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Abstract

We investigated in cerebral penetrating arterioles the signaling mechanisms and dose-dependency
of extracellular magnesium-induced vasodilation and also its vasodilatory effects in vessels
preconstricted with agonists associated with delayed cerebral vasospasm following SAH. Male rat
penetrating arterioles were cannulated. Their internal diameters were monitored. To investigate
mechanisms of magnesium-induced vasodilation, inhibitors of endothelial function, potassium
channels and endothelial impairment were tested. To simulate cerebral vasospasm we applied
several spasmogenic agonists. Increased extracellular magnesium concentration produced
concentration-dependent vasodilation, which was partially attenuated by non-specific calcium-
sensitive potassium channel inhibitor tetraethylammonium, but not by other potassium channel
inhibitors. Neither the nitric oxide synthase inhibitor L-NNA nor endothelial impairment induced
by air embolism reduced the dilation. Although the magnesium-induced vasodilation was slightly
attenuated by the spasmogen ET-1, neither application of PF,, nor TXA, analog effect the
vasodilation. Magnesium induced a concentration- and smooth muscle cell-dependent dilation in
cerebral penetrating arterioles. Calcium-sensitive potassium channels of smooth muscle cells may
play a key role in magnesium-induced vasodilation. Magnesium also dilated endothelium-impaired
vessels as well as vessels preconstricted with spasmogenic agonists. These results provide a
fundamental background for the clinical use of magnesium, especially in treatment against delayed
cerebral ischemia or vasospasm following SAH.
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Introduction

Development of delayed cerebral ischemia (DCI) following subarachnoid hemorrhage
(SAH), which results in an unfavorable clinical outcome, is thought to be caused by the
combined effects of delayed cerebral vasospasm, arteriolar constriction and
microthrombosis, cortical spreading ischemia, and processes triggered by early brain injury
(Macdonald, 2014). Delayed cerebral vasospasm is one of the major causes of DCI,
however, its pathophysiological mechanisms still remain unresolved despite progress in
experimental and human investigations, thus limiting the number of available effective
therapies. Magnesium is a well-known neuroprotective as well as vasodilatory agent with
various experimental and clinical profiles. Several clinical studies have demonstrated the
safety and efficacy of intravenous magnesium therapy for aneurysmal SAH (Veyna et al.,
2002; van den Bergh et al., 2003). Unfortunately, the “Magnesium in Aneurysmal
Subarachnoid Hemorrhage” (MASH-2) study, a phase Il randomized, clinical, international
multicenter trial, recently indicated that intravenous magnesium sulfate infusion therapy
failed to improve clinical outcome after aneurysmal SAH (Dorhout Mees et al., 2012). These
trials suggested that magnesium, administered in addition to the oral calcium blocker
nimodipine, may not improve neuroprotection in patients when given intravenously. In
contrast, Mori et al. (Mori et al., 2009a; Mori et al., 2009b) demonstrated that intracisternal
injection of magnesium sulfate solution has a vasodilatory effect on spastic cerebral arteries
both in human aneurysmal SAH and canine SAH models. In addition, we recently reported
that increased extracellular magnesium concentration ([Mg?*],) significantly induced
dilation in cerebral penetrating arterioles (Murata et al., 2011); however, little is known
regarding the vasodilatory mechanisms of magnesium in the cerebral microcirculation.
These vessels play an important role in the regulation of the cerebral circulation by
maintaining normal blood flow and pressure to protect against cerebral ischemia and
infarction (Faraci and Heistad, 1990; Nishimura et al., 2007). The failure of microvascular
regulation after SAH suggests a pivotal role in the development and size of ischemia
(Dietrich and Dacey, 2000). Therefore, the purpose of the present study was to clarify the
signaling mechanisms of vasodilation induced by increased [Mg?*], in cerebral penetrating
arterioles as it would occur after intracisternal magnesium injection /n vivo and also to
determine magnesium’s vasodilatory potency in vessels preconstricted with spasmogen
involved in delayed cerebral vasospasm following SAH.

Materials and Methods

Isolation and cannulation of cerebral penetrating arterioles

All experimental procedures in this study were approved by the Washington University
Advisory Committee for Animal Resources. The detailed techniques used in this study for
the dissection and cannulation of intracerebral arterioles have also been described previously

Neurosci Res. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Murata et al.

Page 3

(Dacey and Duling, 1982). Briefly, fifty male Sprague-Dawley rats (300-450 g, 14-20
weeks olds, Harlan, Indianapolis, IN) were anesthetized (86.98 mg/kg ketamine; 13.40
mg/kg xylazine, intraperitoneally) and sacrificed. The brain was rapidly removed from the
skull and placed in a cooled (4°C) dissection chamber filled with physiological saline
solution (PSS; see below) containing 1% dialyzed bovine serum albumin (BSA). Under a
surgical microscope, a 2-3 mm slab of the cerebral cortex containing the middle cerebral
artery (MCA) was dissected from the brain. The pia mater was gently reflected from the
parenchyma to expose the intracerebral arterioles from MCA. The isolated arteriole was
carefully transferred from the dissection chamber to a temperature-controlled vessel
chamber (2.5-ml organ bath) mounted on the stage of an inverted video microscope (Zeiss
TV 200, Thornton, NY). The holding and perfusion pipettes used for cannulation were
fabricated by pulling and shaping glass tubes (Drummond Scientific Co.; 2.13 mm O.D.,
1.63 mm I.D., and 1.19 mm O.D., 1.02 mm I.D., respectively; 15-cm length) using a
microforge (Stoelting Co., Wood Dale, IL). The collecting pipettes were also fabricated from
the same glass as the holding pipettes (2.13 mm O.D., 1.63 mm I.D.). The final holding
pipette diameter was 80-90 um and perfusion pipette diameter was 45-50 um. The
unbranched penetrating arteriole was cannulated at one end with the concentrically mounted
perfusion (inner) and holding (outer) pipette system. The opposite end of the arteriole was
occluded by the collecting pipette. All experiments were conducted without intraluminal
flow. The transmural pressure (60 mmHg) was monitored continuously with a pressure
transducer (model P23, Gould, Cleveland, OH) and recorded on a strip chart recorder (model
3200, Gould). The internal diameter of the vessel was observed with a high-resolution
videocamera (CCD 72 with Genllsis, Dage-MT]I, Michigan City, IN) and displayed on a
monitor. To measure the internal vessel diameter, we used both a calibrated video-
dimensional analyzer (modified model 321, Colorado Video) and Diamtrak Edge-tracking
software (T.O. Neild, Flinders University, Adelaide, Australia) as previously described
(Neild, 1989). This method uses a video microscope to produce a digitized image of the
blood vessel, the video signal was acquired on-line by a computerized diameter tracking
system, allowing for a diameter measurement at a spatial resolution of 0.5 pm/pixel and a
data acquisition rate of 10Hz. The data were digitally stored as well as recorded on a strip-
chart recorder for later evaluation. The vessel chamber temperature was increased to 37.5°C,
and the arterioles were allowed to develop spontaneous tone over approximately 45 minutes.
The organ bath was continually replaced with a fresh PSS (pH7.3) of the following
composition (in mmol/L): 144 NaCl, 3.0 KClI, 2.5 CaCl2, 1.4 MgSO4, 2.0 pyruvate, 5.0
glucose, 0.02 ethylenediaminetetraacetic acid (EDTA), 1.21 NaH2PO4, and 2.0 3-(N-
morpholino)propanesulfonic acid (MOPS) without BSA at a constant flow rate (0.5 ml/min)
with a peristaltic pump (model 203, Scientific Industries, Bohemia, NY). After an
equilibration period, the arterioles developed spontaneous tone, and we assessed their
responsiveness and viability by changing the extraluminal pH from 7.3 to 6.8 and from 7.3
to 7.65. Arterioles with poor tone (less than 20% decrease from the maximal passive
diameter) or poor response to pH (less than 15% change in diameter after pH change) were
excluded. In some vessels, we compared vessel tone and pH-induced responses at the
beginning and end of experiments to confirm the stability of the preparation.
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Experimental procedures

After cannulation and development of spontaneous tone we tested the vessel response to pH
6.8 and pH 7.65 to confirm vessel viability. Then we measured the vessel diameter dose
response to increasing extraluminal magnesium concentrations (2.1, 2.8, 3.5, 4.2 mmol/L,
respectively) with a control [Mg?*], of 1.4 mmol/L after an equilibration period of 10-15
min for each concentration. The chosen increases in magnesium concentrations reflect
physiologically and clinically relevant increases in [Mg2*], avoiding hypermagnesemia.
Recovery back to control was also measured. To study the mechanisms involved in
magnesium-induced vasodilation, we repeated the magnesium dose-response either after
endothelial impairment or in the presence of inhibitors or spasmogens after equilibration
(~60 minutes). To study the contribution of the endothelium on magnesium-induced
vasodilation, the endothelium was impaired by passage of air through the arteriole at 60
mmHg intraluminal pressure. Air embolization does not necessarily remove the endothelium
but has been shown to disrupt the endothelium in microvessels (Saito et al., 1994), and we
previously confirmed to use sodium nitroprusside to ensure that vascular smooth muscle
dilation was not changed before and after air embolization (Horiuchi et al., 2001). To assess
endothelial damage, we applied adenosine tri-phosphate (ATP) extraluminally before and
after air embolism. Complete endothelial impairment was confirmed by lack of dilation of
ATP (Horiuchi et al., 2001). L-NNA (Nw»-Nitro-L-arginine, 10 umol/L) was used to inhibit
endothelial nitric oxide (NO) production. Four potassium channel inhibitors were used as
followed: 1) 30 umol/L BaCl, (inward rectifier potassium (K,gr) channel inhibitor); 2) 1
mmol/L tetraethylammonium, (TEA, non-specific calcium-sensitive potassium (Kcj)
channel inhibitor); 3) 100 umol/L 4-aminopyridine (4-AP, voltage-dependent potassium
(Ky) channel inhibitor); 4) 3 pmol/L glibenclamide (ATP-sensitive potassium (Katp)
channel inhibitor). To simulate delayed cerebral vasospasm we applied several vasospasm-
related vasoconstrictors including Endothelin-1 (ET-1, 1-21 peptides), Prostaglandin Fy,
(PF,.,) and Thromboxane A, (TXA,) analog (U46619). All chemicals were applied
extraluminally and obtained from Sigma-Aldrich, St. Louis, MO.

Statistical analysis

All data are presented as mean + SEM, with n representing the number of observations.
Statistics were conducted on absolute vessel diameters. All data analysis was done using a
statistical software package (InStat, GraphPad Software, San Diego, CA). Differences were
considered significant at A/<0.05 and determined by analysis of paired and Student’s t-test.
The data are presented as percent maximum diameter to correct for changed control
diameters induced by treatments and was calculated the following formula: % maximum
dilation = [(Dafter-Dpefore)/(Dmax-Drefore)] *100, where Dy is maximal passive diameter of
the vessel at 60 mm Hg before the development of spontaneous tone, and Dpefore IS the
baseline diameter of the arteriole before increase of [Mg2*], and Dyser are the arteriolar
diameter after the each of increased [Mg2*],.
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Results

Magnesium induced arteriolar vasodilatory responses

Intact cerebral penetrating arterioles had a maximal passive diameter of 76.67+1.56 um
(n=35), and spontaneous tone diameter of 54.53+1.23 um (baseline, —28.92+0.50% of their
maximal passive diameter).

Increase of [Mg2*], significantly induced concentration-depended vasodilation (Fig. 1).

Mechanistic studies

Endothelial impairment after air embolism resulted in decreased arteriolar diameter (Table
1) and reduced dilation to 100 pmol/L of ATP (data not shown) indicating effective
endothelial impairment. However, endothelial impairment did not affect the magnesium-
induced vasodilation (Fig. 2A). Application of L-NNA (10 pmol/L) constricted the arterioles
(Table 1) indicating eNOS activity. Pretreatment of intact arterioles with L-NNA (10
umol/L) did not inhibit the vasodilatory response to increases in the [Mg2*], (Fig. 2B). We
next investigated whether vasodilation induced by increased [Mg?*], was dependent on
potassium channel activity. Application of TEA (1 mmol/L) significantly attenuated the
vasodilation to magnesium(Fig. 3A). However, combined BaCl, (30 umol/L), 4-AP (100
pumol/L) and glibenclamide (3 pmol/L) had no effect on the magnesium-induced vasodilation
(Fig. 3B).

Magnesium-induced vasodilation on preconstricted vessels

The next experiments were performed to study whether increase in the [Mg2*], dilates
vessels preconstricted with cerebral vasospasmogens. To obtain the suitable preconstriction
(approximately 10% relative change in diameter), increasing concentrations of each
vasoconstrictor were applied to the arterioles (n=15). The delayed cerebral vasospasmogens
ET-1, PF,, and TXA; analog, significantly induced concentration dependent
vasoconstriction (data not shown). Table 1 summarizes the vasoconstrictory response to the
spasmogens at the concentrations used. Although the magnesium-induced vasodilation was
slightly attenuated by ET-1 (10 pmol/L), neither application of PF,, (100 nmol/L) nor TXA;
analog (10 nmol/L) affected the vasodilatory response to increased [Mg2*], (Fig. 4A—C).

Discussion

The major findings of the present study are: 1) Physiologically and clinically relevant
increased in extracellular magnesium concentration produced concentration-dependent
vasodilation in cerebral penetrating arterioles; 2) This vasodilation was partially attenuated
by non-specific calcium-sensitive potassium channel inhibitor TEA, but not by voltage-
dependent potassium channel inhibitor 4-AP, ATP-sensitive potassium channel inhibitor
glibenclamide, and inward rectifier potassium channel inhibitor 30 umol/L BaCl,; 3) Neither
the NO synthase inhibitor L-NNA nor endothelial impairment induced by air embolism
reduced the dilation; 4) The magnesium-induced vasodilation was unaffected in constricted
arterioles with delayed cerebral vasospasm-related agents including PF,, and TXA, analog,
but partially reduced by ET-1. Collectively, these results indicate that magnesium-induced
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dilation of penetrating arterioles partially depends K¢, channels of smooth muscle cells but
is not endothelium-dependent and has a vasodilatory capacity in the presence of cerebro-
vascular spasmogens. These new findings may provide a fundamental background for the
clinical use of magnesium, especially in treatment of delayed cerebral ischemia or
vasospasm following SAH.

Magnesium-induced vasodilation and endothelium

Magnesium has similar properties as calcium antagonist and is considered a physiological
calcium blocker. The main action of magnesium on vascular smooth muscle is thought to
decrease intracellular calcium through the inhibition of calcium influx and the blockage of
calcium release from the sarcoplasmic reticulum (Altura et al., 1987). The main effect of
decreased intracellular calcium would be inactivation of calmodulin-dependent myosin light
chain kinase activity and decreased vascular contraction inducing arterial relaxation (Altura
etal., 1987).

The vasodilatory effect of magnesium sulfate has been investigated in various vessels both in
vivo and in vitro animal. However, the vasodilatory mechanism was found to vary between
preparations and has not been studied in cerebral arterioles as major resistance vessel
managing cerebral blood flow. In large conduit artery, Yang et al (Yang et al., 2000)
demonstrated that the relaxation to magnesium in male rat aorta is reduced in absence of
endothelium as well as in the presence of the NO synthase inhibitor L-NAME and proposed
that magnesium-induced vasorelaxation partially depends on the endothelium where
magnesium increases NO production. Longo et al (Longo et al., 2001) also showed that in
aorta from late pregnant female rat (but not female rat at term pregnancy) the relaxation to
magnesium is decreased after endothelial impairment and L-NAME and proposed that
magnesium-induced vasorelaxation partially depends on both endothelium and gestational
age. The above results indicate that in large conductance vessels magnesium directly acts
both on smooth muscle and endothelial cells to cause vasodilation. Extracellular magnesium
likely modulates calcium-dependent endothelial relaxation factor production (NO) (Altura et
al., 1987; Gold et al., 1990) by antagonizing endothelial calcium increases (Ku and Ann,
1987). In smaller resistance vessels, however, the present experiments demonstrate that
magnesium-induced vasodilation was not affected by either pretreatment of the NOS
inhibitor L-NNA or endothelial impairment induced by air embolism. These date clearly
suggest that at least the direct vasodilatory action of magnesium is not linked to the release
of NO in this preparation. It is possible that other endothelial relaxation factors such as
prostacyclin or endothelium derived hyperpolarization factor (EDHF) contribute to
endothelium-mediated dilation to magnesium. Magnesium has been demonstrated to
increase prostacyclin production in cultured human umbilical vein endothelial cells (Watson
et al., 1986). The cyclooxygenase inhibitor indomethacin attenuated magnesium-induced
vasorelaxation in pregnant rat aorta, and prostacyclin may also synergistically interact with
magnesium in smooth muscle cells of large conduit artery (Longo et al., 2001). However,
our experiments show that endothelial impairment did not attenuate the magnesium-induced
vasodilation and indicate that other endothelial relaxation factors such as prostacyclin or
EDHF may not contribute to the vasodilatory effect of magnesium in the cerebral
microcirculation.
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Magnesium-vasodilation and potassium channel activation on vascular smooth muscle

cells

Several studies have demonstrated that magnesium activates potassium channels and results
in membrane hyperpolarization which initiates the relaxation of smooth muscle cells (Ko et
al., 2008; Thorneloe and Nelson, 2005). In the present study, the vasodilation induced by
magnesium persisted after inhibiting endothelial function but was attenuated by non-specific
Kca channels inhibitor TEA. This indicates that K¢, channels on the vascular smooth
muscle cells rather than on endothelial cells contribute to magnesium-induced penetrating
arteriolar dilation. The K¢, channels are expressed in various vascular smooth muscle cells
of various animals and include small-, intermediate-, and large conductance calcium-
sensitive potassium (SKca, 1Kca, and BK,) channels (Eichhorn and Dobrev, 2007). In a
previous study we confirmed that BK¢, and 1K, but not SK¢, channels contribute to
purinergic dilation in penetrating arterioles (Dietrich et al., 2009). Further, only intraluminal
inhibition of IKc, was effective indicating that 1K, channels are expressed on endothelial
cells. These observations indicate that vascular smooth muscle BK¢, channels may be
responsible for the observed dilation to extracellular magnesium. While SK and 1K channels
are activated by increase of the intracellular calcium concentration, BK¢, channels are
known to be activated by membrane depolarization and intracellular calcium as well as
intracellular magnesium (Shi and Cui, 2001; Zhang et al., 2001), further supporting the
smooth muscle BK¢; channel as a mediator of magnesium-induced penetrating arteriolar
dilation. A possible mechanism to explain the activation of BK¢, channels induced by
increased [Mg?*], suggests direct binding of magnesium to the BKc, channels (Zhang et al.,
2001). In cultured smooth muscle cells from rat aorta, the increasing [Mg2*], elevated the
intracellular magnesium concentration [Mg2*]; (Zhang et al., 1992), and the changing of
[Mg2*]; may lead the activation of BKc, channels resulting in vasodilation. Alternatively,
because intracellular magnesium also blocks Kir channels (Matsuda et al., 1987), blocking
of Kir channels would result in membrane depolarization and subsequent BK, channel
activation. However, since inhibiting Kir channels in our preparation did not lead to an
arteriolar dilation, it is unlikely that such a mechanism is involved. Our studies indicate that
smooth muscle K¢, channels contribute to magnesium-induced cerebral arteriolar dilation.
However, further studies are needed to determine the potassium channel sub-type and the
mechanism for the channel activation.

In this study, magnesium-induced vasodilation was only partially suppressed by non-specific
Kca channels inhibitor TEA. A possible mechanism to explain the residual vasodilation may
the blocking of smooth muscle calcium channel activity by increased Mg?*. The sustained
calcium influx via L-type calcium channels into vascular smooth muscle leads the activation
of various second messenger systems that results in vasoconstriction. Magnesium sulfate
suppressed the calcium currents through L-type calcium channels in smooth muscle cells
isolated from rabbit basilar artery (Sharma et al., 2012). More studies are needed to explore
this hypothesis.

Magnesium therapy for SAH

Numerous factors may lead to the development of delayed cerebral vasospasm following
SAH. Endothelial dysfunction resulting in reduced production of vasodilators and enhanced
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production of vasoconstrictors, phenotypic changes of the receptors in endothelium and
smooth muscle cells, increased sensitivity to vasoconstrictors in smooth muscle cells, release
of spasmogens from lysed blood clots and inflammatory responses of the vascular wall have
been indicated as pathophysiological mechanisms participating in the development of
vasospasm. Potent vasoconstrictors such as ET-1, PF5, and TXA, may have a key role in the
cascade of vasospasm-inducing events (Fassbender et al., 2000; Hempelmann et al., 1997;
Asaeda et al., 2005). In the present study, magnesium-induced dilation was not inhibited by
PFy, orTXA, and ET-1 reduced the magnesium-induced dilation only by ~10%. ET-1 is the
most powerful vasoconstrictor which exerts its primary actions through G protein coupled
receptors, the ET 5 and ETg receptors, in the cerebral arteries. Molecular signaling pathways
of ET-1 are thought that increased intracellular calcium concentration is induced via
phospholipase C and protein kinase C activation (Dietrich and Dacey, 2000). Magnesium
may cause insufficient vasodilation in the intracerebral arterioles with ET-1 because of
increased intracellular calcium concentration. Although ET-1 slightly attenuated the
magnesium-vasodilation, the arterioles dilated concentration-dependently. Higher
magnesium concentrations may result in greater dilation of the arterioles.

The MASH-2 study did not demonstrate improvement of clinical outcome in patients with
SAH using intravenous magnesium sulfate infusion. One of the limiting factors in this study
may be the difference of magnesium concentrations between serum and cerebrospinal fluid
(CSF) (Dorhout Mees et al., 2012). Intravenous magnesium administration leads to only
limited increases in magnesium concentration in CSF. The neuroprotective and cerebral
vasodilatory effect may depend on sufficient magnesium concentration in CSF. Higher
magnesium concentration in CSF can be achieved by intracisternal magnesium infusion
though the infusion still have required invasive techniques with drain from CSF space and
have an inherent risk of complications (Mori et al., 2009b). Intracisternal magnesium
infusion therapy may ameliorate delayed cerebral vasospasm and result in the improvement
of the clinical outcome in patients with SAH. As such our experimental approach is
consistent with the use of intracisternal magnesium injection to achieve sufficient
extracellular therapeutically sufficient magnesium concentrations. Our findings with SAH-
related vasoconstrictors indicated that the dilation of the constricted penetrating arterioles
induced by increased concentration of magnesium will provide a fundamental background
for the clinical use of magnesium sulfate, especially in treatment against delayed cerebral
vasospasm. In conclusion, magnesium induced concentration- and smooth muscle cells-
dependent dilation in cerebral penetrating arterioles. K¢, channels of smooth muscle cells
may play a key role in magnesium-induced vasodilation. Magnesium also dilated the
endothelium-impaired vessels or preconstricted vessels with vasospasmogens. These results
support the use of magnesium therapy in treating delayed cerebral ischemia or vasospasm
following SAH.
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We investigated the mechanisms and dose-dependency of magnesium-vasodilation. >
Magnesium induced a concentration- and smooth muscle cell-dependent dilation. >

Calcium-sensitive potassium channels of smooth muscle cells play a key role.
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Magnesium-vasodilation
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Figure 1.
Vasodilatory response to increasing concentrations of the extracellular magnesium ([Mg2*],)

(n=35). *P<0.05 vs control (MgZ*: 1.4 mmol/L).
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Figure 2.
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Effect of endothelial impairment by air emboli (n=5) (A) and endothelial nitric oxide

synthase inhibition with L-NNA (n=5) (B) on the increased [Mg2*],-induced dilation. NS:

no significant difference.
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A Magnesium-vasodilation with TEA
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Figure 3.
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Page 14

Application of TEA (1 mmol/L) (n=5) (A) and application of BaCl, (30 pmol/L), 4-AP (100
pmol/L) and glibenclamide (3 pmol/L) (n=5) (B) on the increased [Mg?*],-induced dilation.
NS: no significant difference, */<0.05 vs control.
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Magnesium-vasodilation with ET-1
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Figure 4.
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Application of ET-1 (10 pmol/L) (n=5) (A), PFy, (100 nmol/L) (n=5) (B), TXA, analog (10
nmol/L) (n=5) (C) on the increased [Mg2*],-induced dilation. NS: no significant difference,

*P<0.05 vs control.
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Table 1

Summary of arteriolar diameter changes induced by the treatments

inhibitor n % Relative Change in diameter (mean, SE)

Prostaglandin F2a100 nmol/L -11.90+2.52%

Endothelial impairment by air emboli 5 -9.60+1.11%
Endothelial NOS inhibitor (L-NNA) 10 pmol/L 5 -10.71+1.71%
4-AP 100 pmol/L, Glibenclamide 3 umol/L, and BaCI2 30 umol/L 5 -12.43+1.50%
TEA 1 mmol/L 5 -13.29+3.38%
Endothelin-1 10 pmol/L 5 -17.50+4.53%
5
5

Thromboxane A2 analog 10 nmol/L -10.08+1.59%

Neurosci Res. Author manuscript; available in PMC 2017 June 01.

Page 16



	Abstract
	Introduction
	Materials and Methods
	Isolation and cannulation of cerebral penetrating arterioles
	Experimental procedures
	Statistical analysis

	Results
	Magnesium induced arteriolar vasodilatory responses
	Mechanistic studies
	Magnesium-induced vasodilation on preconstricted vessels

	Discussion
	Magnesium-induced vasodilation and endothelium
	Magnesium-vasodilation and potassium channel activation on vascular smooth muscle cells
	Magnesium therapy for SAH

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

