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Abstract

Traumatic brain injury (TBI) impairs autoregulation of cerebral blood flow, which contributes to the development of

secondary brain injury, increasing mortality of patients. Impairment of pressure-induced myogenic constriction of cerebral

arteries plays a critical role in autoregulatory dysfunction; however, the underlying cellular and molecular mechanisms are

not well understood. To determine the role of mitochondria-derived H2O2 and large-conductance calcium-activated

potassium channels (BKCa) in myogenic autoregulatory dysfunction, middle cerebral arteries (MCAs) were isolated from

rats with severe weight drop–impact acceleration brain injury. We found that 24 h post-TBI MCAs exhibited impaired

myogenic constriction, which was restored by treatment with a mitochondria-targeted antioxidant (mitoTEMPO), by

scavenging of H2O2 (polyethylene glycol [PEG]-catalase) and by blocking both BKCa channels (paxilline) and transient

receptor potential cation channel subfamily V member 4 (TRPV4) channels (HC 067047). Further, exogenous adminis-

tration of H2O2 elicited significant dilation of MCAs, which was inhibited by blocking either BKCa or TRPV4 channels.

Vasodilation induced by the TRPV4 agonist GSK1016790A was inhibited by paxilline. In cultured vascular smooth

muscle cells H2O2 activated BKCa currents, which were inhibited by blockade of TRPV4 channels. Collectively, our

results suggest that after TBI, excessive mitochondria-derived H2O2 activates BKCa channels via a TRPV4-dependent

pathway in the vascular smooth muscle cells, which impairs pressure-induced constriction of cerebral arteries. Future

studies should elucidate the therapeutic potential of pharmacological targeting of this pathway in TBI, to restore auto-

regulatory function in order to prevent secondary brain damage and decrease mortality.
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Introduction

Traumatic brain injury (TBI) is a leading cause of death and

disability.1 TBI affects *1,700,000 patients in the United

States1–3 and 2,500,000 patients in the European Union,3 with a

mortality rate of 35–40%. Approximately 5,300,000 people live

with TBI-related disabilities in the United States,2 as do 7,700,000

million in the European Union.3 Major causes of TBI include falls,

vehicle accidents, and violence. In addition to the brain trauma

caused by a focal impact to the head, blast waves or a sudden

acceleration/deceleration within the cranium at the moment of in-

jury can cause secondary damage, which develops through multiple

parallel pathological processes. These processes include dysregu-

lation of cerebral blood flow (CBF), which promotes development

of cerebral edema and intracranial hypertension (ICH). The re-

sulting secondary damage exacerbates the damage from the initial
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injury, and thus determines the outcome of trauma.4 Because sec-

ondary brain damage is potentially preventable, better understanding

of the underlying mechanisms will identify important targets for

therapeutic interventions for prevention.

There is growing experimental and clinical evidence that TBI

impairs autoregulation of CBF,5–17 in which impairment of pressure-

induced myogenic constriction of cerebral resistance vessels plays a

significant role.18–21 On the one hand, TBI-induced myogenic au-

toregulatory dysfunction of cerebral vessels results in ischemia with

relatively small reductions in systemic blood pressure. On the other

hand, with modest increases in blood pressure, it permits marked

increases in CBF and penetration of high pressure to the vulnerable

distal portion of the cerebral microcirculation. Thus, TBI-induced

myogenic autoregulatory dysfunction exacerbates ischemic brain

damage, contributes to vascular congestion and intracranial hyper-

tension, and promotes blood–brain barrier disruption, vasogenic

edema, and cerebromicrovascular injury. (For a recent review, see

the study by Toth and colleagues.22) Despite its pathophysiological

importance,5–8,21,23 the cellular and molecular mechanisms under-

lying myogenic autoregulatory dysfunction of cerebral arteries fol-

lowing TBI are not well understood. Early studies suggested that

TBI-related oxidative stress exerts vasodilator effects in pial vessels

following trauma24; however, the source of increased reactive oxy-

gen species (ROS) and the mechanisms by which ROS contribute to

TBI-induced myogenic autoregulatory dysfunction of cerebral ar-

teries remained obscure.

The present study was designed to test the hypothesis that fol-

lowing brain trauma, myogenic response of cerebral arteries is

compromised because of the excessive mitochondrial production

of vasodilator H2O2 in the vascular smooth muscle cells (VSMCs).

To test our hypothesis, we induced diffuse brain trauma in rats by

the impact acceleration technique, and compared vascular H2O2

production and pressure-induced myogenic responses of isolated

middle cerebral arteries (MCAs) in the presence and absence of

scavengers of mitochondria-derived H2O2. We also aimed to elu-

cidate the downstream targets of increased H2O2. Specifically, we

tested the hypothesis, developed based on previous findings,25–29

that after TBI, excessive mitochondria-derived H2O2 activates

large conductance calcium-activated potassium (BKCa) chan-

nels30,31 via a transient receptor potential cation channel subfamily

V member 4 (TRPV4)-dependent pathway in the VSMCs, which

impairs pressure-induced constriction of cerebral arteries. To achieve

this goal, we assessed the effects of specific blockers of TRPV4 and

BKCa channels on TBI-induced myogenic autoregulatory dysfunction

of cerebral arteries, determined the role of these channels in vaso-

motor responses elicited by exogenous H2O2, and used a patch clamp

to characterize the effects of H2O2 and TRPV4 inhibitors on BKCa ion

currents.

Methods

TBI in rats (constrained impact acceleration)

All procedures were approved by the Institutional Animal Use
and Care Committee of the University of Pecs Medical School and
the National Scientific Ethical Committee on Animal Experi-
mentation, Budapest Hungary in accordance with the Animal Re-
search: Reporting of In Vivo Experiments (ARRIVE) guidelines.
Wistar–Kyoto (WKY) rats (male, 300–350 g) were purchased from
Charles River Laboratories (Wilmington, MA) and were used for
all experiments. Severe impact acceleration diffuse brain injury was
induced by Marmarou’s well-characterized weight drop model.32 In
brief, with the animals under isoflurane (2%) anesthesia, the skull

was exposed by a midline incision between lambda and bregma, and
a steel disc was fixed with dental acrylic on the skull. A 450 g cy-
lindrical weight was dropped from 1.5 m onto the disc, causing se-
vere diffuse TBI to the animals. Mortality rate was *15%. MCAs
were isolated from animals who survived at 2 and 24 h after trauma
for further studies.

Pressure-induced responses of isolated
MCAs and pharmacological studies

We assessed myogenic responses of isolated MCAs to stepwise
increases of intraluminal pressure using pressure myography in
control rats and in rats 2 (n = 5) and 24 h (n = 5) after severe TBI,
based on studies by Golding and colleagues18 in a controlled cor-
tical impact model. In brief, rats were anesthetized and decapitated,
and the brains were removed. MCA segments were isolated using
microsurgical instruments under an operating microscope, as pre-
viously described.33,34 The MCA segments were transferred into an
organ chamber filled with oxygenated physiological Krebs’ solu-
tion (21% O2, 5% CO2, 75% N2; 37�C), and mounted onto two
glass micropipettes and pressurized to 80 mm Hg. The hydrody-
namic resistance of the micropipettes was matched, and the inflow
and outflow pressures were controlled and measured by a pressure
servo-control system (Living Systems Instrumentation, Burlington,
VT). Inner vascular diameter was assessed with a custom-built
videomicroscope system and continuously recorded using a com-
puterized data acquisition system, as reported.15,16 All vessels were
allowed to stabilize their pressure-induced tone for 60 min. Myo-
genic responses were obtained by assessing changes in vascular
diameter in response to stepwise increases (20 mm Hg steps, for
5 min each) in intraluminal pressure (from 0 to 140 mm Hg). In
order to scavenge mitochondrial ROS we administered the mito-
chondrial antioxidant mitoTEMPO (3 · 10-8 mol/L, n = 5) into the
vessel chamber, and reassessed myogenic responses after 30 min.

In a different series of experiments, the decomposition of vas-
cular hydrogen peroxide (H2O2) into water and oxygen was cata-
lyzed by the administration of polyethylene glycol (PEG)-catalase
(CAT) (120 U/mL, n = 5) onto the vessels for 30 min, and myogenic
responses of MCAs were repeated. To test the role BKCa and
TRPV4 channels in the attenuated myogenic constriction of MCAs
after TBI, pressure-induced responses of MCAs were obtained in
the presence of paxilline (a specific blocker of BKCa channels, 10-6

mol/L for 20 min, n = 5) and the specific TRPV4 blocker HC
067047 (0.5 · 10-6 mol/L for 20 min, n = 5). To test whether H2O2

activates BKCa and TRPV4 channels, we induced dose-dependent
dilation of MCAs in response to H2O2 in the presence of paxilline
(Pax) and HC 067047. To examine whether TRPV4 channels ini-
tiate dilation of MCAs through BKCa, we obtained dose-dependent
dilation of vessels by the TRPV4-agonist GSK1016790A in the
absence and presence of Pax. All drugs were purchased from Sig-
maAldrich Hungary (Budapest, Hungary). At the end of each ex-
periment, the pressure-passive diameter curves were obtained in
maximally dilated MCAs in the presence of nifedipine. Diameter
responses at each pressure step are shown as the percentage of the
corresponding passive diameter value at 80 mm Hg. In a separate
series of experiments, basilar arteries (BA) were isolated from the
same control and TBI rats from which the MCAs were used, and
constrictor responses to the thromboxane analogue U46619 were
determined in a wire myograph (Danish Myo Technology, Aarhus,
Denmark), as previously described.35 In brief, rings were cut out of
the BA and were mounted on 40 lm stainless steel wires in myo-
graph chambers for measurement of isometric tension. The vessels
were superfused with Krebs buffer solution (118 mM NaCl,
4.7 mM KCl, 1.5 mM CaCl2, 25 mM NaHCO3, 1.1 mM MgSO4,
1.2 mM KH2PO4, and 5.6 mM glucose; at 37�C; gassed with 95%
air and 5% CO2). Optimal passive tension (as determined from the
vascular length–tension relationship) was applied for 1 h (equili-
bration period) and then contraction to U46619 (from 10-8 to 10-5
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mol/L, n = 5) was obtained. Contraction is expressed as the percent
of the maximally relaxed rings in the presence of nimodipine.

Measurement of vascular H2O2 production:
CM-H2DCFDA staining and confocal microscopy

In order to detect cerebrovascular H2O2 production after TBI, we
used the cell-permeant oxidative fluorescent indicator dye CM-H-

2DCFDA (5 [and 6]- chloromethyl-2¢,7¢-dichlorodihydrofluorescein
diacetate-acetyl ester, SigmaAldrich Hungary, Budapest, Hungary)
and confocal microscopy, as previously reported. In brief, MCAs of
control rats and rats 24 h after TBI were freshly isolated with mi-
crosurgical instruments, placed in wells filled with oxygenated
Krebs’ buffer and incubated at 37�C with CM-H2DCFDA (5 lM, at
37�C for 10 min).36 Then, the vessel samples were washed five times
in warm oxygenated Krebs’ buffer, and placed on slides covered by
glass covers. A laser scanning confocal microscope (Olympus
Fluoview FV1000) was used to visualize CM-H2DCFDA fluores-
cence of the vessels. Fluorescence intensity is expressed as fold
change compared with control vessels. In a different series of ex-
periments, we repeated the above protocols in the presence of CAT
(120 U/mL for 20 min, n = 5 for each group).

Quantitative real-time reverse transcription
polymerase chain reaction (RT-PCR)

A quantitative real-time RT-PCR technique was used to analyze
the mRNA expression of KCNMA1 and KCNMB1 (a and b sub-
units of BKCa channels, respectively) and TRPV4 in isolated ce-
rebral arteries of control and TBI rats (n = 5 in each group). Briefly,
total RNA was isolated with the Pure LinkTM RNA Mini Kit (Life
Sciences, Carlsbad CA). Vascular samples were homogenized, and
RNA was purified by ethanol treatment and eluted from the
membrane. The total amount of RNA was determined by using
NanoDrop (Thermo Scientific, Waltham MA). High Capacity
cDNA kit was applied (Applied Biosystems, Foster City CA) to
perform cDNA synthesis. For gene expression analysis, quanti-
tative RT-PCR (qRT-PCR) was performed using SensiFast SYBR
Green reagent (BioLine, Luckenwalde, Germany). Amplifications
were run on ABI StepOnePlus system (Applied Biosystems,
Foster City CA). StepOne software was used to analyze gene
expressions, which was normalized to peptidylprolyl isomerase
A (PPiA) as a reference gene. The primer sequences are shown
in Table 1. The amplification of PCR products was calculated
according to the 2-DDCtmethod.37

Isolation of cerebral VSMCs

Experiments were performed on WKY rats housed in the Animal
Care Facility at the University of Mississippi Medical Center
(UMMC), which is approved by the American Association for the
Accreditation of Laboratory Animal Care. They had free access to
food and water throughout the study. All protocols were approved
by the Animal Care and Use Committee of UMMC.

The rats were euthanized using 4% isoflurane. MCAs were mi-
crodissected and digested in a low calcium dissociation solution
containing (in mM): 145 NaCl, 4 KCl, 1 MgCl2, 10 HEPES,
0.05 CaCl2 and 10 glucose (pH 7.4). Vessels were cut into small

pieces, spun down at 1000 rpm for 1 min, and incubated in the
dissociation solution containing papain (50 U or 2 mg/mL; Sigma,
St. Louis, MO) and dithiothreitol (2 mg/mL) for 10–15 min 37�C
in a water bath. The partially digested vessels were spun down at
1000 rpm for 1 min, and the pellet was washed and resuspended in
fresh dissociation solution containing albumin (1 mg/mL) colla-
genase (250 units/mL or 2 mg/mL), and incubated for 10–15 min
at 37�C in a water bath. VSMCs were released into the media by
gentle pipetting of the digested tissue. The supernatant was col-
lected, and the cells were pelleted by centrifugation at 1000 rpm
for 1 min. The cells were resuspended in a low Ca2+ dissociation
solution and maintained at 4�C. Patch-clamp experiments were
completed within 4 h after isolation of the cells (two to three
smooth muscle cells from four rats were studied in each group
[8–12 cells/group]).

Whole cell patch clamp on VSMCs

BK channel currents were recorded from VSMCs using a whole
cell patch-clamp mode at room temperature (22–23�C). The bath
solution contained (in mM): 130 NaCl, 5 KCl, 1.8 CaCl2, 1 MgCl2,
10 HEPES, and 10 glucose (pH 7.4). The pipettes were filled with a
solution containing: 130 K gluconate, 30 KCl, 10 NaCl, 1 MgCl2,
and 10 HEPES (pH 7.2). The concentrations of EGTA and Ca2+ in
the pipette solution were adjusted to obtain cytosolic free Ca2+

concentrations of 100 nM as determined using WinMAXC soft-
ware written by C. Patton (Stanford University Pacific Grove, CA).
The pipettes were pulled from 1.5 mm borosilicate glass capillaries
using a two stage micropipette puller (model P-97; Sutter Instru-
ment, San Rafael, CA) and heat polished using a microforge. The
pipettes had tip resistances of 2–8 MO. After the tip of a pipette was
positioned on a cell, a 5–20 GO seal was formed, and the membrane
was ruptured by gentle suction using a glass syringe. An Axopatch
200B amplifier (Axon Instruments, Foster City, CA) was used to
clamp the pipette potential and to record whole cell currents.
Outward membrane K+ currents were elicited by a series of 20 mV
voltage steps (from -60 to +120 mV) from a holding potential of
-40 mV. The amplifier output signal was filtered at 2 kHz using an
eight-pole Bessel filter. The currents were acquired using p-
CLAMP software (version 10, Axon Instruments) at a rate of
10 kHz, and stored on the hard disk of a computer for off-line
analysis. Data analysis was performed using Clampfit software
(version 10.0, Axon Instruments). Peak current amplitudes were
determined from the average of 5–10 trials. Membrane capacitance
(in pF) was determined from the average of 30 currents measured in
response to a 5 mV pulse. Peak currents (in pA) were expressed as
current density (pA/pF) to normalize for differences in the size of
the VSMCs. H2O2 (10lM), Pax 100 nM), and 4-aminopyridine (4-
AP) (1 mM) were applied to the bath solution to activate and inhibit
BK and TRPV4 channels, respectively.

Statistical analysis

Data were analyzed by Student’s t test for paired observations or
ANOVA followed by Tukey’s posth-oc test for multiple compari-
sons, as appropriate. A p value <0.05 was considered statistically
significant. Data are expressed as mean – S.E.M.

Table 1.

Primers Forward Reverse

PPiA GCAGACAAAGTTCCAAAGACAG CCATTATGGCGTGTGAAGTC
KCNMA1 CTTGCGGTTTATTGCAGCCA ACAGACACAAACACGGGAGG
KCNMB1 GTGGAGAGAAACCATCTGCCA CCATCACCAGCTTCTTCCCC
TRPV4 AAGCCGATATGAGGCGACAG TGGTGTTCTCTCGGGTGTTG
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Results

Role of mitochondria-derived H2O2 in impaired
myogenic constriction of cerebral arteries after TBI

We found that myogenic constrictions of MCAs isolated from rats

2 h after TBI were intact, whereas myogenic responses of MCAs 24 h

after TBI were significantly decreased compared with control MCAs

in the autoregulated pressure range (between 60 and 140 mm Hg)

(Fig. 1A, B) These results confirm the findings of Golding and col-

leagues18 (obtained in a controlled cortical impact model) for the first

time after impact acceleration diffuse brain injury. We continued our

studies with MCAs isolated from rat brains 24 h after TBI. The

thromboxane A2 analog U46619 agonist-induced constrictions of

basilar arteries from the same animals were intact after TBI and did not

differ from control responses (Fig. 1B inlet). We demonstrate here that

administration of the mitochondrial antioxidant mitoTEMPO restored

myogenic constriction of MCAs of TBI rats to the level of control

MCAs ( p < 0.05 vs. TBI) suggesting a key role of mitochondria-

derived ROS in the TBI-induced impairment of cerebral myogenic

responses (Fig 1B). Our results that administration of CAT restores

TBI-induced impaired myogenic responses of MCAs, as well

( p < 0.05 vs. TBI), and co-administration of mitoTEMPO did not have

any additional effects, suggest that mitochondria-derived H2O2 is the

primary factor that attenuates myogenic constriction of MCAs after

TBI (Fig. 2A). This is supported by our further findings that TBI

enhances cerebrovascular H2O2 production significantly ( p < 0.05), as

shown by the CAT-sensitive increased CM-H2DCFDA fluorescence

in isolated MCAs (Fig 2B) in TBI vessels compared with controls.

Role of BKCa channels in impaired myogenic
constriction of cerebral arteries after TBI

Activation of BKCa channels with the consequent hyperpolar-

ization of vascular smooth muscle cell membrane is a negative

feedback regulator of myogenic constriction,26–28 and inhibition of

BKCa channel was shown to constrict cerebral arteries after TBI.20

These previous findings are supported by our present results

(Fig. 3A) that specific inhibition of BKCa channels on isolated

MCAs by Pax restores myogenic constriction of MCAs of TBI rats

to the control level. We found that H2O2-induced dilations of

MCAs of TBI rats are (1) significantly larger than dilator responses

of MCAs from control animals and (2) inhibited by blocking BKCa

channels (Fig. 3B). These results (Fig. 3A and B) suggest that TBI-

related increased production of cerebrovascular H2O2 (Fig 2B)

impairs myogenic constriction of MCAs via activation of BKCa

channels. TBI upregulates the cerebrovascular mRNA expression

of BKCa channels, which is likely to explain the augmented dilator

effect of the channels after brain trauma as well (Fig. 3C and D).

Role of TRPV4 channel activation in impaired
myogenic constriction of cerebral arteries after TBI

TRPV4 channels have been suggested to be redox sensitive38

and capable of activating BKCa channels.39–42 Therefore, we tested

the hypothesis that H2O activates BKCa channels via TRPV4

channels. Here we show for the first time that TBI-induced im-

paired myogenic response of MCAs is improved and restored to the

control level in the presence of HC 067047, a specific blocker of

TRPV4 channels (Fig. 4A). Establishing the link between H2O2,

TRPV4, and BKCa channels, we demonstrate that H2O2-evoked

dilations of MCAs are diminished in the presence of HC 067047

(10-6 mol/L) in both control and TBI MCAs, and that the TRPV4

agonist GSK1016790A-induced dose-dependent dilations of

MCAs are (1) are significantly greater in MCAs after TBI than in

control vessels and (2) blocked by the specific BKCa channel

blocker Pax (Fig. 4 B, C). TBI significantly enhances the cere-

brovascular mRNA expression of the TRPV4 gene, which is likely

FIG. 1. Traumatic brain injury (TBI) impairs myogenic constriction of cerebral arteries: role of mitochondrial reactive oxygen species
(ROS) production. (A) Diameter responses (as percent of passive diameter [PD] at 80 mm Hg intraluminal pressure) of isolated middle
cerebral arteries (MCA) are shown as a function of intraluminal pressure (myogenic response) in control rats and in rats 2 (TBI 2 h) and 24
(TBI 24 h) h after severe TBI. Note that the pressure-induced constrictor response is intact 2 h after the impact, and it is significantly
attenuated 24 h post-injury. Data are mean – S.E.M. (n = 5 for each group) *p < 0.05 versus control (lines without symbols show passive
pressure-diameter curves of MCAs). (B) Myogenic responses of MCAs are depicted in control and TBI 24 h rats in the absence and presence
of the mitochondrial antioxidant mitoTEMPO. Inlet depicts the constriction of basilar arteries of control and TBI 24 h rats in response to the
thromboxane analogue U46619. Data are mean – S.E.M. (n = 5 for each group) *p < 0.05 versus control; #p < 0.05 versus TBI 24 h.
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to contribute to the demonstrated effect of TRPV4 channels in the

impaired myogenic constriction of MCAs after TBI (Fig. 4D) and

explains the attenuated dilator responses to the TRPV4 agonist

GSK1016790A.

H2O2-induced activation of BKCa channel currents
in VSMCs is mediated by TRPV4 channels

We measured BKCa channel currents from VSMCs that are iso-

lated from MCAs of Wistar–Kyoto rats using the patch-clamp

method. Supporting our findings in isolated MCAs, we found that

H2O2 significantly increased BKCa currents on VSCMs and that in-

hibition of TRPV4 channels (10-6 mol/L MHC 067047 for 5 min)

returned BKCa channel activity to the control level. H2O2 has no effect

in the presence of the BKCa channel inhibitor Pax (100nM) (Fig. 5).

Discussion

TBI is a major health problem worldwide because of its high

mortality and the life-long remaining disabilities in the survivors.1–3

After the primary impact and injury of cerebral tissue, TBI initiates a

variety of pathophysiological processes leading to secondary inju-

ry.43,44 Secondary brain injury and, therefore, outcome of severe TBI

is determined by the formation of cytotoxic edema of neuroglial

tissue and the consequent development of intracranial hypertension.

Pressure-induced myogenic constriction of cerebral resistance ves-

sels (arteries and arterioles) adjusts cerebrovascular resistance

(CVR) to increases in perfusion pressure, thus playing a central role

in maintaining approximately constant blood flow in the brain de-

spite variations in blood pressure (autoregulation of CBF).18–21

Here, we demonstrate that myogenic constriction of cerebral

arteries is intact 2 h after the impact, but compromised 24 h after

trauma in the constrained impact acceleration model of TBI

(Fig. 1), extending earlier findings in different models of TBI

(Golding and colleagues used the controlled cortical impact model,

and Villalba and colleagues studied the fluid percussion injury

model).18,20 Our results and the findings of the mentioned studies

suggest that impairment of myogenic mechanisms is a consequent

result of TBI regardless of animal models used, and that it develops

subacutely after the impact, most likely being involved in the de-

velopment of secondary injury of cerebral tissue. The consequences

of TBI-induced impairment of myogenic constriction are likely

multifaceted. First, it is likely to contribute to increased blood

volume in the closed cranium. Second, when blood pressure in-

creases, lack of myogenic protection likely allows high pressure to

penetrate the cerebral microcirculation promoting blood–brain

barrier disruption and microvascular injury, which exacerbate va-

sogenic edema. Both increased cerebral blood volume (CBV) and

vasogenic edema contributes to a rise in intracranial pressure (ICP),

especially when intracranial compliance (to compensate increases

in ICP) is attenuated by cytotoxic edema.12,13,22,45,46

This is the first study to demonstrate that mitochondrial ROS pro-

duction plays a central role in impaired myogenic constriction of ce-

rebral arteries after diffuse TBI (Figs. 1–2). Our studies provide direct

evidence that following TBI, the production of ROS is increased in the

vascular smooth muscle cells, extending previous findings.24,47 The

mechanisms by which TBI promotes mitochondrial oxidative stress in

smooth muscle cells may involve changes in the hemodynamic envi-

ronment/mechanosensitive mtROS production,48,49 factors released

from the damaged brain parenchyma (including glutamate neurotox-

icity),50–52 and/or humoral factors.53,54 These possibilities should be

tested in future studies. Complexes I and III of the electron transport

chain are possible major sites of premature electron leakage to oxygen,

FIG. 2. Traumatic brain injury (TBI) impairs myogenic constriction of cerebral arteries: role of mitochondrial H2O2. (A) Diameter responses
(as percent of passive diameter [PD] at 80 mm Hg intraluminal pressure) of isolated middle cerebral arteries (MCA) are shown as a function of
intraluminal pressure (myogenic response) in control and TBI 24 h (24 h after the impact) rats after the administration of catalase (CAT). Note
that additional administration of mitoTEMPO does not augment the effect of CAT on the diameter responses. Data are mean– S.E.M. (n = 5 for
each group) *p < 0.05 versus control; #p < 0.05 versus TBI 24 h. (B) Summary data and representative images of cerebrovascular H2O2

production in endothelium-denuded MCAs of control rats, TBI 24 h rats and control and TBI 24 h rats after incubation of the vessels in CAT
shown by the fluorescence of the cell-permeant oxidative fluorescent indicator dye DCF (5 [and 6]- chloromethyl-2¢,7¢-
dichlorodihydrofluorescein diacetate-acetyl ester). Scale bar is 50 lm. Data are mean – S.E.M. (n = 5 for each group). *p < 0.05 versus control.
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generating superoxide in the mitochondria.55,56 Future studies using

specific inhibitors should elucidate how ROS generation is affected by

TBI at these sites in the smooth muscle mitochondria.

Mitochondrial superoxide is readily dismutated to H2O2 by

manganese superoxide dismutase (MnSOD), which is abundantly

expressed in VSMCs.24,57–60 Whereas superoxide is not membrane

permeable, H2O2 can readily penetrate the mitochondrial mem-

branes, increasing cytosolic H2O2 levels. Importantly, H2O2 is a

potent vasodilator in the cerebral circulation.25 Therefore, it is

significant that H2O2 levels are substantially increased in VSMCs

of cerebral arteries after TBI (Fig. 2). The findings that admin-

istration of CAT restores myogenic responses of MCAs derived

from rats with TBI provide experimental evidence that increased

mitochondria-derived H2O2 production plays the key role in dys-

regulation of arterial myogenic constriction after diffuse brain

trauma. Recent studies raise the possibility that activation of nitric

oxide synthesis may also contribute to the decreased myogenic

constriction after TBI.20 As there are data showing that crosstalk

exists between NO and mitochondria-derived H2O2 produc-

tion,61,62 the possibility that such interaction is also present after

TBI and the role of TBI-related endothelial impairment in the de-

creased myogenic tone should be also tested in future studies.

The mechanisms by which H2O2 induced vasodilation in the

cerebral circulation likely involve activation of large conductance

BKCa channels.30,31 In support of this concept, we demonstrate that

selective blockade of BKCa channels restored myogenic constric-

tion of MCAs derived from rats with TBI, and that H2O2-induced

dilations of MCAs were inhibited in the presence of the BKCa

channel blocker Pax (Fig. 3). Further, H2O2 induced a significant

increase of BK channel currents on vascular smooth muscle cells

(Fig. 5). There is strong evidence that activation of BKCa channels

readily hyperpolarizes smooth muscle cells, which inhibits pressure-

induced activation of voltage-sensitive calcium channels and thereby

myogenic constriction of cerebral arteries.26–28 It has to be noted

here that Armstead and colleagues demonstrated that TBI impairs

the function/activation of BKCa channels, which mechanism might

be involved in the processes that lead to decreased dilation (thus

cerebral hypoperfusion) in response to hypotension after brain

trauma.63,64 Although these results cannot be directly compared

with our present studies because the authors used an in vivo approach

to measure dilation of pial arterioles to hypotension in newborn

piglets, location- and vessel-dependent changes in function/activation/

expression of BKCa channels after TBI should be established by future

studies.

FIG. 3. Traumatic brain injury (TBI) impairs myogenic constriction of cerebral arteries: role of Ca2+-activated K+ (BK) channels. (A) The
effect of paxilline, a specific blocker of calcium-activated potassium (BKCa) channels on pressure-induced myogenic constriction of middle
cerebral arteries (MCAs) of control rats and rats 24 h after severe TBI (TBI 24 h). Data are mean – S.E.M. (n = 5 for each group) *p < 0.05
versus control; #p < 0.05 versus TBI 24 h. (B) Blocking BKCa channels by paxilline inhibits H2O2-induced dose-dependent dilations of MCAs
of control and TBI 24 h rats. Note that H2O2-induced dilations are significantly augmented in MCAs isolated from TBI 24 h rats. Data are
mean– S.E.M. (n = 5 for each group); *p < 0.05 versus control, #p < 0.05 versus TBI 24 h. Quantitative reverse transcription polymerase chain
reaction (qRT-PCR) data of mRNA expression of the a (panel C) and b (panel D) subunits of BKCa channels (KCNMA1 and KCNMB1,
respectively) in MCAs of control and TBI-rats. Data are mean – S.E.M. (n = 5 for each group) *p < 0.05 versus control.
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Previous studies reported that the mechanisms by which H2O2

activates BKCa channels in different cell types are multifaceted, and

may involve the synthesis of eicosanoid mediators,65 the protein

kinase G pathway,66 and/or protein kinase C.67 Importantly, the

activity of BKCa is regulated by Ca2+-sparks, the frequency/am-

plitude of which can also be modulated by H2O2.68 TRPV4 are

mechanosensitive, nonselective cation channels, which regulate

Ca2+-sparks in vascular smooth muscle cells,39 and there are data

extant linking activation of TRPV4 channels to regulation of va-

somotor tone.29 Our findings demonstrate that selective blocking of

TRPV4 channels inhibits H2O2-induced vasodilation (Fig. 4) and

restores myogenic responses of cerebral arteries isolated from rats

with TBI (Fig. 4). Further, dilations of cerebral arteries evoked by a

TRPV4 agonist are abolished by a BKCa channel blocker (Fig. 4).

These results support the concept that in TBI, increased H2O2

levels activate BKCa channels via a pathway that involves activa-

tion of TRPV4 channels in the smooth muscle cells. Direct ex-

perimental support for this concept is offered by our findings that

H2O2-induced increases in BKCa currents in VSMCs are dimin-

ished by the TRPV4 blocker HC 067047 (Fig. 5).

Limitations and perspectives of the study

There are important limitations of our study, including the

limited end-points tested. We have explored how TBI affects

myogenic response of cerebral vessels, but we did not study au-

toregulation per se, which means the changes of CBF as a function

of blood pressure. Although myogenic response of cerebral ves-

sels is a central mechanism of CBF autoregulation and is con-

sidered to be a reliable surrogate of cerebral autoregulatory

function,22 the results of isolated vessel studies can only be ex-

trapolated to in vivo conditions with caution, because of the lack

of other factors determining cerebral perfusion (metabolic effects,

innervation, glial effects). Therefore, future studies should de-

termine the role of H2O2 and BKCa activation in impaired auto-

regulation of CBF after severe, as well as after mild, repetitive

FIG. 4. Traumatic brain injury (TBI) impairs myogenic constriction of cerebral arteries: role of transient receptor potential cation
channel subfamily V member 4 (TRPV4) channels. (A) Myogenic constriction of middle cerebral arteries (MCAs) of control rats and
rats 24 h after TBI (TBI 24 h) in the absence and presence of the specific TRPV4 channel blocker HC 067047. Data are mean – S.E.M.
(n = 5 for each group) *p < 0.05 versus control; #p < 0.05 versus TBI 24 h. Panel B depicts the effect of the TRPV4 channel blocker
HC 067047 on H2O2-induced dilations of MCAs of control and TBI rats, and C shows the effect of blocking BKCa channels on
dilations of MCAs evoked by the TRPV4 agonist GSK1016790A in the same groups of animals. Note that both H2O2-induced
and GSK1016790A-induced dilations of MCAs are significantly higher after TBI. Data are mean – S.E.M. (n = 5 for each group)
*p < 0.05 versus control; #p < 0.05 versus TBI 24 h. (D) Quantitative reverse transcription polymerase chain reaction (qRT-PCR) data
of mRNA expression of TRPV4 channels in MCAs of control and TBI 24h rats. Data are mean – S.E.M. (n = 5 for each group)
*p < 0.05 versus control.

936 SZARKA ET AL.



trauma in vivo. Also, the mechanisms by which TRPV4 channels

activate BKCa and the possible interaction between TRPV4

channels and mitochondrial H2O2 production remain to be de-

termined. Gender differences might affect the TBI-related chan-

ges of cerebrovascular responses; therefore, vascular responses of

cerebral arteries after TBI from female rats should be studied by

follow-up studies. Last but not least, we did not investigate the

role of the endothelium in the observed attenuated myogenic tone

of cerebral vessels after TBI. Although endothelial function is not

directly involved in the pressure-sensitive mechanisms of cerebral

vessels,69 it plays a central role in maintaining CBF, and has a

modulatory role in the development and maintenance of myo-

genic tone.70,71

Conclusion

In conclusion, we demonstrate here that diffuse brain trauma

leads to excessive production of mitochondria-derived H2O2,

which dampens myogenic constriction of cerebral arteries by a

mechanism that involves TRPV4-dependent activation of BKCa

channels. We propose that this pathway may contribute to auto-

regulatory dysfunction in TBI patients, and could be targeted

pharmacologically in order to restore autoregulation of CBF and

prevent the development of secondary brain injury.
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A.K. (K108444); the UNKP ÚNKP-17-4-I-PTE-7 Scholarship to

P.T.; GINOP-2.3, 2–15-2016-00048 to P.T., E.C., A.B.; AOK-

Post-Doc 3/2012 07.25/C to G.B.; the Hungarian National Brain

Research Program Grant No. KTIA_13_NAP-A-II/8 to P.T., E.C.,

and A.B.; Program B KTIA_NAP_13-2014-0022, Research site ID

number: 888819 to Z.H.; the American Heart Association to M.R.P.

(13SDG14000005), P.T., and Z.U.; the National Institutes of

Health R01-AT006526, R01-AG047879, R01-AG038747,

3P30AG050911-02S1, and R01-NS056218 to Z.U.; and the Okla-

homa Center for the Advancement of Science and Technology to

Z.U. This work is dedicated to the 650th anniversary of the Uni-

versity of Pécs.

FIG. 5. H2O2-mediated increase in calcium-activated potassium (BKCa) channel activity requires a transient receptor potential cation
channel subfamily V member 4 (TRPV4) channel. Whole cell BKCa currents were recorded with 100 nM free cytosolic calcium in the
presence and absence of H2O2, TRPV4 channel inhibitor (1 lM HC067047), and BKCa channel inhibitor (paxilline 100 nM). BKCa

currents were elicited by 20 ms pulses from -60 to +120 mV from a Vh of -40 mV (Inset). Two to three smooth muscle cells from four
Wistar–Kyoto rats were studied in each group (8–12 cells/group). Panel A represents whole cell BKCa currents before and after 10 lM
H2O2, in the presence of 1lM HC 067047 and/or 100 nM paxilline. Panel B represents current voltage curves and the current density at
+60 mV membrane potential. *p < 0.05 before and after application of H2O2. !p < 0.05 before and after application of 1lM HC 067047 in
the presence of H2O2. Data are mean – S.E.M. Number in the parenthesis is the number of cells studied. (C) Scheme depicting the
mechanisms of impaired myogenic constriction of cerebral arteries after TBI. TBI leads to excessive cerebrovascular production of
H2O2 mainly of mitochondrial origin, which activates TRPV4 on vascular smooth muscle cells. TRPV4 then activates BKCa channels
leading to hyperpolarization of vascular smooth muscle cell (VSMC) membranes and subsequent dilation of cerebral vessels, which
attenuates pressure-induced myogenic constriction.
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