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In the present dissertation we applied different ex vivo and in vivo methods and
approaches, aiming to understand the regulation of human cerebral blood flow (CBF) at
multiple levels. Accordingly, the two parts of the dissertation investigate neurovascular
coupling in humans at the cellular and physiological levels. Part | demonstrates molecular
mechanisms of neurovascular coupling in the human brain, and Part 1l provides clinically
applicable methods to assess regulatory mechanisms of cerebral blood flow in clinical
settings. Afterward, we discuss our findings in a common context, with special focus on

the translational and clinically usable aspects of our findings.

Part |. The vasomotor effect of PGE2 on human cerebral arterioles:
implications for the mechanisms of neurovascular coupling in

humans

Introduction

Cerebral tissue requires the highest energy demand in the human body, however, there
are no major energy stores available to maintain that energy consumption in the brain
[14]. Therefore, the brain is dependent on continuous, stable blood supply. In the
meantime, the brainis situated in the rigid skull, where volume expansion isallowed only
to a limited extent, since uncontrolled increase in CBF would lead to elevation of
intracranial pressure [56]. Thus, CBF has to be relatively constant and independent of the
systemic circulation. In the same time, as mentioned above, it has to serve the increased
needs of cerebral tissue during regional neuronal activation. In order to meet these unique
requirements, the regulation of cerebral blood flow is the integration of dynamic,
multilevel regulatory mechanisms. The two main regulatory processes are autoregulation

of cerebral blood flow and neurovascular coupling.



Autoregulation of cerebral blood flow and neurovascular coupling

According to the Monroe-Kellie doctrine the total volume in the cranium has to be
constant and the volume of brain tissue, blood and cerebrospinal fluid can change only in
exchange to the others’ expenses [59]. Therefore, cerebral blood flow has to be relatively
constant in order to allow a stable and continuous supply of cerebral tissue and to maintain
intracranial volume and pressure constant [78]. Indeed, in a wide range of perfusion
pressure CBF increasesonly slightly ina linear manner forming a plateau phase of blood
flow as a function of systemic blood pressure within the limits of ~ 60 mmHg and ~ 160
mmHg. This so called “autoregulation of cerebral blood flow” is achieved by several
mechanisms [4]. Based on Ohm’s and Hagen-Poiseuille’s laws autoregulation can be
defined in terms of changes of vascular resistance or simply in terms of changes of vessel
diameter as perfusion pressure varies [58]. The vascular resistance is adjusted to changes
in perfusion pressure by the interaction of the pressure-induced intrinsic myogenic
response of cerebral vessels, as well as metabolic effects of local compounds such as
changes in H*, K*, O,, adenosine concentration (so called ,,metabolic regulation”) etc.
[14]. It is important to note, that uniquely, in the cerebral circulation large arteries (i.e.
middle cerebral artery) are important in autoregulatory function because they contribute
to vascular resistance about 40 %. Also, various brain regions are involved differently in
the regulation of CBF. Thus autoregulation of CBF shows both segmental and regional
heterogeneity [24]. Myogenic response contributes considerably to cerebrovascular
resistance via changing diameter of resistance vessels in response to changes in cerebral
perfusion pressure in a negative feedback manner. Autoregulation of cerebral blood flow
is profoundly affected by chemical and metabolic regulation. Accordingly,
cerebrovascular tone is largely determined by the changes in partial pressure of carbon
dioxide, and local metabolic by-products also modulate diameter and thus resistance of
cerebral arteriesand arterioles. In contrast to the mentioned negative feedback regulatory
mechanisms, a feedforward mechanism ensures adequate metabolic and gas supply of

activated neuronal tissue, named neurovascular coupling.



Neurovascular coupling

It is required to adequately adjust cerebral blood flow to neuronal activation in a tightly
controlled temporal and spatial manner to maintain normal cellular function while the
demand for oxygen and nutrients surges rapidly in the brain with increases in regional
neuronal activity[69]. A feedforward homeostatic process termed neurovascular coupling
(NVC) (or “functional hyperemia”) is responsible for matching cerebral blood flow to
neuronal activity. This is accomplished by several well organized mechanisms that
involve activated neurons, astrocytes, pericytes, smooth muscle and endothelial cells,

vasodilator mediators and electrical signals [64].

Neurovascular coupling’s ability to increase cerebral blood flow in functionally active
parts of the brain plays a central role in maintaining cognitive function. This is suggested
by studies showing that impaired NVC due to hypertension, aging, obesity, traumatic
brain injury etc. is associated with cognitive decline [68, 70] and that pharmacological
impairment of neurovascular coupling leads to memory deficit and disturbances in gait
function in mice [69]. To quantify NVC, the measurement of blood flow and activity of
specific regions of the cerebral cortex is necessary. Several methods - transcranial
Doppler (TCD), functional magnetic resonance imaging (fMRI), single photon emission
computer  tomography  (SPECT), positron emission tomography  (PET),
electroencephalography (EEG) and near-infrared spectroscopy (NIRS) — are already
proved to be efficient in the assessment of NVC [34, 38]. It is important to note, that in
humans, by using the mentioned in vivo approaches it is not possible to understand the
underlying molecular and cellular mechanisms of NVC. Previous studies suggested in
various preclinical models and humans that astrocytic prostaglandin E2 (PGE2) may play
an important role in NVC (Figure 1) [5, 40, 52]. However, contradictory studies have
shown that PGE:; is rather a vasoconstrictor than a vasodilator in the brain [20], and it
even may play a role in the development of vasospasm following subarachnoid bleeding
[44].
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Figure 1. Main molecular mechanisms of neurovascular coupling and the role of PGE2 (Phillips,
Chan, Zheng, Krassioukov, & Ainslie, 2015). Through neuronal activation, the excitatory
neurotransmitter, glutamate binds to NMDA receptor on the postsynaptic neuron, which
increases NNOS activity and consequently NO concentration. Glutamate also binds to mGIuR on
astrocytes, which eventually leads to PGE2 production. Both NO and PGE2 dilate arterioles,
therefore contribute to neurovascular coupling. (NMDAR: N-methyl-D-aspartate receptor; ATP:
Adenosine triphosphate; nNOS: neuronal nitric oxide synthase; NO: nitric oxide; eNOS:
endothelial nitric oxide synthase; cGMP: cyclic guanosine monophosphate; Ach: acetylcholing;
mGIuR: metabotropic glutamate receptor; PLA2: phospholipases A2; AA: arachidonic acid;
PGE2: prostaglandin E2; 20-HETE: 20-Hydroxyeicosatetraenoic acid)

Prostaglandin E;

Neurovascular hyperemia is predominantly mediated by cyclooxygenase (COX)-derived
metabolites of arachidonic acid (AA) [50], of which Prostaglandin E; (PGE;) has been
proposed as a key mediator of both astrocyte- and neuron-mediated neurovascular
coupling responses [5, 40]. Indirect evidence also supports a key role of COX-derived
vasodilator metabolites in neurovascular coupling responses in humans [31]. This has
also been confirmed by the administration of the COX inhibitor indomethacin: the
consequent reduction of PGE, synthesis was shown to significantly attenuate

neurovascular coupling responses in human subjects [10, 36, 41, 61]. There is also
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additional evidence suggesting that COX-derived PGE, the most widely produced
prostaglandin in the human body, exerts a tonic vasodilatory influence on the cerebral
circulation contributing to the maintenance of normal CBF [53, 61].

Despite the convincing evidence that suggests the central role of PGE; in NVC as a
vasodilator, there is also considerable controversy regarding the vasoactive action of this
functionally diverse prostaglandin. Parenchymal arterioles are the major determinants of
cerebrovascular resistance and this segment of the cerebrovascular tree is primarily
involved in both maintenance of normal basal cerebral perfusion and moment-to-moment
adjustment of CBF to metabolic needs of neurons via neurovascular coupling [26].
Theoretically, a test to support the potential role of PGE; in neurovascular coupling is the
demonstration that PGE, can directly elicit vasodilation, at least in parenchymal
resistance-sized arterioles. Contrary to expectations, a recent study reported that PGE:
constricted rather than dilated parenchymal arterioles isolated from both M. musculus and
R. norvegicus [20]. Furthermore, in preclinical models overproduction of PGE- has also

been linked to pathological vasospasm associated with subarachnoid hemorrhage [44].

Figure 2. Receptors of PGE:z and the different types of activated G-proteins and signaling
pathways (Friedman, Ogletree, Haddad, & Boutaud, 2015). PGE2: prostaglandin E2; EP:
prostaglandin receptor; IPs: inositol trisphosphate; Ca?*: calcium ion; cAMP: cyclic adenosine
monophosphate; Rho: GTPase Family; PI3K: phosphoinositide 3-kinase; ERK: extracellular
signal-regulated kinase)
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The contradictory findings, partially, could be explained by the different receptors of
PGE,, and the difference in the molecular mechanisms these receptors activate (Figure 2)
[27].The vasomotor effect of PGE; - similarly to other prostaglandins an thromboxanes -
is mediated by G protein coupled prostaglandin (EP) receptors, and in theory this could
be the reason behind PGE,'s “two-faced” behavior. Accordingly, PGE, can evoke
constriction or dilation, depending on the receptor subtype activated (Figure 2). EP1
receptors were shown to increase intracellular [Ca?'] leading to constriction of vascular
smooth muscle cells. The activation of EP4 receptor leads to vasodilation by Gs-
dependent stimulation of adenylyl-cyclase and increases in the production of cyclic
adenosine monophosphate (cCAMP) and the activation of protein kinase A (PKA).
Previous studies lead to the hypothesis that expression of EP receptor subtypes in cerebral
arterioles and therefore the vasoactive action of PGE, are species-dependent [79].
Importantly, to the best of our knowledge expression of EP receptors mediating dilator
and constrictor vasomotor mechanisms and the vasoactive effects of PGE, in human
cerebral arterioles have not yet been documented.

Aims and hypothesis

We hypothesized that expression of different EP receptors on specific vessels along the
cerebrovascular tree modulate the vasomotor effect of PGE, on human cerebral arterioles.
In order to test our hypothesis, using an ex vivo approach, we determined the direct
vasoactive effects of PGE, as well as expression of EP receptor subtypes in isolated
resistance-sized human cerebral parenchymal arterioles.
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Methods of Part |

Isolation of human parenchymal arterioles and vasomotor studies

All procedures involving human subjects were approved by the Regional Ethic and
Review Committee of the University of Pecs (3887) in accordance with the Declaration
of Helsinki. Following written informed consent, we obtained cortical (gray matter)
samples from patients undergoing neurosurgical removal of cerebral tumors (n = 19,
female: 7, male: 12, age: 53.742.9 years), which otherwise would have been discarded.
The patients did not have known comorbidities. Preoperatively, contrast enhanced
magnetization prepared rapid acquisition gradient echo (MP-RAGE) MRI sequences
were carried out in order to visualize contrast enhancing areas with pathologically
increased blood brain barrier permeability. Cerebral samples containing
intraparenchymal arterioles and/or the arterioles themselves were removed carefully from
non-enhancing normal cortical areas that had to be removed because of technical reasons
in order to approach deep-seated tumors [67]. After removal, cerebral tissue from the
fronto-temporo-parietal lobes was placed in 0°C - 4°C physiologic salt solution (PSS,
110.0 NaCl, 5.0 KClI, 2.5 CaCl2, 1.0 MgS04, 1.0 KH2PO4, 5.5 glucose, and 24.0 mmol/L
NaHCO3 equilibrated with a gas mixture of 95% air and 5% CO2, balanced with nitrogen
at pH ~7.3). After being transferred to the laboratory, intraparenchymal arterioles (first
order branches of the penetrating subpial arteriolar system, ~100 - 150 um) were isolated
from the cerebral samples with microsurgical instruments under an operating microscope,
cut into rings and transferred into a wire myograph (Danish Myo Technology, Aarhus,
Denmark, Figure 3). Arterioles’ segments (1.5 - 2 mm in length) were mounted on 40 um
stainless steel wires in the myograph chambers, and superfused with oxygenated PSS. In
a subset of experiments (n = 5) endothelium was removed by inserting an air bubble
through the lumen of the vessels. The lack of a functioning endothelium was verified by
the absence of vasomotor response of the arteriolar rings to acetylcholine. Optimal
passive tension (as determined from the vascular length-tension relationship) was applied
for one hour (equilibration period).
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Figure 3. DMT multi-chamber 620M Wire Myograph system (dmt.dk). The DMT system (top left)
contains 4 vessel-chambers (top right), and gives the opportunity to simultaneously execute
experiments. Under operating microscope 1-1.5 mm long arterial segments are mounted (bottom
left, green line and bottom right) and fixed with the help of 40 wum thick stainless steel micro wires
and the screws. Then the chamber is filled with oxygenated physiologic salt solution. After an
incubation period and normalization, the vasomotor effect of different pharmacological agents
can be measured by detecting the tension on the wire caused by the contraction (or dilation) of
the arterioles.
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In an additional set of experiments Wistar Kyoto rats (WKY, 300 - 350 g, male, n =10,
purchased from Charles River Laboratories) were anesthetized (isoflurane), decapitated,
the brains were removed and segments of basilar arteries were isolated and mounted in a
wire myograph, as described previously [62]. Animal studies were approved by the
Institutional Animal Use and Care Committee of the University of Pecs Medical School
(BA02/2000-32/2016), experiments were conducted in accordance with the EU Directive
2010/63/EU, and are reported in compliance with the ARRIVE guidelines.

All procedures involving human subjects were approved by the Regional Ethic and
Review Committee of the University of Pecs (3887) in accordance with the Declaration
of Helsinki. Animal studies were approved by the Institutional Animal Use and Care
Committee of the University of Pecs Medical School (BA02/2000-32/2016), experiments
were conducted in accordance the EU Directive 2010/63/EU, and are reported in

compliance with the ARRIVE guidelines.

Pharmacological studies

Vasomotor responses of preconstricted (phenylephrine 10° mol/L) human cerebral
parenchymal arteriolar preparations were assessed in response to cumulative
administration of increasing concentrations of PGE2 (from 10° to 3x10° mol/L) either in
the presence or absence of a functional endothelium. Endothelial function was tested by
investigating relaxation to acetylcholine (ACh; from 10° to 10 mol/L). Endothelium-
independent relaxation was studied by administration of the NO donor sodium
nitroprusside (from 10 to 10 mol/L). Constrictor ability of the vessels was tested by
obtaining vasomotor responses to the beta adrenergic agonist epinephrine (from 10° to
10 mol/L). The following antagonists were used to study the role of EP receptors in the
observed vasomotor effect of PGE2: the specific EP4 blocker BGC 20-1531 (10 mol/L
for 5 min, Cayman Chemicals, Ann Arbor, Ml), the EP2 receptor blocker PF-04418948
(105 mol/L for 5 min, Cayman Chemicals, Ann Arbor, MI) or the EP1 receptor blocker
SC-51322 (10 mol/L for 5 min, Cayman Chemicals, Ann Arbor, MI). In aseparate series
of experiments relaxation was induced in arteriolar rings by the EP4 receptor agonist
CAY10598 (10° mol/L), and after wash-out the responses were re-assessed in the
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presence of 3x10° mol/L PGE2. Arteriolar rings were incubated in the presence of only
one inhibitor in each experiment, and dose-responses were repeated, in a self-controlled
manner. At the end of the experiments still intact functional reactivity was assessed again,

then passive tension was obtained in Ca?* free conditions, as published earlier [6].

In additional control experiments vasomotor responses were assessed in rat basilar artery
preparations in response to cumulative addition of increasing concentrations of PGE2
(from 10°to 3x10° mol/L).

At the end of each experiment maximal isometric tension was obtained in response to 60
mM KCI. The maximal isometric relaxation of the vessels was determined by adding 10-

*mol/L nifedipine to the organ bath.
Quantitative real-time RT-PCR

A quantitative real-time RT-PCR method was used to analyze mRNA expression of EP1
and 4 receptors in endothelium-denuded human cerebral parenchymal arterioles
(PTGER1 and PTGER4, n = 5) and rat arterial segments (Ptgerl and Ptger4, n = 5)
according to previously described protocols [66]. In brief, RNA was isolated with the
Pure LinkTM RNA Mini Kit (Life Sciences, Carlsbad CA, USA) according to the
protocol suggested by the manufacturer and was reverse transcribed using the High
Capacity cDNA kit (Applied Biosystems, Foster City CA, USA). The total amount of
RNA was determined by NanoDrop (Thermo Scientific, Waltham MA, USA). gRT-PCR
was performed using SensiFast SYBR Green reagent (BioLine, Luckenwalde, Germany).
The  following  primer  sequences  were used: PTGER1, forward:
GAGGGAGGGAGGAAGCGG, reverse CCGCAAGGGCTCATGTCAG, Ptgerl,
forward: ACAGGGGATGCTCCAAACAC, reverse:
GGTGGGACGTGAATCCAGAA; PTGER4, forward: CTGCCGCTACAGACCCAG,
reverse: CAAGGAGGCGGACGAATTGA, Ptger4, forward:
CTCATCTGCTCCATTCCGCT, reverse: CCGGGTTTCTGCTGATGTCT.
Amplification efficiencies were determined using a dilution series of a standard vascular
sample. Quantification was performed using the efficiency-corrected AACq method as

previously described [66].
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Western blotting

Endothelium-denuded human cerebral parenchymal arterioles were crushed with Potter's
homogenizer in ice-cold lysis buffer (50 mM Tris-base, pH 7.4, 150 mM NaCl, 10%
glycerol, 1 mM EGTA, 1 mM Na-orthovanadate, 5 uM ZnCl2, 100 mM NaF, 10 pg/ml
aprotinin, 1 ug/ml leupeptin, 1 mM PMSF, 1% Triton X-100) and were centrifuged at
35.000xg at 4 °C for 20 min. The protein concentration of the supernatants was measured
by spectrophotometry on 595 nm (Lowry’s method, Detergent Compatible Protein Assay
Kit, Bio-Rad, Hercules, CA, USA). Samples containing 50 ug of protein were mixed with
4x Laemmli buffer (25 ml 1 M Tris—HCI, pH 6.8, 40 ml glycerol, 8 g SDS, 10 ml 100
mM EDTA, 10 ml 100 mM EGTA and 1 ml 1% bromophenol blue brought up to 100 ml
with distilled water) and boiled for 5 minutes. The proteins were separated in 10% SDS-
polyacrylamide gel based on their size. The gels were electro-blotted onto PVDF
membranes (Hybond-P, GE Healthcare, UK). The membranes were blocked in 5% nonfat
dry milk dissolved in TBS-Tween (10 mM Tris-base, 150 mM NaCl, 0.2% Tween-20,
pH 8.0). PGER1 (Cayman Chemical Company, 1:200) or PGER4 (Novus Biologicals,
1:200) primary antibody was added diluted in 3% BSA-TBS-Tween solution and
incubated overnight. Not bound antibodies were washed five times by TBS-Tween and
membranes were incubated with secondary anti-rabbit antibodies conjugated with
horseradish-peroxidase (HRP) (Pierce, Thermo Fischer Scientific, Rockford, IL, USA)
diluted 1:50.000 in 5% nonfat dry milk blocking solution. After five washes in TBS-
Tween the chemiluminescent signal was detected (Immobilon Western, Millipore
Corporation, Billerica, MA, USA). The blots were stripped and reprobed with B-actin
(Cell Signaling Technology, 1:2.000) antibody to check the equal loading of proteins
[65].
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Statistical analysis

Results of the pharmacological studies were analyzed by two-tailed paired t-test. Also,
the expression of EP1 and EP4 measured by PCR and western blot were compared in a
paired fashion. The effects of the EP4 agonist CAY10598 with or without the presence
of PGE2 were analyzed by One-Way analysis of variance (ANOVA) followed by Tukey
post-hoc tests, as appropriate. To test the normality of the data, we used the Kolmogorov -
Smirnov Test and they showed normal distribution. A p value less than 0.05 was
considered statistically significant. Data are expressed as mean=+ S.E.M.
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Results of Part |
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Figure 4. Dose-dependent vasomotor effects elicited by vasoactive agents in human cerebral
parenchymal arterioles. A: cumulative administration of the beta adrenergic vasoconstrictor
agent epinephrine and B: the NO donor vasodilator sodium nitroprusside (SNP) in human
isolated cerebral parenchymal arterioles. Note that pharmacologically elicited vasodilator and
vasoconstrictor responses were intact in the vascular preparations used, demonstrating that the
vessels were functionally intact. Data are mean = S.E.M. n=12 to 15 for each data point.

PGE2 induces biphasic vasomotor responses in isolated human cerebral

parenchymal arterioles in a concentration dependent manner

The smooth muscle layer of the studied human cerebral parenchymal arterioles was
functionally intact as demonstrated by the dose-dependent constriction evoked by
epinephrine (Figure 4A) and the dose-dependent dilation of the vessels to sodium-
nitroprusside (Figure 4B).

In functionally intact parenchymal arterioles lower concentrations of PGE, (from 108 to
10 mol/l) caused significant, endothelium-independent vasorelaxation. In contrast,
higher concentrations of PGE; evoked significant vasoconstriction. Original recording of

a typical vasomotor response of a human parenchymal arteriole in response to cumulative
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additions of increasing concentrations of PGE is shown in Figure 5A. Summary data are
shown in Figure 5B. The presence of a functional endothelium was verified by
demonstration of vasorelaxation to acetylcholine (10° mol/L) (Figure 5C). Denudation
of the endothelium did not affect the vasomotor response to PGE; (Figure 5B). We found
that rat basilar arteries (BA) exhibit dose-dependent contraction in response to
administration of PGE, (Figure 6A-B) and that in rat BAs mRNA expression of the
constrictor EP1 (Ptgerl) receptors was significantly higher than expression of the dilator

EP4 (Ptger4) (Figure 6C), extending previous findings of Dabertrand et al.
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Figure 5. Prostaglandin E2 (PGE,) elicits biphasic vasomotor responses in human cerebral
parenchymal arterioles. A: Original recording showing the effect of PGE2 on the tone of an
isolated segment of a human cerebral parenchymal arteriole. Note that at lower concentrations
PGE: elicits substantial vasorelaxation, whereas at higher concentrations a significant
vasoconstriction becomes manifest. B: Summary data showing PGE2-induced, concentration-
dependent changes in vasomotor tone of isolated human cerebral parenchymal arterioles in the
absence (Endo-) and presence (Endo+) of a functional endothelial layer. C: acetylcholine-
induced, endothelium dependent relaxation of the vessels. Responses are expressed as percentage
changes in vasomotor tone. Data are mean = S.E.M. n=5 to 7 for each data point.
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Figure 6. Prostaglandin E2 (PGE,) elicits contractions in cerebral arteries of rats. Original
recording (A) and summary data (B) of PGE2-induced vasomotor responses of isolated basilar
arteries of Whistar-Kyoto rats (n = 6). Responses are expressed as the percentage change in
vasoconstriction (increase in vasomotor tone) from baseline. Note that PGE: induces dose-
dependent constriction of rat cerebral arteries, supporting previous findings of Dabertrand et. al.
Data are mean = S.E.M. C: mRNA expression of the PGE. EP1 (Ptgerl) and EP4 (Ptger4)
receptors inisolated rat basilar arteries. Data are mean £S.E.M. (n = 5 for each group) *P<0.05.
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Role of EP1 and EP4 receptors in PGE-induced biphasic vasomotor
responses in human cerebral parenchymal arterioles
We found that treatment of human cerebral arterioles with BGC201531 (10

mol/L), a specific antagonist of the PGE; receptor subtype 4 (EP4), inhibited the PGE--

evoked vasorelaxation (Figure 7A-B).
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Figure 7. Role of PGE; receptor subtype EP4 in mediation of PGE,-induced vasodilation in
human cerebral parenchymal arterioles. Representative original recording of an experiment (A)
and summary data (B) of PGEz-induced changes in vasomotor tone of human isolated cerebral
parenchymal arterioles in the absence and presence of BGC201531 (106 mol/L), a specific
inhibitor of the PGE2 receptor subtype 4 (EP4). Data are mean + S.E.M. (n=6) *P<0.05 vs.
vehicle control.

Constrictions of arterioles evoked by high concentrations of PGE; (10°and 3x10° mol/L)
were inhibited by SC51322 (10° mol/L), a specific antagonist of the PGE, receptor
subtype 1 (EP1; Figure 8A-B). Upon inhibition of EP1-mediated constrictor response
(SC51322) to high concentrations of PGE,, a PGE2-induced vasodilatory effect became
manifest , suggesting that activation of the constrictor EP1 receptor by high PGE;

concentrations masks the effects of activation of vasodilatory EP4 receptors.
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Figure 8. Role of PGE; receptor subtype EP1 in mediation of PGE,-induced vasoconstriction
in human cerebral parenchymal arterioles. Representative original recording of an experiment
(A) and summary data (B) of changes invasomotor tone of human isolated cerebral parenchymal
arterioles induced by PGE: in the presence of the PGE> receptor subtype 1 (EP1) blocker
SC51322 (10-% mol/L). Note that after SC51322 administration high concentrations of PGE2 (10
5 and 3x10° mol/L) evoke relaxation of the vessels instead of contraction, suggesting that the
constrictor response is EP1-dependent. Data are mean + S.E.M. (n=6) *P<0.05 vs. PGE>-
induced responses without SC51322.
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Figure 9. Role of PGE; receptor subtype EP2 and EP4 in mediation of PGE,-induced
vasomotor responses in human cerebral parenchymal arterioles. A: The EP4 agonist CAY10598
evokes relaxation of isolated human cerebral parenchymal arterioles, which is blocked by the
EP1-dependent constrictor response induced by high concentration of PGE». Data are mean +
S.E.M. (n=6) *P<0.05 vs. CAY10598-induced response, n.s.(non-significant) vs. PGE: induced
contraction. B: PGEz-induced changes in vasomotor tone of human isolated cerebral
parenchymal arterioles inthe absence and presence of PF0441 (10-6 mol/L), a specific inhibitor
of the PGEz receptor subtype 2 (EP2). Data are mean + S.E.M. (n=6)
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This concept is further supported by the findings that 10 mol/L CAY10598, a specific
EP4 receptor agonist, induced relaxations in human cerebral parenchymal arterioles
(Figure 9A) to a similar extent as did 10° mol/L PGE; (Figure 4B). However, it did not
have any effects when the vessels were pre-constricted with the 3x10° mol/L PGE-.
Administration of the EP2 blocker PF-04418948 was without effect on the PGE»-induced

vasomotor responses of human cerebral parenchymal arterioles (Figure 9B).

Human cerebral parenchymal arterioles predominantly express EP4
receptors

We found that in endothelium-denuded human cerebral parenchymal arterioles
mRNA and protein expression of dilator EP4 (PTGER4) receptor was significantly
greater than that of the vasoconstrictor EP1 (PTGER1) receptors (Figure 10A-B).
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Figure 10. Expression of EP1 and EP4 receptors in human cerebral parenchymal arterioles.
mRNA (A) and protein (B) expression of EP1 and EP4 receptors (gene PTGER1 and PTGER4,
respectively) in isolated human cerebral parenchymal arterioles. Data are mean = S.E.M. (n=9
for QRT-PCR, and n=6 for western blotting for each group) *P<0.05.
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Summary of results of Part I.

e PGE2 induces biphasic vasomotor responses in human cerebral

parenchymal arterioles.

e PGE2 at low concentrations elicits vasodilation by activating EP4

receptors and likely plays a critical role in neurovascular coupling.

e Human cerebral parenchymal arterioles predominantly express EP4

receptors.

e PGE2 at higher concentrations elicits vasoconstriction by activating

EP1 receptors.
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Part Il. In vivo, non-invasive assessment of autoregulation of

cerebral blood flow and neurovascular coupling in human patients.

Introduction

Transcranial Doppler and its application for obtaining autoregulation and

neurovascular coupling in humans

To assess regulation of cerebral blood flow in vivo for clinical and research purposes
transcranial Doppler sonography (TCD) is a widely used, non-invasive method
introduced by Aaslid in 1982 [1, 8]. Since then, the technology and the assessing method
went through profound development, and nowadays it is used in various clinical settings
for various purposes: detection of vasospasm after subarachnoid hemorrhage; diagnosis
of cerebral circulatory arrest; intraoperative and postoperative detection of hypoperfusion
and emboli related to carotid endarterectomy; residual AVM diagnosis; monitoring in
TBI etc. [25, 57]. The basics of this ultrasonography technique are not different from
those sonographies used outside the skull: based on the Doppler phenomenon the velocity
of red blood cells are calculated from the shift in the wavelength between the emitted and
reflected sound waves. When trying to look inside of cerebral arteries we have to insonate
through the skull bone, which attenuates the strength of the ultrasound signal [8]. To
achieve better signal-to-noise ratio lower insonating frequencies (2 MHz) can be used
[39, 76]. Most of the time, the trans-temporal insonation is used to measure velocities in
the middle cerebral arteries (MCA). From the raw data of instantaneous flow velocities,
a variety of parameters can be derived. Most important among these are mean flow
velocity (FVm), which is the time-integral of the current flow velocities divided by the
integration period; the systolic and diastolic flow velocity (FVsys and F\VVdia respectively)
are the highest and lowest velocities ina given time interval; the Gosling Pulsatility Index
(P1 = (FVsys - Fvdia) / FVm) and the Pourcelot Resistance Index RI = (FVsys - FVdia)
| FVsys. The latter two were originally used to describe distal cerebrovascular resistance
(CVR) [29, 37, 49].
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Mean Flow Velocity

Mean flow velocity (FVm) in cerebral arteries is a key parameter in transcranial Doppler
(TCD) ultrasonography. It is used to monitor changes in cerebral blood flow after
subarachnoid hemorrhage, and key thresholds of FVm have been determined to detect
vasospasm [45]. FVm is also fundamental in calculating autoregulation parameters non-
invasively. Many TCD devices calculate FVm using systolic flow velocity (FVs) and

diastolic flow velocity (FVd) with the traditional formula:
FVmcalc = (FVs +2 * FVd) / 3.

This assumes a specific linear relationship between all components. More accurately,
FVm can be assessed as the time-integral of the current flow velocities divided by the
integration period (FVmreal) [11, 81].

Invasive assessment of autoregulation of cerebral blood flow: the Pressure

reactivity index

The pressure reactivity index (PRx) isthe moving correlation coefficient between arterial
mean pressure (ABP) and intracranial pressure (ICP) [17]. It is calculated in 5-minute
time windows by correlating mean values of ABP and ICP every 10 seconds, ie. 30-30
data points, and it is among the first parameters that quantify one of the major mechanisms
of cerebral autoregulation, the myogenic response to changes in transmural pressure [18].
When autoregulation is intact vasoconstriction or vasodilatation in cerebral resistance
vessels counteracts the rising or falling in blood pressure, therefore intracranial pressure
does not correlate with blood pressure. In this case, negative or close to zero PRx values
suggest preserved autoregulatory function. On the other hand, positive correlation
between blood pressure and ICP (when ICP changes as a function of blood pressure
passively), and thus PRx close to 1, indicates disturbed autoregulation of cerebral blood
flow [72].

Pulse amplitude index (PAX) is calculated by correlating the pulse amplitude of ICP
(AMP) —instead of absolute ICP values —with arterial blood pressure. Potentially, it could

outperform PRX, especially at lower ICP levels, for example after decompressive
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craniectomy, when changes in CBV are not directly reflected in changes in mean ICP [3,
12].

The so-called slow waves (B-waves) are intrinsic factors of ICP, they reflect to vasogenic
activity of cerebral autoregulation and have a frequency range of 0.005 - 0.05 Hz [16, 42,
60]. This means that a minimum of 5 minutes are required to collect enough data to
characterize the relationship between ABP and ICP. Using the 5-minute time window and
the averages calculated every 10 seconds is essential to calculate moving correlationin a
reliable way. On the other hand, the correlation coefficient calculated over a wider time
range is sensitive to other conditions (e.g. metabolic changes, nursing activities, drug
interactions), which would distort the parameter characteristic of autoregulation [16].

Optimal perfusion pressure and optimal autoregulatory function: clinical application

At present, the mentioned techniques are widely used in the care of patients after severe
traumatic brain injury, as part of the recently developed high-resolution invasive
neuromonitoring systems. Cerebrovascular dysregulation plays a critical role in
secondary damage of brain tissue induced by traumatic brain injury (TBI) [30, 51]. In
severe TBI patients both the impairment of autoregulation of CBF and neurovascular
hyperemia can be observed. It has been shown that disturbed autoregulatory function
determines the outcome of severe TBI patients [7]. Accordingly, PRx correlates well with
outcome, and has been shown to have a positive relationship between unfavorable PRX,
high intracranial pressure and low score on Glasgow Coma Scale (GCS) at admission [16,
18]. Plotting PRx against cerebral perfusion pressure provides a U-shaped curve. The
minimum point of this curve (where PRx is the lowest) identifies a so called optimal
cerebral perfusion pressure (CPP) values, at which autoregulatory function is optimal
[16]. By monitoring patients to identify optimal CPP and set blood pressure and/or ICP
accordingly may provide a more effective treatment for patients with TBI, by achieving
optimal autoregulatory function and therefore preventing secondary brain injury. At
present a clinical trial analyzing the feasibility of treatment based on optimal perfusion

pressure is ongoing under the name COGITATE (http://cppopt.org/).
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Non-invasive assessment of autoregulation of cerebral blood flow

A major disadvantage of using PRx to assess autoregulatory function inthe clinical setting
IS its invasivity, since both arterial pressure and intracranial pressure are measured by
intraarterial and intraventricular/intraparenchymal sensors [82]. This prevents the
applicability of PRx in patients in whom intracranial pressure cannot be measured
(moderate or mild TBI patients etc.) Models based on non-invasive TCD measurements
have been developed to estimate cerebral arterial blood volume (CaBV), which can be
used to assess autoregulation of cerebral blood flow non-invasively. The simpler
“continuous flow forward” (CFF) model assumes that the rate of blood flow from the
brainis constant, whereas the “pulsatile low forward” (PFF) approach assumes a pulsatile
outflow, when cerebrovascular resistance and arterial pressure also influence the outflow.
Calculating the correlation coefficient of CaBV and ABP gives the non-invasive

equivalent of PRx, nPRx.

Non-invasive measurement of neurovascular coupling with transcranial

Doppler

Increases in cerebral blood flow due to neurovascular coupling can be detected by TCD,
and this gives the opportunity to obtain this regulatory function non-invasively. However,
methods and approaches for this procedure have not been extensively described and
established. A feasibility study from 2017 provides evidence that in healthy individuals
TCD is capable to detect increased cerebral blood flow caused by different cognitive
tasks, implying the activation of NVC mechanisms [77]. It also has been shown that with
similar methods, a significant deterioration of NVC functions is detectable in patients
with acute ischemic stroke [54]. These results make TCD a cost-efficient, non-invasive
tool to investigate fundamental physiological and pathological mechanisms, but they also
add another element to TCD’s already wide scope of use, that might aid prognostication
or the choice of treatment in clinical settings. Based on the findings of Panerai we aimed
to implement TCD as a tool for measuring neurovascular coupling and include it in this

regard in our standard neuromonitoring system [55, 77].
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Aims and hypothesis

We aimed to compare the reliability of non-invasive TCD indices calculated by different
CBYV estimation models to invasive TCD indices in assessing autoregulatory function of
traumatic brain injury patients.

We also aimed to develop a reliable method to obtain NVC responses in vivo in healthy
individuals non-invasively in order to assess the feasibility of neurovascular coupling

monitoring in different pathological conditions in clinical settings.
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Methods of Part I

Transcranial Doppler sonography and monitoring of autoregulation in TBI

patients

Both continuous invasive (ABP and ICP) monitoring and daily non-invasive monitoring
with TCD were carried out in patients with traumatic brain injury (TBI) over the duration
of admission to the Neurosciences Critical Care Unit (NCCU) at Addenbrooke’s Hospital,
Cambridge, United Kingdom. Data registered prospectively as a part of standard care
were retrospectively reviewed with ICM+ software (Cambridge Enterprise, Cambridge,
United Kingdom; http://www.neurosurg.cam.ac.uk/icmplus)  were retrospectively
reviewed. The database was fully anonymized, no data on patient identifiers were
available, and therefore no additional ethical approval nor formal patient or proxy consent
was needed. PRx and PAx were calculated as the correlation coefficients between 30
samples of 10-second averages of ABP and ICP (or the amplitude of ICP in the case of
PAX).

Mean flow velocity (FVm) calculation in patients with transient intracranial

hypertension

In order to determine the importance of FVm calculation, we retrospectively analyzed a
specific group of patients: data was collected from 14 traumatic brain injury (TBI)
patients, whose recordings contained plateau waves (transient intracranial hypertension)
which resulted in a significant difference (meantSD: 25.3+5.9 mmHg) in ICP between
the baseline and the plateau phases. Plateau waves are a frequent (however a poorly
understood) physiological phenomenon recorded in severe TBI patients associated with
a hemodynamic dysfunction and cerebrovascular vasodilatory cascade. They usually
represent secondary brain insults, result in poorer outcome and increased mortality, as
during these several minutes to 30 min long episodes CPP and consequently cerebral
blood flow decreases significantly [13, 19, 71]. Accurate measurement of FV while ICP
is elevated is extremely important and could help to determine the relevance of these
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potentially harmful periods during the care of TBI patients. Differences were also

assessed between the indices FVmcalc, FVmreal, and the derivative pulsatility index (PI).

Neurovascular coupling in healthy people

Our long term goal isto asses NVC and identify differences in healthy controls and people
with neuropathological diseases. In order to achieve this, we needed to develop a method
that is sensitive and specific enough to detect changes in cerebral blood flow, indicating
NVC. Furthermore, since healthy controls are necessary to undertake various tasks, it is
important that only non-invasive approaches are feasible. We continuously measured
blood pressure and cerebral blood flow in 10 healthy adults. Blood pressure (BP) was
measured via a non-invasive finger cuff monitor (CNAP® Monitor 500 HD, CNSystems,
Graz, Austria), while blood flow velocity (FV) was detected by a TCD device (Multi-
Dop T, Compumedics DWL, Singen, Germany). Both device have an analogue signal
output. BP and FV signals were sent to a data acquisition (DAQ) A/D converter device
(DT9816, Measurement Computing Corporation, Norton MA, USA) in order to acquire
synchronized data (Figure 11). Then synchronized digital data were transferred to ICM+
software (Cambridge Enterprise, Cambridge, United Kingdom;

http://www.neurosurg.cam.ac.uk/icmplus). Our protocol was based on the work of

Ronney B. Panereai et al. [54, 55, 77]. Subjects were asked to stay still, and relax for at
least 5 minutes to acquire a baseline, then different tasks were carried out by the subjects
for at least 1 minute. Between active intervals, a minimum of 2 minute rest were taken.

The tasks were as follows:
1. Count backwards from 100 by 7
2. Name words in one minute that begin with a specific letter

3. Trail making test (TMT), originally used as part of a neuropsychological toolset
to quickly asses cognitive functions, where the subject is required to connect

numbers (and letters) in ascending (or alphabetical) order [9]
4. Clock-drawing test [2]

5. Elbow flexion (active, passive)
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6. Breath holding test

Changes in BP and FV from baseline to plateau during the different activities were
analyzed via ICM+ and Excel software.
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Figure 11. Hardware used to detect physiological changes in blood pressure and intracranial
blood flow velocity indicating functioning neurovascular coupling. Top left: Blood flow velocity
(FV) was detected by a transcranial Doppler ultrasound device (Multi-Dop T, Compumedics
DWL, Singen, Germany). Top right: A head frame was used to steady the TCD’s transducers at
correct positions in order to continuously measure blood flow in booth middle cerebral arteries.
Bottom left: A non-invasive finger cuff monitor (CNAP® Monitor 500 HD, CNSystems, Graz,
Austria), to record beat-to-beat blood pressure continuously based on blood volume changes in
the finger (plethysmography). Bottom right: Analogous BP and FV signals are converted to
digital signals and forwarded to a computer by a data acquisition (DAQ) A/D converter device
(DT9816, Measurement Computing Corporation, Norton, MA, USA)
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Results of Part Il

Non-invasive TCD derived autoregulation indices are comparable to their
invasive counterparts

The change in CaBV at any given time is determined by the volume of inflow and the
volume of outflow from the cranial space. With TCD, only the velocity of the blood

inflow is monitored. Based on how the nature of outflow is presumed, two different

methods can be used to model changes in CaBV [73].

1. AC,BVcrr(t) = f (CBF,(s) — meanCBFa)ds
0

ABP(S)) ds

t
2. AC,BVpgg(t) = fto (CBFa (8) - xR

where: s — the arbitrary time variable of integration, CBFa— cerebral blood flow, ABP —
arterial blood pressure, and CVR — cerebrovascular resistance (CVR =
meanABP/meanCBFa).

In the continuous flow forward (CFF) model, a non-pulsatile blood outflow is considered.
The pulsatile inflow is equilibrated by a continuous outflow through the dural sinuses.
Over a longer period, the outflow is considered to be equal to the inflow, therefore it can
be calculated by averaging the inflow over several cardiac cycles (in this study, we used

5-minute long intervals).

The second equation presumes that the outflow - similarly to the inflow —isalso pulsatile,
becoming the pulsatile flow forward (PFF) model. The idea behind this theory is that the
outflow is affected by the vasomotor tone of the regulating arterioles and the pulsatile
ABP, and can be determined by the ratio between ABP and cerebrovascular resistance
(CVR).
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With TCD monitoring, the cross-sectional area of the middle cerebral artery is unknown,
and the CBF cannot be precisely calculated. In these equations, CBF can be substituted
with CBFV, and so the relative changes in CaBV can be estimated (Figure 12).

The non-invasive counterparts of PRx and PAX were derived similarly, but with help of
the estimated cerebral volumes. nPRx is calculated with CaBV instead of ICP, and nPAXx
with the pulse amplitude of CaBV instead of AMP. Both nPRx and nPAx were calculated
using both the CFF and PFF models.

Figure 12. Waveforms of flow velocity, arterial blood pressure, and changes in cerebral arterial
blood volume (CaBV) —calculated both with the continuous flow forward (CFF) and the pulsatile

flow forward (PFF) models. The pulsatile nature of CaBV with both methods is visible, but more
prominent peaks appear with the PFF model.
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Figure 13. A representative example of good coherence between slow waves in intracranial
pressure (ICP) and cerebral arterial blood volume (CaBV) (upper panel), and between slow
waves of pulse amplitude of ICP (AMP) and the pulse amplitude of CaBV (lower panel). Both the

continuous flow forward (CFF) and pulsatile flow forward (PFF) models were used to for the
calculations.

Different calculation methods of FVm can cause an error in measurements

During measurements in patients with transient intracranial hypertension (Figure 15), the
average of FVmcalc and FVmreal differed significantly (p<0.05), and the mean+/-SD of
the absolute value of this difference was: 6.1+2.7 cnv/'s. During plateau waves, when ICP
rose, the error significantly increased from baseline (4.6+£2.4 cm/s) to plateau (9.8+/-4.9
cnvs) (p<0.05) (Figure 16A). Similarly, the error of Pl calculated with FVmcalc also
increased during plateau waves (from 0.11+0.07 to 0.44+0.24, p<0.005) (Figure 16B). In

many cases, a strong correlation appeared between ICP and the errors (Figure 17).
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Figure 14. Signals of pressure reactivity index (PRx), non-invasive PRx (nPRx) (upper panel),
pulse amplitude index (PAX), and non-invasive PAx (nPAX) (lower panel). Both the continuous
flow forward (CFF) and pulsatile flow forward (PFF) models were used to calculate non-invasive

autoregulation indices.
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Figure 15. Transcranial Doppler (TCD), arterial blood pressure (ABP) and intracranial
pressure (ICP) monitoring using ICM+ software. On the upper panel a drastic, 15 minlong rise
in ICP (plateau wave) isvisible together with a constant ABP and the consequent drop in cerebral
perfusion pressure (CPP). The middle panel shows the mean flow velocity in the middle cerebral
arteries calculated with both the traditional (FVmcalc) formula and the time-integral of the
current flow velocities (FVmreal). The difference between the two parameters is visible in the

lower panel. An increase in the error coincide with the plateau wave.
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Figure 17. Representative plots of errors of estimated mean flow velocity and pulsatility index
against intracranial pressure (ICP). Panel A shows the strong correlation between error of the
estimated mean flow velocity (FVmcalc) and ICP during the monitoring of a patient with plateau
wave. On Panel B the error of pulsatility index (P1) when calculated from FVmcalc instead from
FVmreal is visible.
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NVC can be detected with TCD

Among activities that stimulate NVC mechanisms, we observed the biggest rise in mean
blood flow velocity from baseline during the Trail Making Test, although FV during other
tests was also higher than FV on baseline. Mean BP did not change significantly during
these activities. Breath Hold Test was used as positive control, since the increased CO;
concentration triggers metabolic vasodilatory responses instead of NVC, and it was
always possible to elicit much bigger increase in FV. It should be also noted, that during
BHT, ABP was increasing as well.
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Figure 18. Relative changes of measured and calculated parameters during Trail Making Test
(TMT) and Breath Hold Test (BHT) (mean +/- SEM). ABP — Arterial Blood Pressure, HR —

Hearth Rate, | — left, r — right, FV — Flow Velocity, CaBV — Cerebral Arterial Blood Volume, PI
— Pulsatility Index, CVCi — Cerebrovascular Conductance Index

During both the Trail Making Test and Breath Hold Test mean values of blood flow
velocity, and consequently the estimated cerebral arterial blood volume increased
relatively to baseline, and this effect was observable in both hemispheres (TMT: IFV —
14%, rFV — 12.8%, ICaBV — 13.7%, rCaBV — 12.2%; BHT: IFV — 16.8%, rFV — 19.6%,
ICaBV — 16.9%, rCaBV —19.9%). Blood pressure and hearth rate changes differed during
these activities, as BHT did not alter HR (-0.5%) but increased ABP (4.1%) whereas in
case of TMT the effect was the opposite (ABP — 0.7%, HR —5.6%). Not surprisingly, the
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increased blood flow velocities measured inthe MCAs caused by vasodilation in the distal
arterioles, coincide with decreased cerebrovascular resistance (TMT: IPl —-15.4%, rPI —
-7.6%; BHT: IP1 —-10.9%, IPI — -11.3%). Finally, as a result of the mild or not existent
changes of ABP compared to FV, the cerebrovascular conductance indices were also
increasing (TMT: ICVCi — 14.2%, rCVCi — 12.8%; BHT: ICVCi — 16.8%, rCVCi —
19.6%) (Figure 18).
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Figure 19. Cerebrovascular Conductance index (CVCi) before and during TMT and BHT tests
(mean +/- SEM) in the left and right hemispheres. TMT — Trail Making Test, BHT — Breath Hold
Test. (*P<0.05; ***P<0.0005)

In case of TMT comparing Cerebrovascular Conductance indices measured on baseline
versus on the plateau (left: 0.81 +/- 0.1 vs. 0.98 +/- 0.15; right: 0.81 +/- 0.1 vs. 0.95 +/-
0.14) significant differences were found (left: p = 0.021; right: p = 0.033; two-tailed
paired t-test). The same comparison of BHT (left: 0.95 +/- 0.13 vs. 1.11 +/- 0.15; right:
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0.86 +/- 0.14 vs. 1.04 +/- 0.15) led to similar results, but with a higher significance level
(left: p = 0.0001; right: p = 0.0004; two-tailed paired t-test) (Figure 19.)
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Figure 20. Representative figure of the change of cerebrovascular conductance index (CVCi)
during Trail Making (TMT) test. The gray area represents the interval during which TMT was
carried out. Summary data in inlet shows, that there was a significant increase in CVCi after
subjects were started to perform the cognitive activity (**P<0.01, paired t-test)

As shown on Figure 20 based on a representative recording during a TMT test, usually
the peak response in blood flow velocity and CVCi occurred after 1 minutes from the
start of the task. The baseline values were measured during the resting period before we
asked the patients to do the specific activity, while plateau values were taken from around

the highest response to neuron activation.
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Summary of results of Part Il.

nPRx and nPAx — the non-invasive counterparts of PRx and PAX —
calculated by the estimation of changes in cerebral arterial blood

volume could be used to describe cerebral autoregulation.

When calculating mean flow velocities of TCD recording, the
integration of the pulse wave is recommended, especially when

substantial changes in ICP are expected.

Cerebrovascular responses to neurovascular coupling are detectable

with non-invasive methods.

Multiple forms of cerebral blood flow regulation are becoming
accurately measurable by easy-to-use, cheap and non-invasive
methods, leading to new possibilities to monitor pathophysiological

aspects of neurosurgical conditions.
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Discussion

We demonstrated in our ex vivo studies that PGE; at physiological concentrations dilates
human cerebral parenchymal arterioles, whereas at higher concentrations it elicits
vasoconstriction (Figure 4). This finding not only supports the hypothesis that PGE:
regulates blood perfusion in human subjects by controlling the tone of cerebral resistance
arterioles, but it also suggests that this regulatory mechanism is bidirectional. Former
studies show, that PGE;-mediated dilation of cerebral parenchymal arterioles has a
prominent role in the regulation CBF and it contributes both to maintenance of basal
cerebral blood perfusion [53, 61] and initiation of neurovascular coupling responses
during increased neuronal activity in humans [10, 31, 41, 61]. These vasodilatory
responses most likely have pathophysiological consequences, as well: PGEz-induced
dilation of resistance arteries likely plays a critical role in the pathogenesis of migraine
[46]. Our results extend the findings of earlier studies demonstrating that PGE at low
concentrations dilates segments of the human middle cerebral artery [21]. Vasodilation
in response to low concentrations of PGE> has also been observed in human pial arteries
[74] and middle cerebral arteries of non-human primates [32]. These results suggest that
most likely segmental differences cannot be observed in PGEz-evoked responses of

human cerebral vessels along the cerebrovascular tree.

Contrary to the aforementioned, previous, well-controlled studies showed that PGE;
elicited vasoconstriction in segments of human middle cerebral arteries [21]. In line with
these findings we found also constriction to PGE2 in human cerebral parenchymal
arterioles when higher concentrations of PGE. were applied (Figure 4). Our
pharmacological studies provide more insights into the specific molecular-cellular
mechanisms behind this biphasic behavior. It can be presumed, that at lower
concentration PGE; elicits vasodilation by activating dilator EP4 receptors. This dilator
effect is masked at higher PGE: concentration range by a strong EP1 receptor mediated
vasoconstrictor effect (Figure 7). Previous studies [33, 48] support this concept of the
cross-talk between EP1 and EP4 receptors in the vascular smooth muscle cells.
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Accordingly, the findings that arterioles preconstricted by PGE cannot be dilated by the
EP4 agonist CAY10598 (Figure 9) may be consistent with inhibition of EP4 receptor-
mediated CAMP production by overactivation of EP1 receptors. EP4 receptors have been
desensitized promptly in response to PGE; at the concentration of 10-° mol/L [23], which
may provide an additional mechanism to explain our results. Altogether, these results
provide an explanation for the virtually conflicting roles of PGE in regulation of cerebral

blood flow.

Based on the aforementioned we propose, that under physiological conditions low
amounts of PGE; is released from astrocytes and/or neurons, which contribute to EP4
receptor-mediated vasodilation during neurovascular coupling. However, under
pathophysiological conditions, when large concentrations of PGE; are released (e.g. in
response to subarachnoid hemorrhage[28]), EP1 receptor mediated constriction of

cerebral parenchymal arterioles becomes manifest leading to brain ischemia.

Interestingly, the vasomotor action of PGE; exhibits strong species-dependency. In the
vasculature of murine species the vasoconstrictor EP1 receptors are overexpressed, but
our study demonstrates that human cerebral parenchymal arterioles predominantly
express vasodilator EP4 receptors (Figure 10). These findings extend previous
observations that contractile EP1 receptors do not have a widespread expressionin tissues
of higher species and are more expressed in murine species [15]. Species-dependent
differences in the expression profile of PGE; receptors in the cerebral vessels likely
underlie the species-specific vasomotor and hemodynamic effects of PGE.. Accordingly,
consistent with the higher expression level of EP1 receptors (Figure 6), arteries and
arterioles from R. norvegicus, M. musculus, and C. porcellus predominantly exhibit
constriction in response to administration of PGE; [20, 35, 75]. It has to be noted here,
that we examined responses of cerebral arteries of rats, which are not directly comparable
to the human vessels studied here, and they are not involved in neurovascular hyperemia,
either. However, as mentioned, in a very well-controlled study by Dabertrand et al.
arterioles of the rat and mice responded with contraction to PGE; as well, supporting our
hypothesis above. Also, these previous findings question the direct role of PGE; in
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neurovascular coupling in the mice and rat and govern the attention to other likely
mediators of the hyperemic response in these preclinical models [20]. The significance of
the species-specific role of PGE; in regulation of cerebral blood flow is presently not well
understood. While functional hyperemia is likely equally important in each species, it is
likely that each species utilizes predominantly a different combination of synergistic
neurovascular coupling pathways (e.g. involving the release of epoxy-eicosatrienoic
acids, purinergic mediators, NO and/or K+ in addition to prostaglandins). Functional
studies showing that administration of inhibitors of COX significantly attenuates
neurovascular coupling responses [10, 41, 61] is consistent with the concept that PGE»
plays an important role in dilation of resistance arterioles and mediation of functional
hyperemia in the human brain. The differences between species in PGE2-evoked
vasomotor responses and neurovascular coupling have to be taken into account by future
studies when translating PGE2-related cerebrovascular findings in rats (and mice) to
human conditions. The dynamic interaction between the receptors should be investigated
by future studies in physiological mechanisms, such as neurovascular coupling, and in
cerebrovascular disorders like SAH, cerebral hemorrhage, migraine or even Alzheimer’s
disease [22, 64].

The situation, that sometimes it is necessary to remove otherwise healthy cerebral tissue
during brain tumor surgery, provides us a distinguished opportunity. Namely that without
extra harm human cerebrovascular samples can be obtained and a wide variety of ex vivo
experiments can be carried out on the viable tissue samples. Via this method important
mechanistic data of local vasomotor mechanisms of human cerebral arteriesand arterioles
can be obtained. These local vascular mechanisms provide the basis of in vivo vascular
processes, which then determine neuronal function. For example, attenuated
neurovascular coupling was shown to impair cognitive function in rats [63]. Therefore,
methods which allow us to examine the human cerebrovascular system in vivo exhibit a
scientifically and clinically prominent role. TCD ultrasonography is a sophisticated tool,
that is not only capable to perform this task, but it does it non-invasively, giving the
opportunity to include and compare healthy subjects to patients with neurovascular

diseases. In order to study and describe cerebrovascular regulation from the molecular
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mechanisms of basic vasomotor processes of cerebral vessels to physiologically and
pathophysiologically relevant in vivo regulatory mechanisms, we developed and
demonstrate TCD approaches to clinically describe and assess pressure reactivity of

autoregulation and neurovascular coupling in humans.

First, we demonstrated that it is possible to derive non-invasive indices — nPRx and nP Ax
— of cerebrovascular reactivity by transcranial Doppler sonography, estimating the
relative changes in cerebral arterial blood volume. These indices can be calculated
similarly to PRx and PAXx if ICP is changed to CaBV. Figure 13 demonstrates that a
change in CaBV is reflected in a corresponding change in ICP — which is the rationale of
the usability of PRx [18] — but this could also explain the similarities between the invasive
and non-invasive indices shown in Figure 14. This analogous behavior opens up
possibilities for the use of these non-invasive cerebrovascular reactivity indices: they may
become clinically useful in the subacute phase of neurointensive care, as they can provide
further information about autoregulation even after the removal of invasive ICP monitors.
With other non-invasive techniques (continuous ABP monitoring via finger-cuff),
cerebrovascular reactivity can be described without the necessity for invasive
measurements, a PRx-like index can be quantified on a long-term follow up, and can be
compared to PRx derived from early clinical care. In less severe cases of TBI, if invasive
parameters are not available, non-invasive optimal cerebral perfusion pressure (nCPPopt)
instead of traditionally invasive optimal cerebral perfusion pressure (CPPopt) could be

determined and used to guide treatment [80].

The usability of either nPRx or nPAXx is limited, because these indices depend on
continuous TCD monitoring technology. However, these techniques develop quickly,
therefore further studies aiming for the investigation of nPRx and nPAx would be useful,
so that clinicians can utilize the abovementioned advantages immediately after the

necessary improvements are made.

During plateau waves, with increasing ICP, the error of the estimated FVm and its
derivatives are also increasing (Figure 15). This observation most likely occurs because

the pulse waveform changes, therefore altering the relationship between FVs-FVd-FVm
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[43, 45]. An example of this altering relationship is when heart rate changes, and the
generalization that the heart spends twice as much time in diastole then in systole becomes
invalid, therefore the error in the formula will increase [47]. However in this study, we
focused on the elevation of ICP, while the heart rate was relatively constant. This leads
to the conclusion, that other physiological or pathophysiological changes must happen in
the brain that alter the storage of blood in the intracranial space, the compliance of the
brain, the vasoreactivity of the arteries or some other mechanism that leads to a new
waveform and consequently a new link between FVs-FVd-FVm. More researchis needed
to identify the drive behind this transformation, but until then if a change in mean ICP is

expected, then the calculation of FVmreal is recommended.

We were able to detect increasing blood flow in the middle cerebral artery and measure
elevated Cerebrovascular Conductance Indices with non-invasive TCD and ABP devices
in healthy people during activities that induce vasodilation either through cognitive
exercise and neurovascular coupling mechanisms, or by increasing CO2 levels and
activating metabolic autoregulatory functions (Figure 18). These methods - by the
quantification of NVC - open up possibilities to study and compare NVC functions in
different pathological conditions and age groups without the necessity of more expensive
and “harder-to-come-by” equipment (e.g. MRI). It should be noted however, that all the
activities we studied induced changes in both hemispheres (Figure 19). The applied tasks
the subjects needed to perform are most likely not specific for strictly localized centers
and functions in the brain. For example, the most promising test - in terms of the most
prominent effect — the Trail Making Test requires the activation of multiple brain
structures (centers of drawing, calculation, movement, etc.). Therefore, more studies are
needed to identify the best circumstances in which NVC can be examined more

accurately.

In conclusion, in the present dissertation we demonstrated a complex approach to better
understand the regulation of cerebral blood flow in humans. By applying the combination
of ex vivo and non-invasive in vivo methods we are able to study CBF regulation at the

cellular, as well as the physiological and (importantly) the pathophysiological levels. We
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believe that our results and the demonstrated approaches will further the understanding
of changes of CBF in various neurological/neurosurgical disorders, allowing us to

intervene on clinically relevant targets and to improve the outcome of patients.
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ARTICLE INFO ABSTRACT

Keywords: There is considerable controversy regarding the vasoactive action of prostaglandin E, (PGE5). On the one hand,
PGE, indirect evidence implicates that astrocytic release of PGE, contributes to neurovascular coupling responses
Neurovascular coupling mediating functional hyperemia in the brain. On the other hand, overproduction of PGE, was also reported to

Cerebral ischemia
EP1
EP4

contribute to cerebral vasospasm associated with subarachnoid hemorrhage. The present study was conducted to
resolve this controversy by determining the direct vasoactive effects of PGE; in resistance-sized human cerebral
parenchymal arterioles.

To achieve this goal PGE,-induced isotonic vasomotor responses were assessed in parenchymal arterioles
isolated from fronto-temporo-parietal cortical tissues surgically removed from patients and expression of PGE,
receptors were examined.

In functionally intact parenchymal arterioles lower concentrations of PGE, (from 108 to 10°® mol/1) caused
significant, endothelium-independent vasorelaxation, which was inhibited by the EP4 receptor blocker
BGC201531. In contrast, higher concentrations of PGE, evoked significant EP1-dependent vasoconstriction,
which could not be reversed by the EP4 receptor agonist CAY10598. We also confirmed previous observations
that PGE, primarily evokes constriction in intracerebral arterioles isolated from R. norvegicus. Importantly,
vascular mRNA and protein expression of vasodilator EP4 receptors was significantly higher than that of va-
soconstrictor EP1 receptors in human cerebral arterioles.

PGE, at low concentrations dilates whereas at higher concentrations constricts human cerebral parenchymal
arterioles. This bimodal vasomotor response is consistent with both the proposed vasodilator role of PGE, during
functional hyperemia and its putative role in cerebral vasospasm associated with subarachnoid hemorrhage in
human patients.

1. Introduction [24]. Matching cerebral blood flow to neuronal activity is accomplished

through a feed-forward homeostatic process termed neurovascular

Demand for oxygen and nutrients in the brain surges rapidly with coupling (or “functional hyperemia”), which is orchestrated by acti-
increases in regional neuronal activity, which require prompt adjust- vated neurons and astrocytes releasing vasodilator mediators [20].

ment of cerebral blood flow (CBF) to maintain normal cellular function Prostaglandin E, (PGE,), a cyclooxygenase (COX)-derived
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Fig. 1. Prostaglandin E2 (PGE2) elicits biphasic vasomotor responses in human cerebral parenchymal arterioles. A: Original recording showing the effect of PGE2 on
the tone of an isolated segment of a human cerebral parenchymal arteriole. Note that at lower concentrations PGE2 elicits substantial vasorelaxation, whereas at
higher concentrations a significant vasocontraction becomes manifest. B: Summary data showing PGE2-induced, concentration-dependent changes in vasomotor tone
of isolated human cerebral parenchymal arterioles in the absence (Endo-) and presence (Endo +) of a functional endothelial layer. Inlet shows Acetylcholine-induced,
endothelium dependent relaxation of the vessels. Responses are expressed as percentage changes in vasomotor tone. Data are mean + S.E.M. n = 5-7 for each data
point. Panels C and D depict dose-dependent vasomotor effects elicited by cumulative administration of the beta adrenergic vasoconstrictor agent epinephrine (Panel
C) and the NO donor vasodilator sodium nitroprusside (SNP; Panel D) in human isolated cerebral parenchymal arterioles. Note that pharmacologically elicited
vasodilator and vasoconstrictor responses were intact in the vascular preparations used. Data are mean *+ S.E.M. n = 12-15 for each data point.

metabolite of arachidonic acid (AA) has been proposed as a key med-
iator of both astrocyte- and neuron-mediated neurovascular coupling
responses [1,12]. Indirect evidence also supports a key role of COX-
derived vasodilator metabolites in neurovascular coupling responses in
humans [9]. Accordingly, administration of indomethacin, which in-
hibits COX and reduces PGE, synthesis, was shown to significantly at-
tenuate neurovascular coupling responses in human subjects [3,17,18].
In addition, there is also evidence suggesting that COX-derived PGE,
exerts a tonic vasodilatory influence in the cerebral circulation con-
tributing to the maintenance of normal CBF [16,18].

Despite these advances, there is considerable controversy regarding
the vasoactive action of PGE,. Parenchymal arterioles are the major
determinants of cerebrovascular resistance and this segment of the
cerebrovascular tree is primarily involved in both maintenance of
normal basal cerebral perfusion and moment-to-moment adjustment of
CBF to metabolic needs of neurons via neurovascular coupling [8].
Therefore, a critical test to support a potential role of PGE, in neuro-
vascular coupling and maintenance of basal CBF is the demonstration
that PGE, can directly elicit vasodilation in parenchymal resistance-
sized arterioles. Contrary to expectation, a recent study reported that
PGE, constricted rather than dilated parenchymal arterioles isolated
from both M. musculus and R. norvegicus [5]. Furthermore, in preclinical
models overproduction of PGE, has also been linked to pathological
vasospasm associated with subarachnoid hemorrhage [13].

The vasomotor effect of PGE, is mediated by G protein coupled

prostaglandin (EP) receptors, and in theory PGE, evokes constriction or
dilation depending on the receptor subtype activated. EP1 receptors
were shown to increase intracellular [Ca®™] leading to constriction of
vascular smooth muscle cells. The activation of EP4 receptor leads to
vasodilation by Gs-dependent stimulation of adenylyl-cyclase and in-
creases in the production of cyclic adenosine monophosphate (cAMP)
and the activation of protein kinase A (PKA). Previous studies lead to
the hypothesis that expression of EP receptor subtypes in cerebral ar-
terioles and therefore the vasoactive action of PGE, are species-de-
pendent. Importantly, expression of EP receptors mediating dilator and
constrictor vasomotor mechanisms and the vasoactive effects of PGE, in
human cerebral arterioles have not yet been documented.

The present study was conducted to resolve the existing controversy
regarding the role of PGE; in regulation of CBF by determining the
direct vasoactive effects of PGE, as well as expression of EP receptor
subtypes in resistance-sized human cerebral parenchymal arterioles.

2. Materials and methods
2.1. Isolation of human parenchymal arterioles and vasomotor studies

Following written informed consent, we obtained cortical (gray
matter) samples from patients undergoing neurosurgical removal of
cerebral tumors (n = 19, female:7, male:12, age: 53.7 + 2.9 years),
which otherwise would have been discarded. The patients did not have
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known comorbidities. Preoperatively, contrast enhanced magnetization
prepared rapid acquisition gradient echo (MP-RAGE) MRI sequence
were carried out in order to visualize contrast enhancing areas with
pathologically increased blood brain barrier permeability. Cerebral
samples containing intraparenchymal arterioles and/or the arterioles
themselves were removed carefully from non-enhancing normal cor-
tical areas that had to be removed because of technical reasons in order
to approach deep-seated tumors [23]. After removal, cerebral tissue
from the fronto-temporo-parietal lobes was placed in 0°C-4°C phy-
siologic salt solution (PSS, 110.0 NaCl, 5.0 KCl, 2.5 CaCl,, 1.0 MgSO,,
1.0 KH,POy,, 5.5 glucose, and 24.0 mmol/L NaHCOj3 equilibrated with a
gas mixture of 95% air and 5% CO,, balanced with nitrogen at pH
~7.3). After being transferred to the laboratory, intraparenchymal ar-
terioles (first order branches of the penetrating subpial arteriolar
system, ~100-150 um) were isolated from the cerebral samples with
microsurgical instruments under an operating microscope, cut into
rings and transferred into a wire myograph (Danish Myo Technology,
Aarhus, Denmark). Arterioles’ segments (1.5-2mm in length) were
mounted on 40 um stainless steel wires in the myograph chambers, and
superfused with oxygenated PSS. In a subset of experiments (n = 5)
endothelium was removed by inserting an air bubble through the lumen
of the vessels. The lack of a functioning endothelium was verified by the
absence of vasomotor response of the arteriolar rings to acetylcholine.
Optimal passive tension (as determined from the vascular length-ten-
sion relationship) was applied for one hour (equilibration period).

In additional set of experiments Wistar Kyoto rats (WKY, 300-350 g,
male, n = 10, purchased from Charles River Laboratories) were an-
esthetized (isoflurane), decapitated, the brains were removed and seg-
ments of basilar arteries were isolated and mounted in a wire myograph
as described [19].

All procedures involving human subjects were approved by the
Regional Ethic and Review Committee of the University of Pecs (3887)
in accordance with the Declaration of Helsinki. Animal studies were
approved by the Institutional Animal Use and Care Committee of the
University of Pecs Medical School (BA02/2000-32/2016), experiments
were conducted in accordance the EU Directive 2010/63/EU, and are
reported in compliance with the ARRIVE guidelines.

2.2. Pharmacological studies

Vasomotor responses of preconstricted (phenylephrine 10> mol/L)
human cerebral parenchymal arteriolar preparations were assessed in
response to cumulative addition of increasing concentrations of PGE,
(from 10 to 3 x 10°° mol/L) either in the presence or absence of a
functional endothelium. Endothelial function was tested by in-
vestigating relaxation to acetylcholine (ACh; from 10 to 10® mol/L).
Endothelium-independent relaxation was studied by administration of
the NO donor sodium nitroprusside (from 10° to 10° mol/L).
Constrictor ability of the vessels was tested by obtaining vasomotor
responses to the beta adrenergic agonist epinephrine (from 10 to 10®
mol/L). The following antagonists were used to study the role of EP
receptors in the observed vasomotor effect of PGE,: the specific EP4
blocker BGC 20-1531 (10°® mol/L for 5min, Cayman Chemicals, Ann
Arbor, MI), the EP2 receptor blocker PF-04418948 (10 mol/L for
5 min, Cayman Chemicals, Ann Arbor, MI) or the EP1 receptor blocker
SC-51322 (10°® mol/L for 5 min, Cayman Chemicals, Ann Arbor, MI). In
a separate series of experiments relaxation was induced in arteriolar
rings by the EP4 receptor agonist CAY10598 (10°° mol/L), and after
wash-out the responses were re-assessed in the presence of 3 x 10
mol/L PGE.,. Arteriolar rings were incubated in the presence of only one
inhibitor in each experiment, and dose-responses were repeated, in a
self-controlled manner. At the end of the experiments still intact func-
tional reactivity was assessed again, then passive tension was obtained
in Ca2+ free conditions, as published earlier [2].

In additional control experiments vasomotor responses were as-
sessed in rat basilar artery preparations in response to cumulative ad-
dition of increasing concentrations of PGE, (from 107° to 3 x 10™°
mol/L).

At the end of each experiment maximal isometric tension was ob-
tained in response to 60 mM KCI. The maximal isometric relaxation of
the vessels was determined by adding 10~ mol/I nifedipine to the
organ bath.

Quantitative real-time RT-PCR

A quantitative real-time RT-PCR method was used to analyze mRNA
expression of EP1 and 4 receptors in endothelium-denuded human
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Fig. 3. Role of PGE2 receptor subtypes in mediation of PGE2-induced vasomotor responses in human cerebral parenchymal arterioles. A: PGE2-induced changes in
vasomotor tone of human isolated cerebral parenchymal arterioles in the absence and presence of BGC201531 (10-6 mol/L), a specific inhibitor of the PGE2 receptor
subtype 4 (EP4). Original recording of an experiment and summary data are shown. Data are mean + S.E.M. (n = 6) *P < 0.05 vs. vehicle control. B: Changes in
vasomotor tone of human isolated cerebral parenchymal arterioles induced by PGE2 in the presence of the PGE2 receptor subtype 1 (EP1) blocker SC51322 (10-
6 mol/L). Note that after SC51322 administration high concentrations of PGE2 (10-5 and 3 X 10-5mol/L) evoke relaxation of the vessels instead of contraction,
suggesting that the constrictor response is EP1-dependent. Data are mean = S.E.M. (n = 6) *P < 0.05 vs. PGE2-induced responses without SC51322. C: The EP4
agonist CAY10598 evokes relaxation of isolated human cerebral parenchymal arterioles, which is blocked by the EP1-dependent constrictor response induced by high
concentration of PGE2. Data are mean + S.E.M. (n = 6) *P < 0.05 vs. CAY10598-induced response, n.s.(non-significant) vs. PGE2-induced contraction. D: PGE2-
induced changes in vasomotor tone of human isolated cerebral parenchymal arterioles in the absence and presence of PF0441 (10-6 mol/L), a specific inhibitor of the
PGE2 receptor subtype 2 (EP2). Data are mean * S.E.M. (n = 6).

EP1 42 kDa EP4 53 kpa  Fig- 4. Expression of EP1 and EP4 receptors in human cerebral
A B I_j, parenchymal arterioles. mRNA (A) and protein (B) expression
of EP1 and EP4 receptors (gene PTGER1 and PTGER4, re-
8 R-actin 40 kpa R-actin  40kpa  SPectively) in isolated human cerebral parenchymal arterioles.
N Data are mean + S.E.M. (n = 9 for QRT-PCR, and n = 6 for
— —
c * ‘ '-- western blotting for each group) *P < 0.05.
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cerebral parenchymal arterioles (PTGER1 and PTGER4, n = 5) and rat
arterial segments (Ptger] and Ptger4, n = 5) according to previously
described protocols [22]. In brief, RNA was isolated with the Pure
Link™ RNA Mini Kit (Life Sciences, Carlsbad CA, USA) according to the
protocol suggested by the manufacturer and was reverse transcribed
using the High Capacity cDNA kit (Applied Biosystems, Foster City CA,
USA). The total amount of RNA was determined by NanoDrop (Thermo
Scientific, Waltham MA, USA). qRT-PCR was performed using SensiFast
SYBR Green reagent (BioLine, Luckenwalde, Germany). The following
primer sequences were used: PTGER1, forward: GAGGGAGGGAGGAA
GCGG, reverse CCGCAAGGGCTCATGTCAG, Ptgerl, forward: ACAGGG
GATGCTCCAAACAGC, reverse: GGTGGGACGTGAATCCAGAA; PTGER4,
forward: CTGCCGCTACAGACCCAG, reverse: CAAGGAGGCGGACGAA
TTGA, Ptger4, forward: CTCATCTGCTCCATTCCGCT, reverse: CCGGG
TTTCTGCTGATGTCT. Amplification efficiencies were determined using
a dilution series of a standard vascular sample. Quantification was
performed using the efficiency-corrected AACq method as previously
described [22].

2.3. Western blotting

Endothelium-denuded human cerebral parenchymal arterioles were
crushed with Potter's homogenizer in ice-cold lysis buffer (50 mM Tris-
base, pH 7.4, 150 mM NaCl, 10% glycerol, 1 mM EGTA, 1 mM Na-or-
thovanadate, 5puM ZnCl2, 100 mM NaF, 10 ug/ml aprotinin, 1 ug/ml
leupeptin, 1 mM PMSF, 1% Triton X-100) and were centrifuged at
35.000 x g at 4 °C for 20 min. The protein concentration of the super-
natants was measured by spectrophotometry on 595nm (Lowry’s
method, Detergent Compatible Protein Assay Kit, Bio-Rad, Hercules,
CA, USA). Samples containing 50 ug of protein were mixed with 4 X
Laemmli buffer (25ml 1 M Tris-HCI, pH 6.8, 40 ml glycerol, 8 g SDS,
10 ml 100 mM EDTA, 10 ml 100 mM EGTA and 1 ml 1% bromophenol
blue brought up to 100 ml with distilled water) and boiled for 5 min.
The proteins were separated in 10% SDS-polyacrylamide gel based on

EP4

their size. The gels were electro-blotted onto PVDF membranes
(Hybond-P, GE Healthcare, UK). The membranes were blocked in 5%
nonfat dry milk dissolved in TBS-Tween (10 mM Tris-base, 150 mM
NacCl, 0.2% Tween-20, pH 8.0). PGER1 (Cayman Chemical Company,
1:200) or PGER4 (Novus Biologicals, 1:200) primary antibody was
added diluted in 3% BSA-TBS-Tween solution and incubated overnight.
Not bound antibodies were washed five times by TBS-Tween and
membranes were incubated with secondary anti-rabbit antibodies
conjugated with horseradish-peroxidase (HRP) (Pierce, Thermo Fischer
Scientific, Rockford, IL, USA) diluted 1:50.000 in 5% nonfat dry milk
blocking solution. After five washes in TBS-Tween the chemilumines-
cent signal was detected (Immobilon Western, Millipore Corporation,
Billerica, MA, USA). The blots were stripped and reprobed with B-actin
(Cell Signaling Technology, 1:2.000) antibody to check the equal
loading of proteins [21].

2.4. Statistical analysis

Results of the pharmacological studies were analyzed by two-tailed
paired t-test. Also, the expression of EP1 and EP4 measured by PCR and
western blot were compared in a paired fashion. The effects of the EP4
agonist CAY10598 with or without the presence of PGE2 were analyzed
by One-Way analysis of variance (ANOVA) followed by Tukey post-hoc
tests, as appropriate. To test the normality of the data, we used the
Kolmogorov-Smirnov Test and they showed normal distribution. A p
value less than 0.05 was considered statistically significant. Data are
expressed as mean * S.E.M.

3. Results

3.1. PGE, induces biphasic vasomotor responses in isolated human cerebral
parenchymal arterioles in a concentration dependent manner

In functionally intact parenchymal arterioles lower concentrations
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of PGE, (from 10~8 to 10 mol/1) caused significant, endothelium-in-
dependent vasorelaxation. In contrast, higher concentrations of PGE,
evoked significant vasoconstriction. Original recording of a typical
vasomotor response of a human parenchymal arteriole in response to
cumulative additions of increasing concentrations of PGE; is shown in
Fig. 1A. Summary data are shown in Fig. 1B. The presence of a func-
tional endothelium was verified by demonstration of vasorelaxation to
acetylcholine (10° mol/L) (Fig. 1B inlet). Denudation of the en-
dothelium did not affect the vasomotor response to PGE; (Fig. 1B). The
smooth muscle layer of the studied human cerebral parenchymal ar-
terioles was functionally intact as demonstrated by the dose-dependent
constriction evoked by epinephrine (Fig. 1C) and the dose-dependent
dilation of the vessels to sodium-nitroprusside (Fig. 1D). We found that
rat basilar arteries (BA) exhibit dose-dependent contraction in response
to administration of PGE, (Fig. 2A-B) and that in rat BAs mRNA ex-
pression of the constrictor EP1 (Ptgerl) receptors was significantly
higher than expression of the dilator EP4 (Ptger4) (Fig. 2C), extending
previous findings of Dabertrand et al. [5].

3.2. Role of EP1 and EP4 receptors in PGE2-induced biphasic vasomotor
responses in human cerebral parenchymal arterioles

We found that treatment of human cerebral arterioles with
BGC201531 (10~ ° mol/L), a specific antagonist of the PGE, receptor
subtype 4 (EP4), inhibited the PGE,-evoked vasorelaxation (Fig. 3A).

Constrictions of arterioles evoked by high concentrations of PGE,
(10~®and 3 x 10~ > mol/L) were inhibited by SC51322 (10°® mol/L), a
specific antagonist of the PGE, receptor subtype 1 (EP1; Fig. 3B). Upon
inhibition of EP1-mediated constrictor response (SC51322) to high
concentrations of PGE,, a PGE2-induced vasodilatory effect became
manifest (Fig. 3B), suggesting that activation of the constrictor EP1
receptor by high PGE, concentrations masks the effects of activation of
vasodilatory EP4 receptors. This concept is further supported by the
findings that 10® mol/L CAY10598, a specific EP4 receptor agonist,
induced relaxations in human cerebral parenchymal arterioles (Fig. 3C)
to a similar extent as did 10"® mol/L PGE, (Fig. 1B). However, it did not
have any effects when the vessels were pre-constricted with the
3 x 10~ ° mol/L PGE, (Fig. 3C). Administration of the EP2 blocker PF-
04418948 was without effect on the PGE,-induced vasomotor responses
of human cerebral parenchymal arterioles (Fig. 3D).

3.3. Human cerebral parenchymal arterioles predominantly express EP4
receptors

We found that in endothelium-denuded human cerebral par-
enchymal arterioles mRNA and protein expression of dilator EP4
(PTGER4) receptor was significantly greater than that of the vasocon-
strictor EP1 (PTGER]1) receptors (Fig. 4A-B).

4. Discussion

This is the first study to demonstrate that PGE, at physiological
concentrations elicits significant dilation in human cerebral par-
enchymal arterioles (Fig. 1). This finding provides direct support for the
hypothesis that PGE, regulates the tone of cerebral resistance arterioles
thereby controlling cerebral blood perfusion in human subjects. It is
likely that PGE,-mediated dilation of cerebral parenchymal arterioles
contributes both to maintenance of basal cerebral blood perfusion
[16,18] and initiation of neurovascular coupling responses during in-
creased neuronal activity in humans [3,9,17,18]. PGE,-induced dilation
of resistance arteries likely also plays a critical role in the pathogenesis
of migraine [14]. Our results extend the findings of earlier studies de-
monstrating that PGE, at low concentrations also dilates segments of
the human middle cerebral artery [6]. Vasodilation in response to low
concentrations of PGE, has also been observed in human pial arteries
[26] and middle cerebral arteries of non-human primates [10]. These
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results suggest that most likely segmental differences cannot be ob-
served in PGE,-evoked responses of human cerebral vessels along the
cerebrovascular tree.

Importantly, we found that PGE, at high concentrations elicits sig-
nificant constriction of human cerebral parenchymal arterioles (Fig. 1).
Similar findings were previously observed in segments of the human
middle cerebral artery, as well [6]. Our pharmacological studies de-
monstrate that PGE, elicits vasodilation by activating EP4 receptors,
which is masked at the higher PGE, concentration range by a strong
EP1 receptor mediated vasoconstrictor effect (Fig. 3). These results
provide an explanation for the virtually conflicting roles of PGE, in
regulation of cerebral blood flow. We propose that under physiological
conditions low amounts of PGE, is released from astrocytes and/or
neurons, which contribute to EP4 receptor-mediated vasodilation
during neurovascular coupling. However, under pathophysiological
conditions when large concentrations of PGE, are released (e.g. in re-
sponse to subarachnoid hemorrhage), EP1 receptor mediated constric-
tion of cerebral parenchymal arterioles becomes manifest leading to
brain ischemia. Our findings taken together with the results of earlier
studies [29,15] also raise the possibility that there is a cross-talk be-
tween EP1 and EP4 receptors in the vascular smooth muscle cells. Ac-
cordingly, the findings that arterioles preconstricted by PGE, cannot be
dilated by the EP4 agonist CAY10598 (Fig. 3) may be consistent with
inhibition of EP4 receptor-mediated cAMP production by over-
activation of EP1 receptors. EP4 receptors have been desensitized
promptly in response to PGE, at the concentration of 10~° mol/L [7],
which may provide an additional mechanism to explain our results.
These possibilities should be tested in future studies.

Interestingly, the vasomotor action of PGE, exhibits strong species-
dependency. While our study demonstrates that human cerebral par-
enchymal arterioles predominantly express vasodilator EP4 receptors
(Fig. 4), in the vasculature of murine species the vasoconstrictor EP1
receptors are overexpressed. These findings extend previous observa-
tions that contractile EP1 receptors do not have a widespread expres-
sion in tissues of higher species and are more expressed in murine
species [4]. Species-dependent differences in the expression profile of
PGE, receptors in the cerebral vessels likely underlie the species-spe-
cific vasomotor and hemodynamic effects of PGE,. Accordingly, con-
sistent with the higher expression level of EP1 receptors (Fig. 2), ar-
teries and arterioles from R. norvegicus, M. musculus, and C. porcellus
predominantly exhibit constriction in response to administration of
PGE, [5,11,28]. It has to be noted here, that we examined responses of
cerebral arteries of rats, which are not directly comparable to the
human vessels studied here, and they are not involved in neurovascular
hyperemia, either. However, as mentioned, in a very well-controlled
study by Dabertrand et al. arterioles of the rat and mice responded with
contraction to PGE, as well, supporting our hypothesis above. Also,
these previous findings question the direct role of PGE, in neurovas-
cular coupling in the mice and rat and govern the attention to other
likely mediators of the hyperemic response in these preclinical models
[5]. The significance of the species-specific role of PGE, in regulation of
cerebral blood flow is presently not well understood. While functional
hyperemia is likely equally important in each species, it is likely that
each species utilizes predominantly a different combination of sy-
nergistic neurovascular coupling pathways (e.g. involving the release of
epoxy-eicosatrienoic acids, purinergic mediators, NO and/or K* in
addition to prostaglandins). Functional studies showing that adminis-
tration of inhibitors of COX significantly attenuates neurovascular
coupling responses [3,17,18] is consistent with the concept that PGE,
plays an important role in dilation of resistance arterioles and media-
tion of functional hyperemia in the human brain.

4.1. Limitations and perspectives of the study

PGE,, especially through endothelial PGE, receptors is a pivotal
player in different inflammatory processes in the central nervous
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system, therefore PGE,-dependent vasomotor responses can be pro-
foundly changed in various pathological conditions associated with
enhanced inflammatory reaction, for example brain tumors. This should
be studied in the future. Mediation of neurovascular coupling responses
varies between brain regions, therefore it is logical to hypothesize that
differences in PGE, receptor expression and PGE,-dependent vasomotor
function might be different between brain areas and structures (i.e grey
matter vs. white matter), as well. This hypothesis could be tested in the
future. A serious limitation of ours studies is that the vessels studied
here are the largest in the subpial arteriolar system, larger than the
precapillary arterioles. Detailed examination of segmental vasomotor
responses to PGE, and expression of EP receptors along the vascular
tree should be carried out in the future. We studied expression of EP
receptors in arterioles, in which we showed lack of a functional en-
dothelial layer pharmacologically. Distribution and morphological re-
lation between the studied receptors, and their changes in pathological
conditions should be established in whole vessels in the future. The
cross talk between EP1 and EP4 receptors in the PGE,-evoked vaso-
motor function of cerebral arterioles should be further studied in an
appropriately chosen preclinical model with similar vasomotor re-
sponses to PGE, that can be observed in human cerebral arterioles.
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Errors and Consequences of Inaccurate Estimation of Mean
Blood Flow Velocity in Cerebral Arteries
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Andras Czigler, Marta Fedriga, Erta Beqiri, Afroditi D. Lalou, Leanne A. Calviello, Manuel Cabeleira, Peter Toth,

Peter Smielewski, and Marek Czosnyka

Introduction

The mean flow velocity (FVm) in the cerebral arteries is a
key parameter in transcranial Doppler (TCD) ultrasonogra-
phy. Many TCD devices calculate FVm using the systolic
flow velocity (FVs) and diastolic flow velocity (FVd) with
the traditional formula FVm_,. = (FVs + 2 x FVd)/3 [1]. This
assumes a specific linear relationship between all compo-
nents. FVm can be calculated more accurately as the time
integral of the current flow velocities divided by the integra-
tion period (FVm,.,) [2, 3].
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Materials and Methods

We retrospectively reviewed flow velocity (FV) and intra-
cranial pressure (ICP) signals collected with TCD ultraso-
nography and intraparenchymal ICP monitors. The data
were gathered from 14 patients with a traumatic brain injury
(TBI) over the duration of their admission to the
Neurosciences Critical Care Unit (NCCU) at Addenbrooke’s
Hospital (Cambridge, UK). We performed all analyses using
ICM+ (Cambridge Enterprise, Cambridge, UK; http://www.
neurosurg.cam.ac.uk/icmplus) and R software. All record-
ings contained plateau waves (transient intracranial hyper-
tension), which resulted in a significant difference in ICP
(mean + standard deviation (SD) 25.3 £ 5.9 mmHg) between
the baseline and plateau phases. Differences in the FVm,,,
and FVm,, indices and the derivative pulsatility index (PI)
were also assessed.
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Fig. 1 Transcranial Doppler (TCD) arterial blood pressure (ABP) and
intracranial pressure (ICP) monitoring using ICM+ software. Top: A
drastic 15-min-long rise in ICP (plateau wave) is visible together with
constant ABP and a consequent drop in cerebral perfusion pressure
(CPP). Middle: The mean flow velocity in the middle cerebral arteries
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Fig. 2 Errors in both the traditional formula for calculation of the (a)
mean flow velocity (FVmecalc) and its derivative (b) pulsatility index
(PI) significantly increase from the baseline to the plateau. The data are
expressed as mean + standard deviation (n = 12 in each group). P < 0.05
vs. baseline, *P < 0.005 vs. baseline (paired Student’s ¢ test)

Results

During measurements, the averages of FVm,,. and FVm,
differed significantly (P < 0.05), and the mean + SD of the
absolute value of this difference was 6.1 + 2.7 cm/s (Fig. 1).
During plateau waves, when ICP rose, the error significantly
increased from the baseline to the plateau (from 4.6 + 2.4 to
9.8 £4.9 cm/s, P < 0.05) (Fig. 2a). Similarly, the error in PI

5/10 15:45
Time scale: < 31 minutes, 10 seconds >

5/10 15:50 5/10 15:55 5/10 16:00

is calculated using both the traditional formula (FVmcalc) and the more
accurate formula calculating it as the time integral of the current flow
velocities divided by the integration period (FVmreal). Bottom: The
difference between the two parameters is visible. An increase in the
error coincides with the plateau wave

calculated with FVm,, also increased during plateau waves
(from 0.11 + 0.07 to 0.44 + 0.24, P < 0.005) (Fig. 2b). In
many cases, there appeared to be a strong correlation between
ICP and the errors (Fig. 3).

Discussion

During plateau waves, with increasing ICP, errors in the esti-
mated FVm and its derivatives also increase. This observa-
tion most likely occurs because the pulse waveform changes,
thereby altering the FVs—FVd-FVm relationship [4, 5]. An
example of such as changing relationship is when the heart
rate changes and the generalization that the heart spends
twice as much time in diastole as it does in systole becomes
invalid; therefore, the error in the formula will increase [6].
However, in this study, we focused on elevation of ICP while
the heart rate was relatively constant. This leads to the con-
clusion that other physiological or pathophysiological
changes must happen in the brain that alter the storage of
blood in the intracranial space, the compliance of the brain,
the vasoreactivity of the arteries, or some other mechanism
that leads to a new waveform and consequently a new link
between FVs, FVd, and FVm. More research is needed to
identify the driver behind this transformation; until then, if a
change in the mean ICP is expected, then use of the FVm,
formula is recommended.
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Fig. 3 Representative plots of errors against intracranial pressure
(ICP). (a) There is a strong correlation between the error in the esti-
mated mean flow velocity (FVm) and ICP during monitoring of a
patient exhibiting a plateau wave. (b) With increasing ICP, there is an
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Usability of Noninvasive Counterparts of Traditional
Autoregulation Indices in Traumatic Brain Injury
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Andras Czigler, Leanne A. Calviello, Frederick A. Zeiler, Peter Toth, Peter Smielewski, and Marek Czosnyka

Introduction

The pressure reactivity index (PRx) is one of the commonly
used parameters to describe autoregulation in traumatic brain
injury (TBI). It quantifies the changes in vascular smooth
muscle tone that occur as a result of variations in transmural
pressure. It is calculated as the moving linear correlation
coefficient between mean arterial blood pressure (ABP) and
intracranial pressure (ICP) [1].

In certain cases (i.e. after craniectomy), PRx might falsely
indicate good autoregulation due to the increased compli-
ance of the intracranial space and the altered status of ICP. In
these situations, the correlation of ABP and the pulse ampli-
tude of ICP (AMP) could be a better descriptor of cerebro-
vascular reactivity. Thisindex is called the pressure-amplitude
index (PAXx) [2].

Since ICP is needed to calculate both PRx and PAx, both
indices are considered to be invasively quantified markers of
cerebral autoregulation. PRx and PAx are applicable for this
purpose because a change in cerebral arterial blood volume
(CaBV) results in a corresponding change in ICP. Therefore,
PRx and PAx are indirect descriptors of the relationship
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between the mean arterial blood pressure (ABP) and the
instantaneous blood volume inside the cranial space.
However, with the help of the transcranial Doppler ultra-
sound (TCD) technique, it is possible to approximate CaBV
noninvasively solely from cerebral blood flow velocities.
The disadvantage of this method is that because of the
unknown cross-sectional area of the insonated blood vessels,
the direct calculation of blood volume is not possible. In this
brief study, we aimed to investigate whether noninvasive
estimation of relative CaBV with different models could be
used to describe the cerebrovascular reactivity of TBI
patients.

Materials and Methods

TBI patients received both continuous invasive (ABP and
ICP) monitoring and daily noninvasive monitoring with TCD
over the duration of admission to the Neurosciences Critical
Care Unit (NCCU) at Addenbrooke’s Hospital, Cambridge,
United Kingdom. Data registered prospectively as a part of
standard care were retrospectively reviewed with ICM+ soft-
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ware (Cambridge Enterprise, Cambridge, United Kingdom;
http://www.neurosurg.cam.ac.uk/icmplus). The database
was fully anonymized, no data on patient identifiers were
available, and therefore no additional ethical approval or for-
mal patient or proxy consent was needed. PRx and PAx were
calculated as the correlation coefficients between 30 samples
of 10-s averages of ABP and ICP (or the amplitude of ICP in
the case of PAX).

The change in CaBV at any given time is determined by
the volume of inflow and the volume of outflow from the
cranial space. With TCD, only the velocity of the blood
inflow is monitored. Based on the assumption made about
the nature of outflow, two different methods can be used to
model changes in CaBV [3]:

I. AC,BVqy (1) = [ (CBF, () - meanCBFa) ds

Ty
t

ABP(s
2. AC,BV, (1) = {[CBFa (S)_Tl(i)J ds
where: s—the arbitrary time variable of integration, CBF,—
cerebral blood flow, ABP—arterial blood pressure, and
CVR——cerebrovascular resistance (CVR = meanABP/
meanCBFa).

In a continuous flow forward (CFF) model, a non-pulsatile
blood outflow is considered. The pulsatile inflow is equili-
brated by a continuous outflow through the dural sinuses.
Over a longer period, the outflow is considered to be equal to
the inflow, so it can be calculated by averaging the inflow
over several cardiac cycles (in this study, we used 5-min
intervals).

The second equation presumes that the outflow—simi-
larly to the inflow—is also pulsatile, becoming the pulsatile
flow forward (PFF) model. The idea behind this theory is that

the outflow is affected by the vasomotor tone of the regulat-
ing arterioles and the pulsatile ABP and can be determined
by the ratio between ABP and cerebrovascular resistance.

With TCD monitoring, the cross-sectional area of the
middle cerebral artery is unknown, and the CBF cannot be
precisely calculated. In these equations, CBF can be replaced
with CBFV, so the relative changes in CaBV can be esti-
mated (Fig. 1).

The noninvasive counterparts of PRx (nPRx) and PAx
(nPAX) were derived similarly, but with help of the estimated
cerebral volumes. nPRx is calculated with CaBV instead of
ICP, and nPAx with the pulse amplitude of CaBV instead of
AMP. Both nPRx and nPAx were calculated using both the
CFF and PFF models.

Results

Discussion

With TCD it is possible to derive noninvasive indices — nPRx
and nPAXx — of cerebrovascular reactivity by estimating the
relative changes in CaBV. These indices can be calculated
similarly to PRx and PAx if ICP is changed to CaBV. Figure 2
demonstrates that a change in CaBV is reflected in a corre-
sponding change in ICP — which is the rationale of the usabil-
ity of PRx [1]—but this could also explain the similarities
between the invasive and noninvasive indices shown in
Fig. 3. This analogous behavior opens up possibilities for the
use of these noninvasive cerebrovascular reactivity indices:
they may become clinically useful in the subacute phase of
neuro-intensive care because they can provide further infor-
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Fig. 1 Waveforms of flow velocity, arterial blood pressure and changes in CaBYV, calculated both with the continuous flow forward and the pulsa-
tile flow forward models. The pulsatile nature of CaBV with both methods is visible, but more prominent peaks appear with the PFF model
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mation about autoregulation even after the removal of inva-
sive ICP monitors. With other noninvasive techniques
(continuous ABP monitoring via finger-cuff), cerebrovascu-
lar reactivity can be described without the necessity for inva-
sive measurements, a PRx-like index can be quantified on a
long-term follow-up and can be compared to PRx derived
from early clinical care. In less severe cases of TBI, if inva-
sive parameters are not available, noninvasive optimal cere-
bral perfusion pressure (nCPPopt) instead of traditionally
invasive optimal cerebral perfusion pressure (CPPopt) could
be determined and used to guide treatment.

The usability of either nPRx or nPAX is limited because
these indices depend on continuous TCD monitoring tech-

nology. However, these techniques develop quickly, so fur-
ther studies aimed at the investigation of nPRx and nPAx
would be useful, which would enable clinicians to utilize the
previously mentioned advantages immediately after the nec-
essary improvements are made.
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Fig. 2 A representative example of good coherence between slow waves in ICP and CaBV (upper panel) and between slow waves of AMP and
pulse amplitude of CaBV (lower panel). Both the CFF and PFF models were used for the calculations
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Fig.3 Signals of PRx, nPRx (upper panel), PAx and nPAx (lower panel). Both the CFF and PFF models were used to calculate noninvasive auto-
regulation indices
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