, parenchymal
arterioles encased by these endfeet constricted by 21.2 + 4.3 % (figure 2a, b). This
vasoconstriction in response to neuronal activation after SAH represents an inversion of the
physiological vasodilation observed in brain slices from healthy control animals [8, 12, 25].
Incubation of brain slices with the TRPV4 channel antagonist, HC-067047 (10 uM), did not
alter EFS-evoked increases in endfoot Ca2* (peak Ca?* after EFS: 330 + 30.5 nM) or the
magnitude of ensuing vasoconstriction (18.6 £ 3.1 % decrease in diameter) (figure 2a—c).
These findings indicate that TRPV4 channels do not alter EFS-induced increases in endfoot
Ca?* or SAH-induced inversion of neurovascular coupling.

Discussion

Neurovascular coupling is an important physiological process enabling increased local blood
flow to metabolically active regions of the brain. Recent evidence indicates that
subarachnoid blood causes a fundamental change in NVC that could lead to pathological
decreases in blood flow, rather than the “normal” physiological increases in blood flow
associated with localized, task-dependent increases in neuronal activity. Altered CaZ*
signaling in astrocyte endfeet, in the form of high-amplitude spontaneous Ca2* oscillations,
are responsible for this SAH-induced inversion of neurovascular coupling. In this present
study, we hypothesized that enhanced CaZ* entry via TRPV4 channels contributes to the
increased amplitude of spontaneous Ca2* events observed in astrocyte endfeet after SAH.
However, this does not appear to be the case, as pharmacological inhibition of TRPV4
channels did not alter endfoot Ca2* signaling or the inversion of neurovascular coupling in
brain slices from SAH model animals.

Astrocytes exhibit a diverse array of Ca2* signaling events, including nerve-evoked
propagating Ca2* transients [8, 13, 25], spontaneous intracellular and intercellular
propagating Ca2* waves [7, 22] and non-propagating spontaneous Ca?* oscillations that can
occur in either the cell body or in cell processes such as endfeet wrapping around
intracerebral blood vessels [13, 17, 20]. Our recent evidence demonstrates that a marked
elevation in the amplitude of spontaneous Ca2* oscillations in endfeet rather than changes in
nerve-evoked astrocyte Ca2* signaling underlie inversion of neurovascular coupling after
SAH [12]. In brain slices from SAH animals, high amplitude Ca?* oscillations in endfeet
lead to increased K™ efflux into the perivascular space via increased activity of large-
conductance Ca2*-activated K* (BK) channels. This increase in basal extracellular K+ when
summed with nerve-evoked astrocyte K* efflux elevates extracellular K* in the
microenvironment surrounding parenchymal arterioles above the constriction threshold
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leading to a polarity change in the neurovascular response from vasodilation to
vasoconstriction.

In astrocytes from healthy animals, spontaneous Ca2* oscillations reflect the release of Ca*
stored in endoplasmic reticulum through activation of 1P3-sensitive Ca2+ release channels
(i.e. IP3 receptors) and occur independently of neuronal activity or metabotropic glutamate
receptor activation [17, 20]. The activity of IP3 receptors is bimodally regulated by
cytoplasmic Ca2*, with moderate increases in Ca2* leading to an increase in 1P receptor
activation [9]. Thus, while requiring release of CaZ* from intracellular stores, the amplitude
of these spontaneous Ca2* events in endfeet can be modulated by Ca2* entering the cell
through the plasma membrane. For example, Ca2* permeable TRPV4 channels are present
on astrocyte processes [3, 4] and activation of these channels caused an increase in the
amplitude of spontaneous Ca?* events in endfeet of brain slices prepared from healthy mice
[6]. In addition, TRPV4 expression and function is upregulated in hippocampal astrocytes
after cerebral ischemia [4]. However, our present data indicates that Ca%* entry via TRPV4
channels does not contribute to the increase in amplitude of endfoot Ca2* events occurring
in SAH model animals. The present study does not exclude the possibility that Ca2* entry
through other TRP family members is upregulated in astrocytes after SAH. Although
evidence suggests that normal native astrocytes do no express voltage-dependent Ca2*
channels, it is also possible that expression of these channels is upregulated in astrocytes
after SAH. Alternatively, an increase in IP3 levels or other Ca*-independent mechanisms
leading to enhanced of IP3 receptor activity may underlie the increase in the amplitude of
spontaneous Ca2* events in endfeet after SAH. Altered astrocyte Ca2* signaling has been
reported to occur in brain pathologies other than SAH such as Alzheimer’s disease,
ischemia/hypoxia and epilepsy [2, 4, 5, 23]. Further, reactive astrogliosis and microglia
activation have also been associated with multiple forms of brain injuries including SAH
[16, 21]. It has been postulated that Ca2* oscillations in activated astrocytes may result in
gliotransmitter release starting a cascade of events leading to excitotoxicity and brain
damage [1]. Presently, the relationship between induction of reactive astrogliosis and the
enhancement of astrocyte Ca2* signaling is unclear and requires further investigation.

Conclusions

The inversion of neurovascular coupling from vasodilation to vasoconstriction represents a
pathological response after SAH and is a likely contributor to poor outcome observed in
SAH patients. Increased amplitude of spontaneously occurring Ca2* oscillations underlying
this SAH-induced inversion of neurovascular coupling are not affected by antagonism of
TRV4 ion channels. Thus, future studies are required to elucidate the underlying
mechanisms of the pathological changes in astrocyte Ca2* signaling after SAH and pinpoint
specific blood components involved in this response. A greater understanding of this
pathway is likely to reveal new therapeutic targets that could benefit patients suffering from
SAH.
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Figure 1. TRPV4 inhibition does not alter the amplitude or frequency of spontaneous ca?*
eventsin astrocyte endfeet after SAH

a) Spontaneous Ca2* oscillations recorded from 1.2 x 1.2-um regions of interest placed on
distinct astrocyte endfeet in a brain slice from a SAH animal in the absence (upper trace)
and presence (lower trace) of the TRPV4 antagonist HC-067047 (10 uM). (b) Summary data
of endfoot Ca?* levels in the absence and presence of HC-067047 (10 pM) obtained from
brain slices of SAH model rats. The term “Peak” represents the average maximum Ca2*
concentration measured during individual spontaneous Ca2* oscillations. ¢) Summary data
of the frequency of spontaneous Ca2* oscillations + HC-067047 (10 uM) obtained from 4-
minute recordings using brain slices from SAH model rats. For panels b and c, recordings
were made from 13 endfeet in 4 brain slices from 4 animals. NS, not statistically significant
(P > 0.05), using paired students t-test.
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Figurl_e 2. TRPV4 channel inhibition does not influence SAH-induced inversion of neurovascular
couplin

Parsncr?ymal arteriolar diameter and astrocyte endfoot Ca2* concentration were
simultaneously measured using two-photon imaging and infrared-differential interference
contrast (IR-DIC) microscopy. a) IR-DIC images in the absence (upper panels) and in the
presence (lower panels) of the TRPV4 antagonist HC-067047 (10 pM) obtained from brain
slices of SAH model rats. Red dashes outline the intraluminal diameter of parenchymal
arterioles using IR-DIC microscopy. Overlapping pseudocolor-mapped endfoot Ca2* levels
were obtained using the fluorescent Ca2* indicator Fluo-4 and two-photon imaging. Scale
bars, 10 um. b, c) Summary of EFS-evoked changes in arteriolar diameter (b) and astrocytic
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endfoot Ca?* (c) obtained from SAH (n = 5 brain slices from 3 animals) model rats in the
presence and absence of HC-067047. NS, not statistically significant (P > 0.05),
-HC-067047 vs + HC-067047, using paired students t-test. ** P < 0.001, Before vs After
EFS, using ANOVA followed by Tukey test.
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