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ABBREVIATIONS

TBI: traumatic brain injury

CBF: cerebral blood flow

CTE: chronic traumatic encephalopathy

TP receptor: thromboxane/prostaglandin endoperoxide receptor
CVR: cerebrovascular resistance

VCI: vascular cognitive impairment

CBV: cerebral blood volume

Ang I1: Angiotensin Il

MCA: middle cerebral artery

20-HETE: 20-hydroxy-5,8,11,14-eicosatetraenoic acid
TRPV4: Transient receptor potential vanilloid channel 4
BBB: blood-brain barrier

ROS: reactive oxygen species

BKca: large conductance calcium-activated potassium channel
SHR: spontaneously hypertensive rat

OFT: open field test
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l. Introduction

Traumatic brain injury (TBI) is a serious health problem worldwide resulting in
significant chronic disabilities. Each year approximately 1.7 million people in the United
States 1 and another 2.5 million patients in the European Union 2 suffer TBI. In addition to
a high mortality rate (35-40%), survivors of severe TBI and patients suffering mild but
repetitive trauma are left with significant cognitive, behavioral, and communicative
disabilities imparting an even larger burden to the health care systems 2 and the families of
these victims. Epidemiological studies show that approximately 5.3 million people live with
TBI-related disabilities in the United States ! and 7.7 million in the European Union.® TBI
can be mild, moderate, or severe defined by the Glasgow Coma Scale (14-15, 9-12 and < 9,
respectively), imaging findings, and various biomarkers.* Mild TBI (mTBI) is the most
frequent form of head trauma, typically affecting young athletes and the elderly population,

who are prone to fall.

After the mechanical force-induced primary brain injury, TBI initiates a variety of
pathophysiological processes leading to secondary brain damage®®, which contributes to the
development of long-term psychiatric problems and cognitive decline’. While little can be
done to reverse the initial primary brain damage caused by trauma, secondary brain injury,
which is (in part) due to vascular/microvascular alterations, and dysregulation of cerebral

blood flow (CBF) might be potentially preventable or treatable.
1. Impaired autoregulation after traumatic brain injury

Despite of wide changes in systemic blood pressure due to daily activities CBF has to be
relatively constant to avoid great changes in intracranial pressure, which would negatively
impact the function of brain tissues. The physiological mechanism fulfilling these
requirements is called autoregulation of CBF. Although the overall CBF is relatively
constant there are regional heterogeneity in CBF distribution and local functional hyperemia

according to the increased neural/glial function. Thus regulation of CBF is achieved by the
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integration of mechanosensitive (such as pressure-induced myogenic), metabolic, neural and

other mechanisms.®10

The myogenic mechanism adjust the diameter of cerebral resistance vessels and thus
cerebrovascular resistance (CVR) to the changes of perfusion pressure: they increase CVR
in case of increasing perfusion pressure and decrease it when blood pressure drops. In other
words, cerebral autoregulation is a negative feedback process maintaining stable and constant
blood flow when perfusion pressure changes: 1) in hypotension an intact autoregulation
prevents hypoperfusion and ischemia of cerebral tissue; and 2) in hypertension it protects the
cerebral microvascular bed against hyperemia and hypervolemia (Fig. 1). Mechanisms of
CBF autoregulation include static and dynamic components. Static autoregulation of CBF
adjusts vascular resistance (thus blood flow) to a steady-state perfusion pressure value, and
it dictates how large changes in perfusion pressure can be compensated. Dynamic cerebral
autoregulation restores CBF after rapid transient changes in perfusion pressure and thus
determines how fast the autoregulatory compensation can be implemented. Dynamic and
static cerebral autoregulation act on a continuum to maintain CBF when blood pressure

changes.11
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Figure 1. Pressure-induced myogenic constriction of cerebral arteries and arterioles protects

the microcirculation. When perfusion pressure increases myogenic constriction of cerebral vessels
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adjust cerebrovascular resistance to the change in perfusion pressure, therefore hydrodynamic
pressure is relatively unchanged in the cerebral microcirculation and the capillary bed is protected

from increases in intraluminal pressure and volume.

As mentioned above, when autoregulatory mechanisms, due to their impaired capacity to
decrease cerebrovascular resistance, cannot maintain approximately unchanged cerebral
perfusion when blood pressure decreases, then autoregulatory dysfunction leads to ischemia
of cerebral tissue. On the contrary, at high pressure values, the significance of autoregulatory
mechanisms responsible for maintaining constant blood flow can be appreciated when taking
into account the anatomical fact that the brain is situated in the closed cranium consisting of
three main volume compartments: cerebral tissue, cerebrospinal fluid, and intravascular
blood. Volume expansion of one of the compartments can only be compensated by a decrease
in the others, as stated in the Kellie-Monroe doctrine and its modified versions'®. Thus, in
case of low intracranial compliance (when compensatory capacity of CSF dynamics is
attenuated), an uncontrolled increase in cerebral blood volume (which is the only
compartment with higher pressure than normal or even pathological ICP) would lead to

sudden increases in ICP and may damage the cerebral microcirculation (Figure 2.).16:7
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Figure 2. Myogenic autoregulatory dysfunction of cerebral arteries leads to injury of the

cerebral microcirculation. In autoregulatory dysfunction cerebral arteries and arterioles cannot
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constrict in response to increases in intraluminal pressure, therefore high pressure (and blood
volume) can penetrate the distal microcirculation, damaging the cerebrovascular capillary bed (for

example disruption of the blood-brain barrier BBB).

There is growing experimental and clinical evidence that TBI impairs autoregulation
of cerebral blood flow (CBF)'®?® in which impairment of pressure-induced myogenic
constriction of cerebral resistance vessels may play a significant role*-2. As mentioned
above, on the one hand, TBI-induced myogenic autoregulatory 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 hypertension and
promotes blood brain barrier disruption, vasogenic edema and cerebromicrovascular injury>>.
Despite its pathophysiological importance'®13234 the cellular and molecular mechanisms
underlying myogenic autoregulatory dysfunction of cerebral arteries following TBI are not
well understood. Early studies suggested that TBI-related oxidative stress exerts vasodilator
effects in pial vessels following trauma®>, however, the source of increased reactive oxygen
species (ROS) and the mechanisms by which ROS contribute to TBI-induced myogenic

autoregulatory dysfunction of cerebral arteries remained obscure.

2. The effect of traumatic brain injury on blood-brain barrier integrity in in

hypertension: downstream consequences of autoregulatory dysfunction

As it is mentioned above autoregulation of cerebral blood flow is an important homeostatic
mechanism, which maintains stable cerebral perfusion and thus cerebral volume when
systemic blood pressure changes, and autoregulatory dysfunction following traumatic brain
injury plays a central role in the development of secondary brain damage.®!'> Accordingly,
when blood pressure drops the injured brain is exposed to hypoperfusion and ischemia due
to inefficient vasodilation; on the contrary, when pressure increases inefficient

vasoconstriction leads to increase in intracranial volume and pressure thus exacerbating
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disruption of the blood-brain barrier (BBB) '®!”. BBB disruption plays a central role in the
secondary pathological processes>®, leading to accumulation of blood-borne substances in the
cerebral parenchyma, neuroinflammation and consequent decline in higher brain function.
Mild TBI is the most frequent form of head trauma, typically affecting young athletes and
the elderly population, who are prone to fall>. Interestingly, mild TBI is likely to induce BBB
disruption, but it has only a transient effect’’*°. A growing body of research has established
that preexisting comorbid medical conditions exacerbate the deleterious effects of TBI
(resulting in longer ICU stay and increased risk for complications)*’. The most frequently
identified comorbid condition in TBI is hypertension (in older individuals its prevalence:
~38.8%)"42, which has been demonstrated to exacerbate disruption of the BBB in various
pathological conditions. For example, hypertensive aged mice were found to exhibit
increased permeability of the BBB, which is associated with neuroinflammation and

cognitive decline of the animals™>.
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I1. Objectives

Based on the aforementioned we sought two test two hypothesis regarding the effect of

traumatic brain injury on the proximal and distal part of the cerebral circulation:

1) The studies presented here were designed to test the hypothesis that following brain trauma
myogenic response of cerebral arteries is compromised due to the excessive mitochondrial
production of vasodilator H>O; in the vascular smooth muscle cells. To test this we induced
diffuse brain trauma in rats by the impact acceleration technique and compared vascular H>O»
production and pressure-induced myogenic responses of isolated middle cerebral arteries in
the presence and absence of scavengers of mitochondria-derived H>O,. We also aimed to
elucidate the downstream targets of increased H2O. Specifically, we tested the hypothesis,
developed based on previous findings**#*¥, that after TBI excessive mitochondria-derived
H,0; activates large conductance calcium-activated potassium (BKca) channels***° via a
TRPV4-dependent pathway in the vascular smooth muscle cells, 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 vasomotor responses

elicited by exogenous H>O> and used patch clamp to characterize the effects of H,O, and

TRPV4 inhibitors on BKca ion currents.

2) We tested whether pre-existing chronic hypertension exacerbates the damaging effect of
mild TBI on the BBB. To achieve this goal we induced mild traumatic brain injury in
normotensive and hypertensive rats, and assessed blood-brain barrier integrity, accumulation
of blood borne substances in the brain parenchyma, production of neuroinflammatory
cytokines in the cerebral cortices and hippocampi and cognitive function of the animals two
weeks after TBI.
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I11. Results

1. Role of mitochondria-derived H>O> in impaired myogenic constriction of cerebral
arteries after severe TBI

We found that myogenic constrictions of MCAs isolated from rats 2 hours after TBI
were intact, whereas myogenic responses of MCASs 24 hours after traumatic brain injury were
significantly decreased compared to control MCAs in the autoregulated pressure range
(between 60-140 mmHg) (Figure 3.A-B). These results confirm the findings of Golding et
al?® (obtained in 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 hours
after TBI. The thromboxaneA2 analog U46619 agonist-induced constrictions of basilar
arteries from the same animals were intact after TBI and did not differ from control responses
(Figure 3. B 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 (Figure 3.B). Our results that
administration of catalase (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 H»O. is the primary factor that
attenuates myogenic constriction of MCAs after TBI (Figure 4.A). This is supported by our
further findings that TBI enhances cerebrovascular H.O> production significantly (p<0.05),
as shown by the catalase-sensitive increased CM-H2DCFDA fluorescence in isolated MCAs

(Figure 4.B) in TBI vessels compared to controls.

10
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Figure 3. TBI impairs myogenic constriction of cerebral arteries: role of mitochondrial ROS
production. A: Diameter responses (as % of passive diameter (PD) at 80 mmHg 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 2h) and 24 (TBI 24h) hours after
severe traumatic brain injury. Note that the pressure induced constrictor response is intact 2 hours
after the impact, and it is significantly attenuated 24 hours post-injury. Data are mean + S.E.M.
(n=5 for each group) *P<0.05 vs. Control (lines without symbols show passive pressure-diameter
curves of MCAs). B: Myogenic responses of MCAs are depicted in control and TBI 24h-rats in the
absence and presence of the mitochondrial antioxidant mitoTEMPO. Inlet depicts the constriction
of basilar arteries of control and TBI 24h rats in response to the thromboxane analogue U46619.
Data are mean + S.E.M. (n=5 for each group) *P<0.05 vs. Control; #P<0.05 vs. TBI 24h.
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Figure 4. TBI impairs myogenic constriction of cerebral arteries: role of mitochondrial H202. A:
Diameter responses (as % of passive diameter (PD) at 80 mmHg intraluminal pressure) of isolated
middle cerebral arteries (MCA) are shown as a function of intraluminal pressure (myogenic
response) in control and TBI 24h (24 hours after the impact) rats after the administration of
catalase (CAT). Please 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
vs. Control; #P<0.05 vs. TBI 24h. B: Summary data and representative images of cerebrovascular
H202 production in endothelium-denuded MCAs of control rats, TBI 24h rats and control and TBI
24h rats after incubation of the vessels in catalase (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 um. Data are meanS.E.M.

(n=5 for each group). *P<0.05 vs. Control.
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2. Role of BKca channels in impaired myogenic constriction of cerebral arteries after

severe TBI

Activation of BKca channels with the consequent hyperpolarization of vascular smooth
muscle cell membrane is a negative feed-back regulator of myogenic constriction>°%°! and
inhibition of BKca channel was shown to constrict cerebral arteries after TBI3. These
previous findings are supported by our present results (Figure 5.A) that specific inhibition of
BKca channels on isolated MCAs by paxilline restores myogenic constriction of MCAs of
TBI rats to the control level. We found that H202-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 (Figure 5.B). These results (Figure 5.A and B) suggest that TBI-
related increased production of cerebrovascular H2O. (Figure 4.B) impairs myogenic
constriction of MCAs via activation of BKca channels. TBI up-regulates the cerebrovascular
MRNA expression of BKca channels, which is likely to explain the augmented dilator effect
of the channels after brain trauma, as well.

13
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Figure 5. 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 hours after severe TBI (TBI 24h). Data are mean + S.E.M. (n=5 for each group) *P<0.05 vs.
Control; #P<0.05 vs. TBI 24h. B: Blocking BKca channels by paxilline inhibits H202-induced dose-
dependent dilations of MCAs of control and TBI 24h rats. Note that H202-induced dilations are
significantly augmented in MCAs isolated from TBI 24h rats. Data are mean * S.E.M. (n=5 for each
group); *P<0.05 vs. Control, #P<0.05 vs. TBI 24h. QRT-PCR data of mRNA expression of o. (panel
C) and B (panel D) subunits of BKca channels (KCNMAL and KCNMBL1, respectively) in MCAs of

control and TBI-rats. Data are mean + S.E.M. (n=5 for each group) *P<0.05 vs. Control.
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3. Role of TRPV4 channel activation in impaired myogenic constriction of cerebral

arteries after severe TBI

TRPV4 channels have been suggested to be redox sensitive®? and capable to activate BKca
channels®°, Therefore, we tested the hypothesis that H,O2 activates BKca channels via
TRPV4 channels. Here we show for the first time that TBI-induced impaired myogenic
response of MCAs is improved and restored to the control level in the presence of HC067047,
a specific blocker of TRPV4 channels (Figure 6.A). Establishing the link between H,Oo,
TRPV4 and BKca channels, we demonstrate that H,O2-evoked dilations of MCAs are
diminished in the presence of HC067047 (10 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 paxilline (Figure 6.B-C). TBI significantly enhances the
cerebrovascular mRNA expression of the TRPV4 gene, which is likely to contribute to the
demonstrated effect of TRPV4 channels in the impaired myogenic constriction of MCAs
after TBI (Figure 6.D) and explains the attenuated dilator responses to the TRPV4 agonist
GSK1016790A.

15
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Figure 6. TBI impairs myogenic constriction of cerebral arteries: role of TRPV4 channels. A:
Myogenic constriction of middle cerebral arteries (MCASs) of control rats and rats 24 hours after
traumatic brain injury (TBI 24h) in the absence and presence of the specific TRPV4 channel blocker
HC067047. Data are mean £ S.E.M. (n=5 for each group) *P<0.05 vs. Control; #P<0.05 vs. TBI
24h. Panel B depicts the effect of the TRPV4 channel blocker HC067047 on H,O-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. Please note that
both H,0O.-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 vs. Control; #P<0.05 vs.TBI 24h. D: 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 vs. Control.
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4. H202-induced activation of calcium-activated potassium (BK) channel currents in

vascular smooth muscle cells (VSMCs) is mediated by TRPV4 channels

We measured BKca channel currents from vascular smooth muscle cells (VSMC) that are
isolated from middle cerebral arteries of SD rats using patch clamp method. Supporting our
findings in isolated MCAs we found that H2O significantly increased BKca currents on
VSCMs, and inhibition of TRPV4 channels (10-6 mol/L MHC067047 for 5 minutes)
returned BKca channel activity to the control level. H,O2 has no effect in the presence of
BKca channel inhibitor paxilline (100nM) (Figure 7).

17
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Figure 7. H,O2-mediated increase in BKca channel activity requires TRPV4 channel. Whole cell BKca
currents were recorded with 100nM free cytosolic calcium in the presence and absence of H;Op,
TRPV4 channel inhibitor (1uM HC067047) and BKca channel inhibitor (Paxilline 100nM). BKca
currents were elicited by 20ms pulses from -60 to +120 mV from a Vh of -40mV (Inset). 2-3 smooth
muscle cells from 4 Wistar Kyoto rats were studied in each group (8-12 cells/group). Panel A
represents whole cell BKca currents before and after 10uM H2O-, in the presence of 1luMHCO067047
and/or 100nM Paxilline. Panel B represents current voltage curves and the current density at +60mV
membrane potential. *p<0.05 before and after application of H202. 'p<0.05 before and after
application of 1uM HC067047 in the presence of H,O,. Data are mean £ SEM. Number in the
parenthesis is the number of cells studied. C: Scheme depicting the mechanisms of impaired
myogenic constriction of cerebral arteries after TBI.
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5. Mild TBI induces persistent disruption of the blood-brain barrier which is associated
with extravasation of blood borne fibrin in cerebral tissue of spontaneously hypertensive

rats

Spontaneously hypertensive rats (SHR) had significantly higher blood pressure than
normotensive Wistar rats (Figure 8.A). Blood pressure was not affected by mTBI in either
normotensive or hypertensive rats (Figure 8.A). We found that mTBI led to a significant
disruption of the blood-brain barrier detected two weeks after mTBI in hypertensive rats (n
= 7), as shown by increased Evans blue content of cerebral tissue of these animals. No

leakage of Evans blue dye could be observed in normotensive rats (n = 7), indicating intact

A
E * *
:E: 2007 —% & Figure 8. Mild traumatic brain injury (TBI) induces
‘g— 1504 \ persistent disruption of the blood brain barrier and
uﬁ, 100 pi § extravasation of blood borne substances in hypertensive
ﬁ 50 \ rats. (A) shows blood pressure of Wistar rats and
©
e \ . . .
- . : \\ spontaneously hypertensive rats (SHR) with and without
@ Wistar  Wistar SHR SR mild traumatic brain injury (mTBI) measured by the tail-
B ‘8% cuff method. Data are means + S.E.M. (n = 6 in each
. 157 group) * p < 0.05 vs. Wistar, p < 0.05 vs. Wistar + mTBI.
% M (B) Summary data show blood brain barrier permeability
@ 2 109 . -
E s \\ indicated by extravasated Evans blue content of cerebral
(3]
5.% 0.54 \ tissue (depicted as fold change compared to control) in
a = \ sham operated Wistar rats and SHRs, and in rats two
0.0~ = - > weeks after mTBI. Data are means + S.E.M. (n = 6 in each
Wistar Wistar SHR SHR
" e group) * p < 0.05 vs. Wistar, p < 0.05 vs. Wistar + mTBl,
wisar TS SHR e $ p < 0.05 vs. SHR. (C) One representative Western blot
‘*._ ol m S Aibn - resents fibrin level in perfused cerebral tissue from
ﬁ- — i@ - ——— - vinculin . . i
c . - 1 Wistar and spontaneously hypertensive rats (SHR) with
3 * . . . .. .
3 &$ and without mild traumatic brain injury (mTBI) (showing
é ‘2.:2_ two in each group) two weeks after trauma. Summary data
Q
‘§-§ — depicts cerebral fibrin protein level in cortical tissue of
&g —1 Q
k= g' \ the above groups of animals. Data are means £ S.E.M.
2
- oLl : N (n=6ineach group) * p < 0.05 vs. Wistar, p < 0.05
Wistar  Wistar  mR vs. Wistar + mTBI.

19



DOI:10.14753/SE.2021.2514

BBB after mTBI (Figure 8. B). We found that two weeks after mild TBI fibrin accumulated
in cortical tissue of hypertensive rats (n = 6), which could not be observed in SHRs without
mTBI (n = 6) or normotensive rats with and without mTBI (n = 6, in both groups) (Figure
10.C).

6. Mild TBI Induces Persistent Neuroinflammation and Cognitive Decline in

Spontaneously Hypertensive Rats

We found that expression of inflammatory cytokines IL-1, IL-6 and TNF was significantly
(p < 0.05) increased in both cortical and hippocampal tissue of spontaneously hypertensive
rats (n = 8) two weeks after mTBI compared to sham-operated SHRs (n = 8) and to
normotensive Wistar rats with and without mTBI (n = 8 in both groups) (Figure 8. A,B). We
show that two weeks after trauma normotensive Wistar rats (n = 11) exhibited a significant
(p < 0.05) decrease in the number of crossings (locomotor activity and exploration) in the
open field arena, indicating habituation to the environment thus functioning learning and
memory (Figure 9.C). In contrast, SHRs (n = 11) did not show any changes in the number of
crossings during the repeated session two weeks after mTBI, indicating a decline in their
learning and memory functions (Figure 9.C). We studied intermediate-term declarative
memory by the novel object recognition test. We found that mTBI resulted in a significant
(p < 0.05) decrease in the Discrimination Index (DI) in SHRs (n = 11) assessed two weeks
after trauma indicating impaired memory function. Whereas DI was not changed in

normotensive Wistar rats (n = 5), indicating preserved memory function (Figure 9.D).
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Figure 9. Mild TBI induces persistent neuroinflammation and cognitive decline in hypertensive
rats. (A,B) mRNA expression of inflammatory cytokines IL1, IL6 and TNF in cortical (A) and
hippocampal (B) tissue of sham operated normotensive Wistar rats and SHRs, and of animals two
weeks after mild TBI, expressed as fold change compared to control. Data are means + S.E.M. (n
= 8 in each group) * p < 0.05 vs. Wistar, p < 0.05 vs. Wistar + mTBI, $ p < 0.05 vs. SHR. (C)
In a standard open field test normotensive Wistar animals showed attenuated exploratory activity
(number of crossings) two weeks after mTBI (Wistar + mTBI) indicating habituation to the
environment and intact locational memory function. In contrast, SHRs did not show habituation
to the environment in the repeated open field test (OFT) session two weeks after mTBI
(SHRmTBI), indicating impaired locational memory. Data are means = S.E.M. (n = 15 in each
group) * p < 0.05 vs. Wistar. (D) Intermediate-term declarative memory was tested two weeks
after mTBI by the novel object recognition test. Discrimination index was not changed in
normotensive Wistar rats two weeks after mTBI, but it was significantly decreased in SHRs,
indicating impaired declarative memory of the animals. Data are means + S.E.M. (n =5 Wistar
and n =11 SHR) * p < 0.05 vs. Wistar, p < 0.05 vs. Wistar + mTBI, $ p < 0.05 vs. SHR.
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IV. Discussion of findings
TBI and the myogenic response

Traumatic brain injury is a serious health problem worldwide. Beside a high mortality
rate (35-40%), survivors are left with significant cognitive, behavioral, and communicative
disabilities.? In addition to the primary impact, secondary brain injury determines the
outcome of TBI patients significantly. It has been demonstrated that TBI-related impairment
of autoregulation of cerebral blood flow plays a central role in the processes of secondary
brain injury, and there is growing experimental and clinical evidence that impairment of
pressure-induced myogenic constriction of cerebral resistance vessels play a significant role
in TBI-induced autoregulatory dysfunction.?”**> Here we demonstrate that myogenic
constriction of cerebral arteries is intact 2 hours after the impact, but compromised 24 hours
after trauma in the constrained impact acceleration model of TBI (Figure 3.), extending
earlier findings in different models of TBI (Golding et al. used the controlled cortical impact
model, and Villalba et al. studied the fluid percussion injury model)?®3, 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 sub-acutely
after the impact, most likely being involved in the development 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 increases lack of myogenic protection likely allows
high pressure to penetrate the cerebral microcirculation promoting blood brain barrier
disruption and microvascular injury, which exacerbate vasogenic edema. Both increased
CBV and vasogenic edema contributes to rise in intracranial pressure, especially when

intracranial compliance (to compensate increases in ICP) is attenuated by cytotoxic
edema16,17,33,56,57

Involvement of ROS

This is the first study to demonstrate that mitochondrial ROS production plays a

central role in impaired myogenic constriction of cerebral arteries after diffuse TBI (Figures
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3-4). Our studies provide direct evidence that following TBI the production of ROS is
increased in the vascular smooth muscle cells, extending previous findings®®°8. The
mechanisms by which TBI promotes mitochondrial oxidative stress in smooth muscle cells
may involve changes in the hemodynamic environment/mechanosensitive mtROS
production®®, factors released from the damaged brain parenchyma (including glutamate
neurotoxicity)®®®!, and/or humoral factors®?3, These possibilities should be tested in future
studies. Complex I and 111 of the electron transport chain are possible major sites of premature
electron leakage to oxygen, generating superoxide in the mitochondria®*%. 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
H,02 by MnSOD, which is abundantly expressed in VSMCs.®%° While superoxide is not
membrane permeable, H>O> can readily penetrate the mitochondrial membranes, increasing
cytosolic H202 levels. Importantly, H.O; is a potent vasodilator in the cerebral circulation*.
Thus, it is significant that H20O> levels are substantially increased in VSMCs of cerebral
arteries after TBI (Figure 4.). The findings that administration of catalase restores myogenic
responses of MCAs derived from rats with TBI provide experimental evidence that increased
mitochondria-derived H>O> production plays the key role in dysregulation 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®!. As there are data showing that a cross talk exists between NO and
mitochondria-derived H02 production’®™, the possibility that such interaction is also
present after TBI and the role of TBI-related endothelial impairment in the decreased
myogenic tone should be also tested in future studies.

Role of BKca channels

The mechanisms by which H>O> induced vasodilation in the cerebral circulation
likely involve activation of large conductance Ca?*-activated potassium (BKca) channels*4°,
In support of this concept we demonstrate that selective blockade of BKca channels restored
myogenic constriction of MCAs derived from rats with TBI, and that H.O»-induced dilations

of MCAs were inhibited in the presence of BKca channel blocker paxilline (Figure 5.).

23



DOI:10.14753/SE.2021.2514

Furthermore, H202 induced a significant increase of BK channel currents on vascular smooth
muscle cells (Figure 7.). 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*>°%°!, |t
has to be noted here, that Armstead et al. demonstrated that TBI impairs the
function/activation of Ca?* activated potassium channels, which mechanism might be
involved in the processes that lead to decreased dilation (thus cerebral hypoperfusion) in
response to hypotension after brain trauma’?’3. Although these results cannot be directly
compared to 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. Previous studies reported that the mechanisms by which H2O; activates
BKca channels in different cell types are multifaceted and may involve the synthesis of
eicosanoid mediators’, protein kinase G pathway’® and/or protein kinase C’®. Importantly,
the activity of BKca is regulated by Ca?* sparks, the frequency/amplitude of which can also
be modulated by H20,"".

Transient receptor potential cation channels

Transient receptor channels type 4 from the vanilloid family (TRPV4) are
mechanosensitive, non-selective cation channels, which regulate Ca?*-sparks in vascular
smooth muscle cells® and there are data extant linking activation of TRPV4 channels to
regulation of vasomotor tone*’. Our findings demonstrate that selective blocking of TRPV4
channels inhibits H.O2-induced vasodilation (Figure 6.) and restores myogenic responses of
cerebral arteries isolated from rats with TBI (Figure 6.). Further, dilations of cerebral arteries
evoked by a TRPV4 agonist are abolished by a BKca channel blocker (Figure 6.). These
results support the concept that in TBI increased H20- levels activate BKCa channels via a
pathway that involves activation of TRPV4 channels in the smooth muscle cells. Direct
experimental support for this concept is offered by our findings that H.O»-induced increases
in BKca currents in VSMCs are diminished by the TRPV4 blocker HC067047 (Figure 7.).
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Disruption of the blood-brain barrier

As a distal injury in the cerebral circulation after traumatic brain injury we
demonstrated that even mild TBI is sufficient to induce persistent disruption of the blood-
brain barrier when pre-existing arterial hypertension is present, which is associated with the
development of cognitive dysfunction (Figure 8-9). These findings extend previous results
that mild TBI- induced BBB disruption reaches a peak within hours and after 2 to 3 days
post-injury’’*°, and have an important translational aspect: hypertensive patients should
probably be assessed and treated after mild brain trauma differently than normotensive
subjects. Our results also raise the possibility, that other co-morbidities known to increase
the vulnerability of the cerebral vessels to various insults, such as diabetes or obesity ’® would
also exacerbate BBB disruption following mTBI and lead to cognitive decline. These
possibilities should be verified by future studies.

The mechanisms by which hypertension and mild TBI interact to promote persistent
disruption of the BBB are likely multifaceted. Both TBI and hypertension have been shown
to induce overproduction of reactive oxygen species’ !, Although mild TBI results in a
transient increase in ROS generation®?, co-existing hypertension may exaggerate and extend
production of ROS in the cerebrovasculature. ROS can directly damage tight junction
proteins of the BBB*?, and activate redox sensitive matrix metalloproteinases %4, resulting in
increased permeability of the barrier. Other proteases, like caspase, known to be activated in

85,86

hypertension®°°, may contribute to the process. These possibilities should be tested by future

studies.

TBI and neuroinflammation

We found that mild TBI leads to accumulation of fibrin in cerebral tissue of
hypertensive rats (Figure 8). Previous studies suggested that the link between BBB disruption
and neurological dysfunction is the accumulation of toxic blood borne substances in the brain
parenchyma. For instance, in mice deficient of pericytes the injured BBB allows the
deposition of fibrinogen in brain parenchyma ®’, which is associated with activation of the

monocyte/macrophage system *¥, the increasing number of microglia and the increased
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production of ROS %, further activation of proteases and production of inflammatory
cytokines. According to this pathological process, we also found that two weeks after mild
TBI production of inflammatory cytokines IL-1f3, IL-6 and TNFa is significantly enhanced
in the cortices and hippocampi of hypertensive rats compared to normotensive animals
(Figure 9.), indicating mTBI-induced persistent neuroinflammation in SHRs. Inflammatory
cytokines further promote BBB damage *°, probably producing a positive feedback loop and
perpetuating the pathological process. There is most likely a causal link between mild TBI-
induced persistent neuroinflammation and cognitive deficit (Figure 9). This supported by
studies showing that in the mouse hippocampus chronic neuroinflammation structurally
modifies axons and dendrites of neurons and dysregulates genes involved in regulation of
neuronal function (such as Bdnf, Homerl, and Dlg4) %2, which may have a role in

impaired synaptic plasticity and impaired cognitive function °'.
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V. Summary

Diffuse brain trauma leads to excessive production of mitochondria-derived H202,
which dampens myogenic constriction of cerebral arteries by a mechanism that involves
TRPV4-dependent activation of BKCa channels.

Traumatic brain injury

!

mitochondrial H,0, 1t

!

TrRPV4 T

!

BK., T

!

Myogenic constriction l'

In hypertensive rats mild brain trauma is sufficient to cause a persistent disruption of
the blood-brain barrier, which is associated with accumulation of toxic blood borne
substances in the brain parenchyma, neuroinflammation and cognitive decline of the
animals. We propose that hypertensive patients with mild TBI should be assessed
differently than normotensive patients (by quantifying BBB function, cognitive
function etc.), and the mechanisms by which hypertension and mild TBI interact should
be established in order to selectively target BBB function and achieve neuroprotection

in this patient population.
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V1. Novel findings: conclusions of the thesis and clinical implications

e Diffuse brain trauma leads to excessive production of mitochondria-derived

cerebrovascular H202, which reduces myogenic constriction of cerebral arteries.

e H202 — induced attenuation of myogenic constriction of cerebral arteries

involves TRPV4-dependent activation of BKca channels.

We propose that this pathway may contribute to autoregulatory dysfunction in TBI patients
and could be targeted pharmacologically in order to restore autoregulation of cerebral blood

flow and prevent the development of secondary brain injuries.

e In hypertensive rats mild brain trauma is sufficient to cause a persistent

disruption of the blood-brain barrier.

e Persistent BBB disruption in hypertensive rats following mild brain trauma
leads to accumulation of toxic blood borne substances in the brain parenchyma, which

is associated with neuroinflammation and cognitive decline of the animals.

We propose that hypertensive patients with mild TBI should be assessed differently than
normotensive patients (by quantifying BBB function, cognitive function etc.), and the
mechanisms by which hypertension and mild TBI interact should be established in order to

selectively target BBB function and achieve neuroprotection in this patient population.

28



DOI:10.14753/SE.2021.2514

VII. Acknowledgements

I would like to thank for my mentor, Peter Toth, who personally supervised, supported and
encouraged me all through this work. He has trained me how to be a scientist in every sense
of the word. He showed me the importance of the science and helped me to learn skills for
performing experiments. He taught me how to work independently and what is important to
focus on. The successful completion of this thesis is greatly helped by his innovative ideas,
critical analysis, excellent advice and detailed discussions during the entire study period.

I also would like to thank for my second mentor, Professor Akos Koller. He advised and
supported me with the Marie Curie Smarter fellowship of the European Union (2014-2017),
allowing me to travel and visit leading European laboratories and researchers in order to
collaborate, and to gain experiences on methodological and theoretical approaches. He taught
me how to process the information I learned during my study period and showed me what is
important and how to find the right pathway in life. He always helped me to make decisions

in every aspects of life.

I would like to thank to my colleagues Dr. Endre Czeiter, Krisztina Amrein and Dr. Andras
Czigler who showed the best examples for me how passionate work has to be done. They
were always there to help me with the experiments, and were available any time to discuss

the protocols and later the results.

I also thank to our collaborators (Dr. Hernadi’s group and Dr. Pabbidi) their contribution to
the presented work, and for showing me how a proper team work can really be a success for

everyone.

Last but not the least | thank my family for everything that | am.

29



DOI:10.14753/SE.2021.2514

IX. References

10

11

12

Langlois, J. A., Rutland-Brown, W. & Wald, M. M. The epidemiology and impact of
traumatic brain injury: a brief overview. The Journal of head trauma rehabilitation 21, 375-
378 (2006).

Roozenbeek, B., Maas, A. . & Menon, D. K. Changing patterns in the epidemiology of
traumatic brain injury. Nature reviews. Neurology 9,231-236, doi:10.1038/nrneurol.2013.22
(2013).

Tagliaferri, F., Compagnone, C., Korsic, M., Servadei, F. & Kraus, J. A systematic review of
brain injury epidemiology in Europe. Acta neurochirurgica 148, 255-268; discussion 268,
doi:10.1007/s00701-005-0651-y (2006).

Menon, D. K. et al. Position statement: definition of traumatic brain injury. Archives of
physical medicine and rehabilitation 91, 1637-1640, doi:10.1016/j.apmr.2010.05.017
(2010).

Gardner, R. C. & Yaffe, K. Epidemiology of mild traumatic brain injury and
neurodegenerative  disease. Molecular and cellular neurosciences 66, 75-80,
doi:10.1016/j.mcn.2015.03.001 (2015).

Schwarzmaier, S. M. et al. Endothelial nitric oxide synthase mediates arteriolar
vasodilatation after traumatic brain injury in mice. Journal of neurotrauma 32, 731-738,
doi:10.1089/neu.2014.3650 (2015).

Sahuquillo, J., Poca, M. A. & Amoros, S. Current aspects of pathophysiology and cell
dysfunction after severe head injury. Curr Pharm Des 7, 1475-1503 (2001).

Greve, M. W. & Zink, B. J. Pathophysiology of traumatic brain injury. The Mount Sinai
Jjournal of medicine, New York 76, 97-104, doi:10.1002/msj.20104 (2009).

Kontos, H. A. Regulation of the cerebral circulation. Annu Rev Physiol 43, 397-407 (1981).
Lassen, N. A. Autoregulation of Cerebral Blood Flow. Circulation research 15, SUPPL:201-
204 (1964).

Aaslid, R., Lindegaard, K. F., Sorteberg, W. & Nornes, H. Cerebral autoregulation dynamics
in humans. Stroke 20, 45-52, doi:10.1161/01.str.20.1.45 (1989).

Lassen, N. A. Control of cerebral circulation in health and disease. Circulation research 34,

749-760, doi:10.1161/01.res.34.6.749 (1974).

30



13

14

15

16

17

18

19

20

21

22

23

24

DOI:10.14753/SE.2021.2514

Panerai, R. B., White, R. P., Markus, H. S. & Evans, D. H. Grading of cerebral dynamic
autoregulation from spontaneous fluctuations in arterial blood pressure. Stroke 29, 2341-
2346, doi:10.1161/01.str.29.11.2341 (1998).

Zhang, R., Zuckerman, J. H., Giller, C. A. & Levine, B. D. Transfer function analysis of
dynamic cerebral autoregulation in humans. The American journal of physiology 274, H233-
241, doi:10.1152/ajpheart.1998.274.1.h233 (1998).

Mokri, B. The Monro-Kellie hypothesis: applications in CSF volume depletion. Neurology
56, 1746-1748, doi:10.1212/wnl.56.12.1746 (2001).

Czosnyka, M., Smielewski, P., Kirkpatrick, P., Menon, D. K. & Pickard, J. D. Monitoring of
cerebral autoregulation in head-injured patients. Stroke 27, 1829-1834 (1996).

Czosnyka, M., Smielewski, P., Piechnik, S., Steiner, L. A. & Pickard, J. D. Cerebral
autoregulation following head injury. J  Neurosurg 95, 756-763,
doi:10.3171/jns.2001.95.5.0756 (2001).

Overgaard, J. & Tweed, W. A. Cerebral circulation after head injury. 1. Cerebral blood flow
and its regulation after closed head injury with emphasis on clinical correlations. J Neurosurg
41, 531-541, doi:10.3171/jns.1974.41.5.0531 (1974).

Enevoldsen, E. M. & Jensen, F. T. "False" autoregulation of cerebral blood flow in patients
with acute severe head injury. Acta Neurol Scand Suppl 64, 514-515 (1977).

Enevoldsen, E. M. & Jensen, F. T. Autoregulation and CO2 responses of cerebral blood flow
in patients with acute severe head injury. J Neurosurg 48, 689-703,
doi:10.3171/jns.1978.48.5.0689 (1978).

Cold, G. E. & Jensen, F. T. Cerebral autoregulation in unconscious patients with brain injury.
Acta Anaesthesiol Scand 22, 270-280 (1978).

Muizelaar, J. P., Lutz, H. A., 3rd & Becker, D. P. Effect of mannitol on ICP and CBF and
correlation with pressure autoregulation in severely head-injured patients. Journal of
neurosurgery 61, 700-706, doi:10.3171/jns.1984.61.4.0700 (1984).

Muizelaar, J. P., Ward, J. D., Marmarou, A., Newlon, P. G. & Wachi, A. Cerebral blood flow
and metabolism in severely head-injured children. Part 2: Autoregulation. J Neurosurg 71,
72-76, d0i:10.3171/jns.1989.71.1.0072 (1989).

Newell, D. W., Aaslid, R., Stooss, R., Seiler, R. W. & Reulen, H. J. Evaluation of
hemodynamic responses in head injury patients with transcranial Doppler monitoring. Acta

Neurochir (Wien) 139, 804-817 (1997).

31



25

26

27

28

29

30

31

32

33

34

35

DOI:10.14753/SE.2021.2514

Junger, E. C. et al. Cerebral autoregulation following minor head injury. J Neurosurg 86,
425-432, doi:10.3171/jns.1997.86.3.0425 (1997).

Engelborghs, K. et al. Impaired autoregulation of cerebral blood flow in an experimental
model of traumatic brain injury. Journal of neurotrauma 17, 667-677,
doi:10.1089/089771500415418 (2000).

DeWitt, D. S. et al. Regional cerebrovascular responses to progressive hypotension after
traumatic brain injury in cats. The American journal of physiology 263, H1276-1284,
doi:10.1152/ajpheart.1992.263.4.H1276 (1992).

Lewelt, W., Jenkins, L. W. & Miller, J. D. Autoregulation of cerebral blood flow after
experimental fluid percussion injury of the brain. J Neurosurg 53, 500-511,
doi:10.3171/jns.1980.53.4.0500 (1980).

Golding, E. M., Contant, C. F., Jr., Robertson, C. S. & Bryan, R. M., Jr. Temporal effect of
severe controlled cortical impact injury in the rat on the myogenic response of the middle
cerebral artery. Journal of neurotrauma 15, 973-984, doi:10.1089/neu.1998.15.973 (1998).
Mathew, B. P., DeWitt, D. S., Bryan, R. M., Jr., Bukoski, R. D. & Prough, D. S. Traumatic
brain injury reduces myogenic responses in pressurized rodent middle cerebral arteries.
Journal of neurotrauma 16, 1177-1186, doi:10.1089/neu.1999.16.1177 (1999).

Villalba, N. et al. Traumatic brain injury disrupts cerebrovascular tone through endothelial
inducible nitric oxide synthase expression and nitric oxide gain of function. Journal of the
American Heart Association 3, 001474, doi:10.1161/JAHA.114.001474 (2014).
Budohoski, K. P. ef al. The relationship between cerebral blood flow autoregulation and
cerebrovascular pressure reactivity after traumatic brain injury. Neurosurgery 71, 652-660;
discussion 660-651, doi:10.1227/NEU.0b013e318260feb1 (2012).

Toth, P. et al. Age-related autoregulatory dysfunction and cerebromicrovascular injury in
mice with angiotensin II-induced hypertension. J Cereb Blood Flow Metab 33, 1732-1742,
doi:10.1038/jcbfm.2013.143 (2013).

Budohoski, K. P. et al. Monitoring cerebral autoregulation after head injury. Which
component of transcranial Doppler flow velocity is optimal? Neurocritical care 17,211-218,
doi:10.1007/s12028-011-9572-1 (2012).

Kontos, H. A. & Wei, E. P. Superoxide production in experimental brain injury. J Neurosurg

64, 803-807, doi:10.3171/jns.1986.64.5.0803 (1986).

32



36

37

38

39

40

41

DOI:10.14753/SE.2021.2514

Alluri, H., Wiggins-Dohlvik, K., Davis, M. L., Huang, J. H. & Tharakan, B. Blood-brain
barrier dysfunction following traumatic brain injury. Metabolic brain disease 30, 1093-1104,
doi:10.1007/s11011-015-9651-7 (2015).

Rodriguez-Grande, B., Ichkova, A., Lemarchant, S. & Badaut, J. Early to Long-Term
Alterations of CNS Barriers After Traumatic Brain Injury: Considerations for Drug
Development. A4APS J 19, 1615-1625, doi:10.1208/s12248-017-0123-3 (2017).

Li, W. et al. Spatiotemporal changes in blood-brain barrier permeability, cerebral blood flow,
T2 and diffusion following mild traumatic brain injury. Brain research 1646, 53-61,
doi:10.1016/j.brainres.2016.05.036 (2016).

Johnson, V. E. et al. Mechanical disruption of the blood-brain barrier following experimental
concussion. Acta Neuropathol 135, 711-726, doi:10.1007/s00401-018-1824-0 (2018).
Kumar, R. G. et al. Epidemiology of Comorbid Conditions Among Adults 50 Years and
Older With Traumatic Brain Injury. J Head Trauma Rehabil 33, 15-24,
doi:10.1097/HTR.0000000000000273 (2018).

Centers for Disease Control and Prevention. Report to Congress on Traumatic Brain Injury

in the United States: Epidemiology and Rehabilitation.

2015. Atlanta, GA: National Center for Injury Prevention and Control; Division of Unintentional

42

43

44

45

46

Injury Prevention (2015).

Thompson, H. J., Dikmen, S. & Temkin, N. Prevalence of comorbidity and its association
with traumatic brain injury and outcomes in older adults. Res Gerontol Nurs S, 17-24,
doi:10.3928/19404921-20111206-02 (2012).

Modrick, M. L. et al. Role of hydrogen peroxide and the impact of glutathione peroxidase-1
in regulation of cerebral vascular tone. J Cereb Blood Flow Metab 29, 1130-1137,
do0i:10.1038/jcbfm.2009.37 (2009).

Knot, H. J. & Nelson, M. T. Regulation of membrane potential and diameter by voltage-
dependent K+ channels in rabbit myogenic cerebral arteries. Am J Physiol 269, H348-355
(1995).

Brayden, J. E. & Nelson, M. T. Regulation of arterial tone by activation of calcium-dependent
potassium channels. Science 256, 532-535 (1992).

Paterno, R., Heistad, D. D. & Faraci, F. M. Potassium channels modulate cerebral
autoregulation during acute hypertension. American journal of physiology. Heart and

circulatory physiology 278, H2003-2007 (2000).

33



47

48

49

50

51

52

53

54

55

56

57

58

DOI:10.14753/SE.2021.2514

Randhawa, P. K. & Jaggi, A. S. TRPV4 channels: physiological and pathological role in
cardiovascular system. Basic Res Cardiol 110, 54, doi:10.1007/s00395-015-0512-7 (2015).
Hayabuchi, Y., Nakaya, Y., Matsuoka, S. & Kuroda, Y. Hydrogen peroxide-induced vascular
relaxation in porcine coronary arteries is mediated by Ca2+-activated K+ channels. Heart
Vessels 13, 9-17 (1998).

lida, Y. & Katusic, Z. S. Mechanisms of cerebral arterial relaxations to hydrogen peroxide.
Stroke 31, 2224-2230 (2000).

Paterno, R., Heistad, D. D. & Faraci, F. M. Potassium channels modulate cerebral
autoregulation during acute hypertension. American journal of physiology. Heart and
circulatory physiology 278, H2003-2007, doi:10.1152/ajpheart.2000.278.6.H2003 (2000).
Knot, H. J. & Nelson, M. T. Regulation of membrane potential and diameter by voltage-
dependent K+ channels in rabbit myogenic cerebral arteries. The American journal of
physiology 269, H348-355, doi:10.1152/ajpheart.1995.269.1.H348 (1995).

Suresh, K. et al. Hydrogen peroxide-induced calcium influx in lung microvascular
endothelial cells involves TRPV4. American journal of physiology. Lung cellular and
molecular physiology 309, 1L.1467-1477, doi:10.1152/ajplung.00275.2015 (2015).

Earley, S., Heppner, T. J., Nelson, M. T. & Brayden, J. E. TRPV4 forms a novel Ca2+
signaling complex with ryanodine receptors and BKCa channels. Circulation research 97,
1270-1279, doi:10.1161/01.RES.0000194321.60300.d6 (2005).

Bubolz, A. H. et al. Activation of endothelial TRPV4 channels mediates flow-induced
dilation in human coronary arterioles: role of Ca2+ entry and mitochondrial ROS signaling.
American journal of physiology. Heart and circulatory physiology 302, H634-642,
doi:10.1152/ajpheart.00717.2011 (2012).

Earley, S. et al. TRPV4-dependent dilation of peripheral resistance arteries influences arterial
pressure. American journal of physiology. Heart and circulatory physiology 297, H1096-
1102, doi:10.1152/ajpheart.00241.2009 (2009).

Price, R. S. & Kasner, S. E. Hypertension and hypertensive encephalopathy. Handbook of
clinical neurology 119, 161-167, doi:10.1016/B978-0-7020-4086-3.00012-6 (2014).

Toth, P. et al. IGF-1 deficiency impairs neurovascular coupling in mice: implications for
cerebromicrovascular aging. Aging cell 14, 1034-1044, doi:10.1111/acel.12372 (2015).
Kasemsri, T. & Armstead, W. M. Endothelin production links superoxide generation to
altered opioid-induced pial artery vasodilation after brain injury in pigs. Stroke 28, 190-196;
discussion 197, do0i:10.1161/01.str.28.1.190 (1997).

34



59

60

61

62

63

64

65

66

67

68

69

DOI:10.14753/SE.2021.2514

Springo, Z. et al. Aging Exacerbates Pressure-Induced Mitochondrial Oxidative Stress in
Mouse Cerebral Arteries. The journals of gerontology. Series A, Biological sciences and
medical sciences 70, 1355-1359, doi:10.1093/gerona/glu244 (2015).

Kim, J. J. et al. Phlorofucofuroeckol Improves Glutamate-Induced Neurotoxicity through
Modulation of Oxidative Stress-Mediated Mitochondrial Dysfunction in PC12 Cells. PloS
one 11, 0163433, doi:10.1371/journal.pone.0163433 (2016).

Cao, Y. et al. Glutamate carboxypeptidase Il gene knockout attenuates oxidative stress and
cortical apoptosis after traumatic brain injury. BMC neuroscience 17, 15,
doi:10.1186/s12868-016-0251-1 (2016).

Case, A.J., Li, S., Basu, U., Tian, J. & Zimmerman, M. C. Mitochondrial-localized NADPH
oxidase 4 is a source of superoxide in angiotensin II-stimulated neurons. American journal
of  physiology. Heart and circulatory physiology 305, H19-28,
doi:10.1152/ajpheart.00974.2012 (2013).

Zimmerman, M. C. et al. Superoxide mediates the actions of angiotensin II in the central
nervous system. Circulation research 91, 1038-1045,
doi:10.1161/01.res.0000043501.47934.fa (2002).

Lopez-Fabuel, 1. et al. Complex I assembly into supercomplexes determines differential
mitochondrial ROS production in neurons and astrocytes. Proc Natl Acad Sci U S A 113,
13063-13068, doi:10.1073/pnas.1613701113 (2016).

Drose, S., Stepanova, A. & Galkin, A. Ischemic A/D transition of mitochondrial complex I
and its role in ROS generation. Biochimica et biophysica acta 1857, 946-957,
doi:10.1016/j.bbabio.2015.12.013 (2016).

Gidday, J. M., Beetsch, J. W. & Park, T. S. Endogenous glutathione protects cerebral
endothelial cells from traumatic injury. Journal of neurotrauma 16, 27-36,
doi:10.1089/neu.1999.16.27 (1999).

Lifshitz, J., Sullivan, P. G., Hovda, D. A., Wieloch, T. & MclIntosh, T. K. Mitochondrial
damage and dysfunction in traumatic brain injury. Mitochondrion 4, 705-713,
doi:10.1016/j.mit0.2004.07.021 (2004).

Mendes Arent, A., de Souza, L. F., Walz, R. & Dafre, A. L. Perspectives on molecular
biomarkers of oxidative stress and antioxidant strategies in traumatic brain injury. BioMed
research international 2014, 723060, doi:10.1155/2014/723060 (2014).

Wang, J. N., Shi, N. & Chen, S. Y. Manganese superoxide dismutase inhibits neointima

formation through attenuation of migration and proliferation of vascular smooth muscle cells.

35



70

71

72

73

74

75

76

77

78

DOI:10.14753/SE.2021.2514

Free radical biology & medicine 52, 173-181, doi:10.1016/j.freeradbiomed.2011.10.442
(2012).

Guikema, B. J., Ginnan, R., Singer, H. A. & Jourd'heuil, D. Catalase potentiates interleukin-
Ibeta-induced expression of nitric oxide synthase in rat vascular smooth muscle cells. Free
radical biology & medicine 38, 597-605, doi:10.1016/j.freeradbiomed.2004.11.022 (2005).
Boveris, A. & Cadenas, E. Mitochondrial production of hydrogen peroxide regulation by
nitric oxide and the role of ubisemiquinone. /[UBMB life 50, 245-250, doi:10.1080/713803732
(2000).

Armstead, W. M, Kiessling, J. W., Riley, J., Kofke, W. A. & Vavilala, M. S. Phenylephrine
infusion prevents impairment of ATP- and calcium-sensitive potassium channel-mediated
cerebrovasodilation after brain injury in female, but aggravates impairment in male, piglets
through modulation of ERK MAPK upregulation. Journal of neurotrauma 28, 105-111,
doi:10.1089/neu.2010.1581 (2011).

Salvucci, A. & Armstead, W. M. Vasopressin impairs K(ATP) and K(ca) channel function
after brain injury. Brain research 887, 406-412, doi:10.1016/s0006-8993(00)03079-1 (2000).
Barlow, R. S., El-Mowafy, A. M. & White, R. E. H(2)O(2) opens BK(Ca) channels via the
PLA(2)-arachidonic acid signaling cascade in coronary artery smooth muscle. American
journal of physiology. Heart and circulatory physiology 279, HA475-483,
doi:10.1152/ajpheart.2000.279.2.H475 (2000).

Zhang, D. X. et al. H202-induced dilation in human coronary arterioles: role of protein
kinase G dimerization and large-conductance Ca2+-activated K+ channel activation.
Circulation research 110, 471-480, doi:10.1161/CIRCRESAHA.111.258871 (2012).
Chaplin, N. L. & Amberg, G. C. Stimulation of arterial smooth muscle L-type calcium
channels by hydrogen peroxide requires protein kinase C. Channels 6, 385-389,
doi:10.4161/chan.21708 (2012).

Greensmith, D. J., Eisner, D. A. & Nirmalan, M. The effects of hydrogen peroxide on
intracellular calcium handling and contractility in the rat ventricular myocyte. Cell Calcium
48, 341-351, doi:10.1016/j.ceca.2010.10.007 (2010).

Tucsek, Z. et al. Obesity in Aging Exacerbates Blood-Brain Barrier Disruption,
Neuroinflammation, and Oxidative Stress in the Mouse Hippocampus: Effects on Expression
of Genes Involved in Beta-Amyloid Generation and Alzheimer's Disease. J Gerontol A Biol

Sci Med Sci, doi:10.1093/gerona/glt177 (2013).

36



79

80

81

82

83

84

85

86

87

DOI:10.14753/SE.2021.2514

Marcano, D. C. et al. Design of poly(ethylene glycol)-functionalized hydrophilic carbon
clusters for targeted therapy of cerebrovascular dysfunction in mild traumatic brain injury.
Journal of neurotrauma 30, 789-796, doi:10.1089/neu.2011.2301 (2013).

Szarka, N. et al. Traumatic Brain Injury Impairs Myogenic Constriction of Cerebral Arteries:
Role of Mitochondria-Derived H202 and TRPV4-Dependent Activation of BKca Channels.
Journal of neurotrauma, doi:10.1089/neu.2017.5056 (2018).

Pinto, C. C. et al. Arterial hypertension exacerbates oxidative stress in early diabetic
retinopathy. Free Radic Res 41, 1151-1158, doi:10.1080/10715760701632816 (2007).
Marklund, N., Clausen, F., Lewander, T. & Hillered, L. Monitoring of reactive oxygen
species production after traumatic brain injury in rats with microdialysis and the 4-
hydroxybenzoic acid trapping method. Journal of neurotrauma 18, 1217-1227,
doi:10.1089/089771501317095250 (2001).

Schreibelt, G. et al. Reactive oxygen species alter brain endothelial tight junction dynamics
via RhoA, PI3 kinase, and PKB signaling. FASEB journal : official publication of the
Federation of American Societies for Experimental Biology 21, 3666-3676,
doi:10.1096/1j.07-8329com (2007).

Haorah, J. et al. Oxidative stress activates protein tyrosine kinase and matrix
metalloproteinases leading to blood-brain barrier dysfunction. J Neurochem 101, 566-576,
doi:10.1111/.1471-4159.2006.04393 .x (2007).

Sun, H. J. et al. NLRP3 inflammasome activation contributes to VSMC phenotypic
transformation and proliferation in hypertension. 8, €3074, doi:10.1038/cddis.2017.470
(2017).

Wang, Q., Cui, Y., Lin, N. & Pang, S. Correlation of cardiomyocyte apoptosis with duration
of hypertension, severity of hypertension and caspase-3 expression in hypertensive rats.
Experimental and therapeutic medicine 17, 2741-2745, doi:10.3892/etm.2019.7249 (2019).
Montagne, A. et al. Pericyte degeneration causes white matter dysfunction in the mouse

central nervous system. Nature medicine 24, 326, doi:10.1038/nm.4482

https://www.nature.com/articles/nm.4482#supplementary-information (2018).

88

Fiala, M. et al. Cyclooxygenase-2-positive macrophages infiltrate the Alzheimer's disease
brain and damage the blood-brain barrier. European journal of clinical investigation 32, 360-

371, doi:10.1046/j.1365-2362.2002.00994 x (2002).

37


http://www.nature.com/articles/nm.4482#supplementary-information

89

90

91

92

DOI:10.14753/SE.2021.2514

Carrano, A. et al. Neuroinflammation and blood-brain barrier changes in capillary amyloid
angiopathy. Neuro-degenerative diseases 10, 329-331, doi:10.1159/000334916 (2012).
Rochfort, K. D. & Cummins, P. M. The blood-brain barrier endothelium: a target for pro-
inflammatory  cytokines.  Biochemical  Society  transactions 43,  702-706,
doi:10.1042/BST20140319 (2015).

Cortese, G. P. & Burger, C. Neuroinflammatory challenges compromise neuronal function
in the aging brain: Postoperative cognitive delirium and Alzheimer's disease. Behavioural
brain research 322,269-279, doi:10.1016/j.bbr.2016.08.027 (2017).

Jaworski, T. et al. Dendritic degeneration, neurovascular defects, and inflammation precede
neuronal loss in a mouse model for tau-mediated neurodegeneration. The American journal

of pathology 179, 2001-2015, doi:10.1016/j.ajpath.2011.06.025 (2011).

38



DOI:10.14753/SE.2021.2514

X. Peer-reviewed publications of the author (IF: 22,999)
- The thesis is based on the following publications:

1. Szarka N, Pabbidi MR, Amrein K, Czeiter E, Buki A, Koller A, Toth P. Traumatic brain
injury impairs myogenic constriction of cerebral arteries: role of mitochondria-derived H202
and TRPV4-dependent activation of BKCa channels. J Neurotrauma. 2018. 1;35(7):930-939.

2. Szarka N, Toth L, Czigler A, Kellermayer Z, Ungvari Z, Amrein K, Czeiter E, Bali Zs,
Tadepalli A, Wahr M, Hernadi I, Koller A, Buki A, Toth P. Single mild traumatic brain injury
induces persistent disruption of the blood-brain barrier, neuroinflammation and cognitive
decline in hypertensive rats. Int J Mol Sci. 2019 30;20(13):3223.

- Other publications:

3. Toth P, Szarka N, Farkas E, Ezer E, Czeiter E, Amrein K, Ungvari Z, Hartings JA, Buki
A, Koller A Traumatic brain injury-induced autoregulatory dysfunction and spreading
depression-related neurovascular uncoupling: Pathomechanisms, perspectives, and
therapeutic implications. Am J Physiol Heart Circ Physiol. 2016 1;311(5):H1118-H1131.

4, Szarka N, Amrein K, Horvath P, Ivic |, Czeiter E, Buki A, Koller A, Toth P.
Hypertension-induced enhanced myogenic constriction of cerebral arteries is preserved after
traumatic brain injury. J Neurotrauma. 2017 15;34(14):2315-23109.

5. Czigler A, Toth L, Szarka N, Szilagyi K, Kellermayer Z, Harcid A, Vecsernyes M,
Ungvari Z, Szolics A, Koller A, Buki A, Toth P. Prostaglandin E2, a postulated mediator of
neurovascular coupling, at low concentrations dilates whereas at higher concentrations
constricts human cerebral parenchymal arterioles. Prostaglandins and Other Lipid Mediators
2020 146:106389.

6. Czigler A, Toth L, Szarka N, Berta G, Amrein K, Czeiter E, Lendvai-Emmert D, Bodo K,
Tarantini S, Koller A, Ungvari Z, Buki A, Toth P. Hypertension exacerbates cerebrovascular

oxidative stress induced by mild traumatic brain injury: protective effects of the

39



DOI:10.14753/SE.2021.2514

mitochondria-targeted antioxidative peptide SS-31. J Neurotrauma 2019 1;36(23):3309-
3315.

7. Toth L, Czigler A, Szarka N, Toth P. The role of transient receptor potential channels in
cerebral myogenic autoregulation in hypertension and aging. Am J Physiol Heart Circ
Physiol. 2020 319(1):H159-H161.

8. Szarka N, Oberling J, Vegh M, Nagy L. Patient satisfaction with care in gastrooesophageal
reflux disease. Orv Hetil. 2013 27;154(43):1713-8.

- Abstract of oral and poster presentations

1. Deak F.*, Logan S.*, Szarka N.*, Orock A., Giles C., Mitschelin CM., Wren J., Koller
A., Sonntag EW. Novel model of age-related cognitive impairment and molecular
mechanism of synaptic failure. Poster presentation (Joint meeting of FEPS and the Hungarian

Physiological Society, Budapest, 2014)

2. Orock A., Logan S., Szarka N., Deak F. Munc18-1 mediates age dependent synaptic
dysfunction. Poster presentation (Meeting of the American Aging Association, San Antonio,
TX 2014)

3. Logan S., Landoll J., Orock A., Szarka N., Sonntag EW., Dedk F. Age-related decline in
synaptic function is rescued by IGF-1 treatment. Poster presentation (Meeting of the
American Aging Association, San Antonio, TX 014)

4. Szarka N, Toth P, Koller A. Hypertension enhances flow-induced constriction of rat
cerebral arteries, which is lost prior to stroke. Oral presentation (Meeting of the European

Research Council for Cardiovascular Research, Garda, Italy 2014)

5. Szarka N, Toth P, Koller A. Flow-induced constriction of cerebral arteries in

hypertension: a protective mechanism against stroke? (FASEB J. 2014)

6. Szarka N, Pabbidi MR, Koller A, Toth P. Traumatic brain injury impairs myogenic

constriction of rat cerebral arteries by mitochondria-derived H202-induced, TRPV4

40



DOI:10.14753/SE.2021.2514

dependent activation of BKCa channels Poster presentation (Vascular remodelling in biology
and medicine, Fribourg, Switzerland 2016.)

7. Szarka N, Amrein K, Czeiter E, Buki A Koller A, Toth P. Enhanced myogenic response
of cerebrak arteries induced by pre-exesting hypertension is intact after traumatic brain injury

Poster presentation (Experimental biology, Chicago, USA, 2017)

8. Szarka N. Mechanism of Cerebral Myogenic Dysfunction Following Traumatic Brain
Injury. Oral presentation (7th Pannonian Symposium on Central Nervous System Injury
2017)

9.Szénasi A, Szarka N, Amrein K, Téth P, Koller A. A traumés agysériilés a konstriktor 20-
HETE termelés csokkentése révén, gyengiti a nyomas és aramlés-indukalt konstriktor

mechanizmusokat. (FAME 2019.Budapest Semmelweis University)

41



