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ABSTRACT

The ceebrovasculature is vital in maintaining health in the brain, but can be
damaged by traumatic brain injury (TBI). Even in cases without hemorrhage, vessels are
deformed with the surrounding tissue. Subfailure deformation could result in altered
mechanical ppperties and dysfunction of these vessels. This dissertation aims to provide
a better understanding of the biaxial mechanical properties of cerebral arteries, as well as
determine mechanical stretch thresholds which produce ultimate failure and subfailure
alteration of mechanical properties or vessel function. Three in vitro studies were
undertaken. Passive biaxial mechanical properties under physiological loading, as well as
failure properties of rat middle cerebral arteries (MCA®re measured and coarpd to
those of human pial arteries. Best fit parameters for a Fung type strain energy function
are provided for the biaxial mechanical properties. Rat MCAs are stiffer in the axial
direction than the circumferential, but less stiff in both directions thanan arteries.

Rat MCAs also exhibit a lower ultimate failure stress but higher failure stidteheffect

of subfailure axial overstretch on the contractile behavior of smooth muscle cells (SMCs)
in rat MCAs was investigated. Potassium dose respessewere conducted before and
after a single axial overstretch, with varying magnitude and strain rate. Overstretches
beyond a threshold of both magnitude and strain rate significantly redvted S

contraction relative to timenatched controls, mirrored lan increase in potassium

concentration required to evoke the half maximal contractiba.effect of subfailure



axial overstretch on passive mechanical properties in sheep MCAs was investigated.
Axial response was measured before and after a singlesiatisioverstretch of various
magnitudes. Posiverstretch, samples showed persistent softening (lower stress values at
a given level of stretch). Softening was only observed above an overstretch threshold, and
then increased with overstretch severityiltmsecond threshold was reached, above

which softening did not increase until failure. This dissertation provides improved
understanding of cerebrovascular mechanics and relationships between such data
acquired from animals and humans. It also providsght into the potential role of

subfailure cerebrovascular damage in disease states associated with TBI, such as second

impact syndrome and stroke.



To my lovely (and exceptionally patient) wife Cathy, without whom this never would
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Objective

Traumatic Brain Injury (TBI) is a desggating health issue with a huge societal
burden. Each year in the United States alone there are 2.4 million TB(C&#€s2013)
resulting in53,000 death@Coronado et al., 201Bnd incidences of TBI are increasing
across thglobe(Maas et al., 2008)he economic impact of TBI in the United States
has been estimated to be $60 billion year(Finkelstein et al., 2006)

TBI is extremely complex, including injury to both nervous tissues as well as
cerebrovasculature. The final clinical impact of a T is a combination of both the
initial mechanical injury and secondary complications caused by pathological processes
set in motion by the initial injury. The health of nervous tissue in the brain is of primary
importance. Damage to nervous tissue calisethe initial injury includsstretch
induced diffuse axonal injur{Siedler et al., 20149nd concussio(McAllister et al.,

2012) However, mechanicalinduced damage to cerebral blood vessels results in both
hemorrhage and cerebrovascular dysfum¢timth of which can lead to devastating
secondary complicatior{&delson et al., 1997; Bassan et al., 2007; Black, 1986; Burke et
al., 2013; Golding, 2002; Golding et al., 199%d¢morrhage leads to exposure of

nervous tissue to toxic blood products nalimsegregated from the nervous tissue by the



blood brain barriempotentially resulting in neuronal degiell et al., 2014)Dysfunction
of the cerebrovasculature's ability to regulate cerebral blood flow can result in vasogenic
edemgMarmarou, 2007tnterberg et al., 2004and a myriad devastating complications
associated with inadequate circulation. Therefibis clear that damage to blood vessels,
resulting in structural or functional failure, leads to damage of nervous.tissue

The cerebrovastature plays a vital role in the health and maintenance of the
brain. In order to maintain the appropriate level of cerebral blood flow to meet metabolic
needssmooth muscle cells (SMCs) in the vessel wall modulate their level of contraction,
or tone, thg controlling the vessel internal diamefieassen, 1974; Ursino, 1994hhis
process, known as autoregulation, has been shown to be disrupted following TBI
(Golding, 2002; Golding et al., 199%enney et al., 20)6resulting in unfavorable
clinical outomes(Czosnyka et al., 1996; Robertson et al., 1982amples of disrupted
autoregulation following TBI include vasospaé@ompton and Teddy, 1987; Kramer et
al., 2013; Martin et al., 1992; Martin et al., 19959condary hypoxia or hypoperfusion
(Bramlet et al., 1999; Cherian et al., 1996; Chesnut et al., 1998) decreased vascular
reactivity to hypercapnia in the surrounding brain tigSanders et al., 1979) is
important to note that cerebral autoregulation is dependent on both properlgrungti
dynamic control mechanisms as well as the proper steady state mechanical properties
(Zhang et al., 2009)

Many experimental models have been used to investigate the trauma associated
with impact TBI ranging from rodents to primates and humans, imguzhdavers and
live volunteergGoldsmith, 2001; Goldsmith and Monson, 2Q08hile the goal is

always to gain information about human trauma, onlyisjubry level loading can be



ethically inflicted on a living human being. Cadavers are very expensivthair use can
result in inaccurate conclusions due to lack of vascular pressuritAten et al., 1977,
Stalnaker et al., 1970y difficulty identifying vascular injury{Stalnaker et al., 1973as

well as altered headeck kinematics due to the lackcadaveric muscle tone at the time

of impact(Bendjellal et al., 1987)Primates are the closest animal model to humans, but
cost and recent public opinion makes use of primate models prohibitive. Additionally, a
huge variety of potential loading condits makes experimental definition of all possible
injury thresholds nearly impossible. Some examples of these various loading conditions
upon which the resulting injury is dependent include direction of log@egnarelli et

al., 1987, Post et al., 2019)ead and neck orientation at the time of imgilcisholtz et

al., 1986) and subjeespecific anatomical differences such as thickness of @ellvin

et al., 1969)It has also been shown in surrogate models that strain distributions within
the brain & dependent on both peak acceleration a well as changes in acceleration with
time (Thibault et al., 1987)Further, it has been argued that injury thresholds should be
determined based on response of tissue rather than applied IG@diget al., 2003)
However, it s difficult to quantify the TBlimposed strain field throughout the brain

during experimental closed head injyMelvin et al., 1993)so computational models

have become a common tool for investigating head injury.

Computational models ofdad injury have advanced substantially in recent years,
but still have significant limitations. Models have grown in complexity to include many
of the specific tissue structures of the head such as skin, bone, cerebral spinal fluid (CSF),
distinct white vsgray matter regions, and ventricldset al., 2014; Kleiven, 2007; Yang

et al., 2014)Some models also use increasingly accurate geometry such as the internal



features of the sku({lAsgharpour et al., 2014; Tse et al., 20F@sults from various
independently validated complex computational head injury models often do not agree
with each other which is attributed in part to variations in the material parameters utilized
(Jietal., 2014)

Inclusion of vasculature in computational models has prodenbeed results.
Inclusion of simplified blood vessel geometries in one computational TBI model showed
dramatically different strain distributions and peak stress levels within the brain as
compared to a similar model without any vasculat@mori et al., PO0; Zhang et al.,

2002) Inclusion of more complex vascular structure in another model produced minimal
difference from a similar model without vasculat(it® and Kleiven, 2007 However it
should be noted that the model containing more complex vasitditd not account for
internal pressurization of vessels, and this model does not correlate well with injury
distributions within the brai{Fahlstedt et al., 2015)

Despite this apparent conflict, there is evidence that inclusion of vasculature in
computational models is necessary. Twonensional physical surrogate models with
vasculature have significantly different strain distributions than witffearnaik et al.,

2004) Additionally, cadaver head impact studies show better correlation of loading to
injury when the vasculature is repressurigg&iem et al., 1977; Nahum and Smith, 1976;
Stalnaker et al., 1977k is therefore plane to see that the vasculature plays a very
important role in stress concentrations when the brain is |d&tedri et al.2000) and
should be included in computational models of TBI.

A previous attempt to mathematically model vascular function and vasospasm

shows the potential of computational models incorporating vasculature to investigate both



mechanics and vascular fuitct (Baek et al., 2007b)An equation was presented which
represented the mechanical behavior of cerebral arteries including underlying passive
mechanics and mechanical contributions from SMC contraction. The intention was that
the contribution from the pbon of the equation representing SMC contraction would be
optimized such that the overall solution would model vascular mechanical behavior under
healthy and mechanically damaged conditions. However, by the authors' own admission,
their model better sees to highlight the current lack of experimental data showing what
types of vascular dysfunction are associated with mechanical injury.

In order to provide the highest accuracy and/or utility of future computational
models which incorporate the cerebrauagature, a better understanding is needed of the
vessel specific material properties, including failure and subfailure properties, as well as
defined strain thresholds resulting in vascular injury. Additionally, low availability of
mechanical data measdrfom human tissue often necessitates translation of
experimental results acquired from animals to the human case, but these relationships are
often not well understood.

The objective of this dissertation is to better define the effect subfailure
mechanial loading has on the cerebrovasculature along with defining strain thresholds
that result in pathological changes. This information will both provide a better
understanding of the mechanically related mechanisms of vascular injuVBloss
well as allav future computational models to potentially predict subfailure vascular
damage based on the stains resulting from applied traumatic loading. This will improve
the correlation of TBrelated region specific strains within the brain with clinically

observedgathologiegVVossoughi and Bandak, 199%Yhen possible, these results are



compared to data acquired from human tissue to provide a better understanding for the
translation of animal vascular data to humans (Chapter 2). In order to provide context for
thecurrent research, brief discussions are here provided for cerebral vessel anatomy and
structure, mechanics of cerebral arteries, as well as cessordar autoregulation and

TBI-induced dysfunction.

1.2 Cerebral Vessel Anatonmand Structure

The organizaon and structure of the cerebral vascular system is unique compared
to other organgWolff, 1936). Tissues outside the arachnoid membrane are perfused with
vasculature that does not penetrate the arachnoid. Inside the arachnoid membrane,
perfusion is preided by the internal carotid and vertebral arteries, which enter at the base
of the skull and anastomose together to form the Circle of Willis. Six main cerebral
arteries (posterior, middlend anterior cerebral arteries) branch off from this Circle and
run along the cortical surface of the brain, continuing to subdivide to form a network
along the surface. Along the length of these surface vessels, small arteries branch off and
penetrate the cortex at right angles. These further subdivide until théytheacapillary
level (Akima et al., 1986; Cassot et al., 2006; Cassot et al., 2010;-Reiha Torre et
al., 1998)

There are several differences in the cerebral vasculature compared to peripheral
vessels. Once inside the arachnoid membrane, the sageuis bathed in CSF, and is
enwrapped in an additional layer of pakachnoid tissuAlcolado et al., 1988)This
extra layer of tissue continues along the length of the arterial branching until it nears the

capillary level;however cerebral veins doot have this extra tissue layeithin the



cortex of the braifyamashima and Friede, 1984dditionally, capillaries in the brain

are lined with astrocyte end festd pericytesvhich maintain the tight control of the

blood brain barrier, while stillppviding for the metabolic needs of the surrounding tissue
(Ballabh et al., 2004)The venous structure is also unique in that blood from the deep
brain regions drains via Galen's véiieder et al., 1994)while cortical veinsnerge
together to form largbridging veinswvhich exitthe subarachnoid spaf&ndrews et al.,
1989; Han et al., 2007; Oka et al., 1983Ipod then collects in the dural venous sinuses
and eventually drains through the jugular veirtgere is also a great deal of redundancy
in the @rebral vasculature, ranging from the Circle of Willis itself, to numerous
anastomoses between adjacent vesselsoutiarteriovenous anastomogbsivernoy et

al., 1981) These anastomoses have been observed to be as large as 1 mm in diameter in
humangBrozici et al., 2003; Duvernoy et al., 1981)

While sharing some common characteristics with peripheral arteries, cerebral
arteries also have distinct differences. An excellent review of the morphological
differences between peripheral and cerebral ast&siavailabl€Lee, 1995) Briefly
however, cerebral arteries are muscular arteries where the primary mechanical
constituents are collagen and elastin fibers along with SfA@gashi et al., 1980;
Holzapfel et al., 2000; Humphrey, 1995; Humphrey, 2008¢ wall structure can be
divided into three main laye(slolzapfel et al., 2000; Humphrey, 200&)e intima,
media, and atentitia. The intima, the innerost layer, is composed primarily of
endothelial cells attached to the internal elastic lamina ([Eh§.media is dominated by
helically oriented smooth muscle cells embedded in a network of collagen and elastin

fibers(Holzapfel et al., 2000While primarily in the circumferential direction, the pitch



of this helix varies depending on the location witthie vascular tre@akahashi et al.,

1994) The adventitia, the outmost layer, is primarily composed of collagen fibers
embedded with fibroblasts and fibrocytes and is much less organized than the other two
layers(Holzapfel et al., 2000)The IEL is hicker in cerebral arteries than in peripheral
arteries, but the elastin content in the media and adventitia is much(#tekbens,

1972; Stephens and Stilwell, 1969)so, in peripheral arteriethe media and adventitia

are separated by the externlalséic lamina. While the external elastic lamina is present in

cerebral arteries in infancy, it disappears in aqtissler and Larsson, 1962)

1.3 Mechanics of Cerebral Arteries

As mentioned above, efforts to better prevent and treat cerebrovasguhamand
disease are, in part, dependepon a more complete understanding of vessel mechanics.
This includes the definition of blood vessel injury thresholds for failure aofdikure
damage, as well as characterization of the relationship betweeadafoptes and vessel
function. Reviews of overall head injury mechanics and material propertiesafoal
tissues are available elsewhéBoldsmith, 2001; Goldsmith and Monson, 2005; Meaney
et al., 2014)Additionally, a comprehensive discussion of liteeding to the head during
TBI and the clinical manifestations of gross vascular injury are outside the scope of this
summary but a good review of such is provided by CrofReooks, 1991)

The scope of this section is limited to the mechanics of céraiveaies. More
complete reviews of vascular mechanics in general can be found els¢ibiezapfel et
al., 2000; Humphrey, 1995; Humphrey, 200@he of the reasons for this specific focus

is that cerebral arteries are stiffer than veins and fail averltevel of stretciiMonson



et al., 2003) This indicates that they would have a greater impact on the traumatic
deformation of surrounding brain tissue, and would sustain injury at a lower regional
strain level. Cerebral arteries are several orders ghinale stiffer than surrounding

brain tissue. For example, experimental measurements of rat cranial tissues show the
instantaneous elastic modulus of gray and white matter to be 0.29 kPa and 0.45 kPa,
respectively(Christ et al., 2010)However, the mid@ cerebral artery has an

instantaneous elastic modulus of 1.1 MPa and 0.7 MPa for the axial and circumferential
directions, respectiveliBell et al., 2013)also Chapter 2). This h#ed some to compare

the mechanical contribution of cerebral arteriegrain tissue to that of rebar in concrete
(Zhang et al., 2002)

The mechanical evior of cerebral arteries hasmmon traits with other
biological soft tissues, with some additional considerations. In general, cerebral artery
mechanical response is nmrdar and anisotropic. The arterial wall is also considered to
be incompressible within the physiological loading rafC@rew et al., 1968} ike other
biological soft tissueserebral arteries maintain a certain level of stretch in the in vivo
configurdion. Finally, due to the presence and action of SMCs in the arterial wall, the
mechanical behavior is dependent on both the passive mechanics of the wall constituents
as well as SMC contraction.

Like many biological soft tissues, cerebral arteries exhininear mechanical
behavior due to the proportion and organization of the various arterial wall constituents
(Fung, 1993)SeeFigure 1.1 for an example of this nonlinear behavior as measured from
astretch test on a pressurized ewe middle cerebray NECA) pulled axially to failure.

The shape of the lower portion of this curve, known as the toe region, is determined by
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3.5
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Axial Cauchy Stress (MPa)
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Figure 1.1: Axial mechanical response of ewe middle cerebral artery pulled to
failure at internal pressure of 13.3 kPa (100 mmHg)

both elastin and collagen fibers in the wi@how et al., 2014; Weisbecker et al., 2013)
While the contribution of elastin is linear in nature, the slope increases as initially
crimped collagen fibers within the wall straighten out and become loaithdpea process
known as fiber recruitmerfChow et al., 2014; Schrauwen et al., 2012; ZeiDaWarani
et al., 2015)The subsequent nearly linear portion of the curve reflects the elongation of a
majority of the collagen fibers in the artd§how et al, 2014; ZeinakDavarani et al.,
2015) It is postulated that the somewhat discontinuous changes in slope in the upper
portion of the curve are due to failure of certain microstructural component prior to
ultimate failure(Bell et al., 2015; Converse andolkson, 2014)which will be discussed
in greater detail near the end of this section.

In addition to the conformation of microstructural components, like the initial
crimping of collagen, the orientation of these components also plays an important role in
the resultant anisotropy of cerebral arteries. For example, the unloaded orientation of

collagen fibers in the adventitia is somewhat random, while the collagen in the media is
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oriented in a primarily circumferential helical mang@how et al., 2014; Scauwen et
al., 2012) In both human and rat cerebral arteribe axial direction has been shown to
be stiffer than in the circumferential direction at in vivo stretch lefg®d et al., 2013,
Monson et al., 2008While cerebral arteries are stifferhmmans than rats, the ratio of
axial to circumferential stiffness is simil@Bell et al., 2013)also Chapter 2). This
anisotropy results in the mechanical behavior in either direction being dependent on the
loading in the other. As a result, biaxial aaical testing is required for the
characterization of cerebral arter{@ell et al., 2013; Monson et al., 2008)

Arteries in vivo are under a certain amount of stretch. This is easy to see as
arteries removed from the body retract axiéifiychs, 190Q)This is an example of
residual strain. The parallel concept of residual stress is simply stresses in a material or
object that is free from external loading. Residual stress in arteries was first taken into
consideration for mechanical analysis by Be(g&rgel, 1961)However, residual stress
is not limited to the axial direction. Circumferential residual stress is shown by cutting a
ring cross section of an artery radialyhuong and Fung, 1986)he cross section then
opens into a mostly circular arehth a greater diameter than the original cross section.
Circumferenti al resi dual strain is quantifie
(Figure 1.2). It is important to notehowever, that this opening angle can vary
significantly along the legth of the arteryLiu and Fung, 1988; Monson et al., 2008)
Additionally, residual shear strain has been observed and quantified in coronary arteries
(Wang and Gleason, 2010, 201Rgsidual shear strain causes a resected thin
longitudinal strip of the réerial wall to colil into a helical configuration. Finally, the

different layers of arteries have been shown to have different amounts of residual stress in
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Figure 1.2: lllustration of the measurement of circumferential residual strain
openingangle( U) from a cross section of a human p
Opening angle is in radiansand measured from the midpoint of the arc to the end
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both the axial and circumferential directiqiiolzapfel et al., 2007)or example, the
circumferental opening angle of the media could be much higher than that of the
endothelium. While this layer specific residual strain has been quantified in larger
peripheral arterie@Holzapfel et al., 2007the small size of cerebral arteries make such

an attempdifficult. To account for residual stress and strain for stress analysis, one must
use the stress relieved configuration as the reference state as described in detail by
Holzapfel et al(Holzapfel et al., 2000)

An important testing consideration relatedesidual strain is the experimental
determination of the in vivo length during in vitro vessel tests. In this regard, a discovery
by Van Loon(Van Loon, 1977)s particularly helpful. Van Loon found that when dog
arteries are stretched axially at vawyilevels of constant internal pressure, all the force
length plots overlap at a single vessel length. He further confirmed this by showing that at
this same length, corresponding to the sample's measured in vivo length, the axial force
stayed constant dise pressure was oscillated within the physiological pressure range.
Above the in vivo lengthithe axial force will rise with increasing internal pressure, while
the axial force will fall with increasing internal pressure below the in vivo length. This
phenomenon has since been confirmed experimentally ir(\Watszsacker et al., 1983)
and again in dogdrossollet and Vito, 1995)

The contribution of SMC contraction to the overall mechanical behavior of
cerebral arteries is an important consideration,@albe considering that over half of the
arterial wall is composed of SM@dumphrey, 2002)Both active and passive
mechanical properties of cerebral arteries have been measured to a limited extent in

animals. For example, activation of SMCs in rabbitilbagarteries with the
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vasoconstrictor endothelih (ET-1) (Wagner and Humphrey, 201ddiring pressure

inflation tests at a fixed lengg8hows that the axial force required to maintain a set axial
length decreases as SMC tone increases. This study algedshn increase in
circumferential stiffness with increased SMC activation. A second study, on rat MCA
(Coulson et al., 20045howed that SMC contraction induced by increased internal
pressure also increased circumferential stress at a given levelurhfgrential stretch.
However, when the overall mechanical response is mathematically separated into the
individual contributions from passive structures and active SMC contraction, the passive
stiffness in both directions seems to decrease with increasi@contractior(Baek et

al., 2007a)

A large number of strain energy functions have been proposed to describe arterial
mechanical behaviqHolzapfel et al., 2000; Humphrey, 1995}rain energy functions
arescalamrmathematical relationships that relétte stored strain energy to the
deformation gradient. In other words, they relate the energy required to deform a material
to the matching level of stretcBuch a function can then heed to predict stress from
theapplied stretchThe parameters for éise functions are derived by iteratively
optimizing the function so that the mathematically predicted stresses best match
corresponding experimentally measured stress values. One important consideration in this
regard is, similar to many biological softgues, cerebral arteries exhibit hysteresis or a
loss of energy between the loading and unloading of the material. Therefore, current
strain energy functions can only be fitted to either the loading or the unloading portions
of the data, not both at onceypically, the loading portion of the data is chosen resulting

in the psuedoelasticity assumpti@ung et al., 1979)There are two basic categories of
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strain energy functions, phenonmogical and microstructuraligased. While
microstructurallybased factions have the potential to describe contributions from, and
changes in, various components in the arterial wall, they are more computationally
demanding and more difficult to validatdolzapfel et al., 2000However, while
phenomenological models mapt be as versatile, they are significantly simpler and can
still potentially represent arterial mechanical behavior equally (Bell and Monson,
2012)

Phenomenological strain energy functions simply utilize an optimized
mathematical expression to regalte stress response without regard to the underlying
microstructure. Examples of phenomenological functions have been based on exponential
(Delfino et al., 1997; Fung et al., 1979; Vaishnav et al., 187&)garithmic equations
(Takamizawa and Hayashi987). One of the most commonly used phenomenological
models is the exponential Fung strain energy functatl et al., 2013; Bell and
Monson, 2012; Fung et al., 1979; Garcia et al., 2013; Keyes et al., 2013; Monson et al.,
2008) The Fung strain enerdynction as applied to cerebral arteries has only four
independent material parameters and is more fully described in Ch4ptf &t al.,

2013)

Microstructurallybased strain energy functions divide the overall mechanical
behavior into more basic compents, such as an isotropic elastic base material and
reinforcing collagen fiber@Baek et al., 2007a; Holzapfel et al., 2000; Wicker et al.,
2008) Holzapfel et al(Holzapfel et al., 200(havealso proposed treating the media and
adventitia as two comtted materials with differing material properties. One previous

function, mentioned briefly above, has a third division in the total mechanical behavior to
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represent the contribution from contracting SMCs (Eq. (Bagk et al., 2007a)

— — g dl 4 — o AL g
T TavFY<GtounflgFraiog (1.1)

This function (Eg. 1.2) accounts for 4 collagen fiber families, each having a unique
orientation, stiffness, and degree of nonlinearity, except that material parameters for
families 3 and 4re defined as having equal stiffnesses and nonlinearity. Supekscript
signifies the fiber family where, in the reference configuration, family 1 is oriented along

the axial direction/( 1), family 2 is oriented circumferentially (  w ®), and

families 3 and 4 are oriented helically ( | * and| | ).
4 .
F — E EL o /B
| 1
(1.2a)
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The stretch of th&™ fiber family is defined as
yB  yafe wE yov o (1.2b)

and'Gs the first invariant of the right Cauci@reen stretch tensor. Parameteis a
material peameter for the elastin with units of stress. Parameiefstress units) anc

(unitless) are material parameters for kfidiber family. Parameteb  is an
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experimentally measured parameter related to the level of SMC activékie various

other stretch measurements are current axial stretghcQrrent circumferential stress

(), stretch where SMC contraction is maximum ), and stretch where SMC force
generation stops (). All four of these stretch atrics are experimentally measured. All
together, there are eight independent material parameters to optimize. The Baek function
has more capability than the Fung phenomenological model, but twice as many material
parameters. Therefore, when selectingarstenergy function for investigation of

cerebral artery mechanical behayimne shouldear in mind the two factors wofat

does the function need to do, and the minimization ofprgational expense should it

later be utilized in a computational mods=i TBI.

There is a limited amount of data for mechanical characterization of human
cerebral arteries within the physiological loading range. Circumferential inflation tests on
vessels taken from autopsy have revealed that while cerebral vessels getithiféee
they are stiffer than peripheral vessels at all §8asby and Burton, 1965; Hayashi et
al., 1980) Axial stretch tests on unpressurized cerebral vessels from a(@heyipnik,
1971)and live surgical resectigiMonson et al., 2003)ave show the mechanical
response is not strain rate dependent from egtasic rates up to 500'sHowever,
cerebral vessels from autopsy exhibit a higher stiffness than do fresh vessels from
surgical resectiofMonson et al., 2005Additionally, when biaxialoading is utilized
the axial stress at any given level of axial stretch is higher than in previous unpressurized
tests(Monson et al., 2008)Unfortunately, limited availability of human tissue is a barrier
to additional research.

In order to try to makep for this shortfall in human cerebrovascular tissue,
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cerebral artery mechanics under physiological loading levels have been investigated in
various animal models. Circumferential active and passive mechanics have been
measured in rat MCA&oulson et al 2004; Hogestatt et al., 198%)ertain pathological
conditions have been shown to change these mechanical properties. For example, both
ischemia(Coulson et al., 2003nd chronic hypertension has been shown to increase the
passive circumferential stifess in large rat cerebral arterietajdu and Baumbach,

1994) While the biaxial active and passive mechanical properties had been measured in
rabbit basilar arteries prior to this dissertatiBaek et al., 2007a; Wicker et al., 2008)

the rat is a far iIore common experimental model for T@leWitt and Prough, 2003)
Previous measurements of mechanical propertiesti@ntcerebral vessels have been
limited to the circumferential directigiCoulson et al., 2002; Coulson et al., 2004; Hajdu
and Baumbach,994). Additionally, it has been argued previously that the primary mode
of loading experienced by cerebral vessels during TBI is axial s{@tdtdsmith, 2001,
Monson et al., 2003)lo address this lack of axial rat mechanical datapter 2 of this
dissertation(Bell et al., 2013)neasured the passive biaxial mechanical properties of rat
MCAs.

Since he initial mechanical loading of TBI commonly results in hemorrhage due
to vessel rupturgknowing the failure characteristics of cerebral vessels isalriid
determining strain injury thresholdsailure properties of cerebral vessels have been
shown to be strain rate independent in hunf@malupnik, 1971; Lee and Haut, 1989;
Monson et al., 2003nd ferretg§Lee and Haut, 1992pr rates ranging fromugststatic
up to 500 & and 200 &, respectively. However, near failure stretch levels the

incompressibility assumption is potentially no longer vélidll et al., 2013ylue to the
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large strains involved. Unpressurized axial stretch tests to failunaroan cerebral

vessels from autopsy display a higher failure stress but a lower failure stretch than did
fresh cerebral vessglslonson et al., 2005)With this in mind, it is interesting to note

that axial failure stress and stretch from unpressurizethhwautopsy arteries are 1.06

MPa and 1.34respectivelySteiger et al., 1989hile these values are 4 MPa and 1.4

for pressurized failure tests on fresh human cerebral ar(dt@sson et al., 2008)

Considering the higher failure stress in humanlweterteries from autopsy when
unpressurized, the higher failure stress in fresh cerebral vessels when pressurized is all
the more pronounced. This emphasizes the need for investigations of injury thresholds to
utilize biaxial loading. During the courséthe work in this dissertation, axial failure
properties under biaxial loading were also defined fo(Bell et al., 2013and sheep

(Bell et al., 2015MCAs. Rat MCAs fail at a higher failure stretch but lower failure stress
than human cerebral vessdis(Bell et al., 2013)The sheep failure properties were not
compared to humans in the study in Chapter 4. However, the sheep MCA failure stress
(3.44 MPa) is comparable to humans and the failure stretch (1.7) seems to be higher than
for human cerebralrteries.

In addition to injury thresholds that would lead to immediate structural failure,
strain thresholds resulting in subfailure cerebrovascular damage are also important to the
understanding of TBI. Prior experiments on aorta indicate that the ehdathruptures
under mechanical stretch before other vascular lgy&ishnav and Vossoughi, 1987)

Those authors postulate that this could be due to elevated initial strain in the endothelium
due to layer specific residual strains. While it has not gehlextensively studied,

preliminary observations in our lab show rupture of endothelium and/or IEL following
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subfailure axial overstretclrigure 1.3 andFigure 1.4). Additionally, other preliminary
datashow layerspecific alteration and/or damage to tdodlagen structure within the

wall of lamb cerebral arteries following subfailure mechanical overstretghre 15)
(Walther, 2015)Prior to the work of this dissertation, supraphysiological stretch had
been shown to reduce the stiffness of periphataties without obvious structural

damage in both the circumferential and axial directions, a phenomenon known as strain
softening(Alastrue et al., 2008; Holzapfel and Gasser, 2007; Horny et al., 2010; Maher et
al., 2012; Pefia et al., 201@ut not in erebral arteriesThis reduction in axial stiffness
following subfailure mechanical deformation has now been confirmed and characterized
in cerebral arteries as wéBell et al., 2015)see Chapter 4). Subsequent preliminary

data also indicates the preserof circumferential mechanical softening following axial
overstretc{Converse and Monson, 2014)

While this subfailure stretch induced strain softening would not necessarily affect
the deformation of the brain during the initial traumatic loadingyuiat play a role in
secondary complications. It has been shown that the contractile behavior of vascular
SMCs is dependent on the stiffness of the extracellular n{&i@ucke et al., 2015)
Furthermore, previous TBI is clinically correlated with arr@ased risk of stroke up to 5
years latefBurke et al., 2013; Chen et al., 2011; Hills et al., 20IR)s may be due to a
persistent change in mechanical properties due to overstretch, or possibly be the result of
maladaptations to the vasculature ttuthe reduced axial stress followisgftening
(Humphrey et al., 2009Finally, as is illustrated in the subfailure ruptureonéflothelium
mentioned abové@/aishnav and Vossoughi, 198 mechanical overstret@iso has the

potential to damage other vascutetls inducing autoregulatory dysfunction



21

Figure 1.3: Observed failure of endothelium in rat middle cerebral artery prior to
pressure loss or structural failure during pressurized(100 mmHg) axial stretch test
to failure. Intima was stained with grosin dye for contrast. It is unknown if IEL was

also ruptured in this image.
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Figure 14: Observed rupture of internal elastic lamina (IEL) following subfailure
axial overstretch of lamb middle cerebral artery. IEL imaged with confocal
microscopy.Image from unpublished preliminary data related§@onverse and Monson,

2014)
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Figure 1.5: Confocal images of lamb middle cerebral arteries subjected to subfailure

axial overstretch. White streaks indicate binding of collagen mimetic peptide to

damageal collagen. Axial direction is vertical and circumferential is horizontal. [C2,
contr ol (no overstretch); S1_ 1 (@®valthes, 1. 3) ;
2015)Reproduced with permission.

1.4 Cerebrovascularutorequlaibn and TBtInduced Dyfunction

Cerebrovascular autoregulation is the process by which the SMCs in cerebral
arteries alter their level of contraction so as to provide the needed level of cerebral blood
flow (CBF) in order to maintain homeostasis and match the regional metabetis in
the brain. In humanswtoregulation of CBF can be sustained within the range of mean
arterial blood pressure of approximately B0 mmHg(Humphrey, 2002; Phillips and
Whisnant, 1992)Above the upper pressure linf@BF increases with increasiegrebral
perfusion pressure (CPP) as SMCs can no longer contract sufficiently to restrict flow
(Cipolla and Osol, 1998Below the lower pressure lImEBF decreases with decreasing

CPP as SMC can no longer dilate sufficiently to allow enough flow,tnegh
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hypoperfusion and ischemiglossmann, 1994 here are several autoregulatory
mechanisms in the cerebrovasculature, many of which are disrupted following TBI. More
complete reviews of normal cerebral autoregulatigman, 1998; Edvinsson et al.993;

Faraci and Brian, 1994; Kontos, 1981; Kulik et al., 2008; Meininger and Davis, 1992;
Paulson et al., 199@ndTBI-induced autoregulatory dysfation (DeWitt and Prough,

2003; Golding, 2002; Golding et al., 199%@&nney et al., 201&ramer et al., @13;

Kreipke et al., 2013; Rang€lastilla et al., 2008 re available elsewhere.

The scope of this summary of cerebral autoregulation is limited to larger cerebral
arteries, such as the pial arteries utilized in this dissertation. These larger cetetiesl ar
provide as much as 49% of the total resistance in the cerebral vasculature in rats
(Faraci and Heistad, 1990; Harper et al., 1984djther, regulation of blood flow for
localized needs in the brain req@ieevascular response in both the laoadi vasculare
as well as upstream vess@taraci and Heistad, 199@llowing maintenance dbcal
blood flow without drastic alterations in local blood presstirerefore this resistance in
the larger cerebral arteries is vital for the protectiothefsmaller vessels downstream
(Faraci and Heistad, 1990). While these larger vessels commonly rupture and bleed
during TBI, they can also become dysfunctional, exposing the more distal
microvasculature to supraphysiological pressures (Tsubokawa and iKatal208),
resulting in diffuse injury such as vasogenic edema and hemorrhage of the
microvasculatte, both of which are commonly obseryaeast TBI (Kenney et al., 2016;
Tsubokawa and Katayama, 1998). One potential way to clinically evaluate the degree of
autoregulatorgysfunction nomvasively pos{TBI is the evaluation of blood flow in

large cerebral vessels, such as the MCA, using transcranial Doppler ultrasound
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(Panerai,1998) or neanfrared spectroscopy (Highton et al., 20Panerai, 1998).
Additionally, the effects evoked by various signals to the cerebrovasculature change
based on where in the vascular tree theadignapplied. For example, norepinephrine
causes contraction in pi atladrenoceporlineoks, v i a
1995; Sandor, 1999yvhile causing dilation in subcortical arterioles via interaction with
b-adrenoceptors which are predoati in these smaller arteriol@sncoln, 1995;
Mayhan, 1994; Rosendorff et al., 1978)so, the peak myogenic response occurs at
decreasing pressure levels as the diameter of the artery de¢fealsirsg et al., 1998b)
Therefore, a better understandwfgnechanicallyinduced autoregulatory dysfunction of
larger cortical vessels, like the MCA, may contribute to therptanof treatments based
on nonnvasive clinical measurements of blood flow within these vessels.
Cerebrovascular autoregulation také&zscp via the complex interplay of several
mechanisms which are here divide into four basic categories for discussion: neurogenic,

metabolic, endothelial, and myogenic.

1.4.1Neurogenic autoregulation

Pial arteries receive nervous signals from nervesnatigg in the peripheral
nervous syster(Hamel, 2006) These nerves are located in the adventitia, their density
begins to decrease as arteries enter the cortex, and they are not present in subcortical
arterioles(Handa et al., 1990 he role and importece of these pial artery perivascular
nerves is not well understood and is still an open déBatedor, 1999; Strandgaard and
Sigurdsson, 2008; van Lieshout and Secher, 2@G8)itionally, while it has been shown

that these perivascular nerves do notehasignificant effect on cerebral blood flow

nt e
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under physiological conditions, contraction of pial arteries due to sympathetic nerve
signals during hypertension do significantly reduce cerebral blood flow, protecting
downstream portions of the vasculatw@ni damag€Tuor, 1992; Wahl, 1985)

These perivascular nerves are capable of releasing neurotransmitters that can
potentially alter the level of SMC contraction. Norepinephrine (NE) intevacts h U 1
adrenoceptors in SMCs, aserotonin (5HT) interactswith 5-HT1B receptors, both
leadingto contractiorof pial arteriegHogestatt and Andersson, 1984b; Lincoln, 1995;
Sandor, 1999)Further, while interaction of acetylcholine (ACh) with muscarinic
receptors in SMCs can potentially lead to weak contracli@m, evokes a much more
pronounced dilation in cerebral arteries by triggering the release of nitric oxide (NO)
from endothelial cells as explained in the endothelial autoregulation section below in
greater detailLee, 2002) The density and functionalityf these perivascular nerves
varies by location within the brain, which may serve to accommodate the varied
metabolic needs in differing regions of the br@teys et al., 1996; Handa et al., 1990;
Hogestatt and Andersson, 1984bpr example, perivas@r nerve density is lower in
human anterior cerebral arteries than in posterior cerebral a(ilegs et al., 1996)
while reactivity to NE is higher in feline anterior cerebral arteries than in posterior
cerebral arterie@Hamel et al., 1988)

TBI leads to damage of this system in addition to altered response to signaling.
Perivascular nerves in the basilar and internal carotid arteries have been shown to be
physically damaged following impact TBI in rdtdeda et al., 2006 Also, following
fluid peraussion injury, BHT induced vasoconstriction is eliminated or even changed to

mild dilation (Kontos and Wei, 1992)
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1.4.2Metabolicautoregulation

Metabolic autoregulation refers to alteration in SMC tone in response to the
chemical signals associated wittetabolic needs. While metabolic signals exert some
influence on cerebrovascular tone regardless of pressure level, they are likely the primary
means of autoregulation at pressures below the autoregulatory pressur@oangs et
al., 1978) This sectia will briefly discuss the regulatory mechanisms associated with
maintenance of physiological levels of carbon dioxide Gd oxygen (§).

Either hypocapnia or hypercapnia in the brain result in compensatory responses
from cerebrovascular SMCs. The giological partial pressure of GQPCQ,) in CSF is
approximately 55 mmH@Andrews et al., 1994)When PCQis elevated, SMC
vasodilation results in order to clear the excess. T@e primary mechanism for this is
the SMC response to the associated changee surrounding pH. Excess gf@acts
with extracellular HO to form carbonic acid (CO- H,O 7z ,.CB;Zz H+ HCOy).

This increases the concentration of extracellulawhich then interact with SMCs and
causdilation (Kontos et al., 1977)The concept that this is the primary mechanism for
hypercapnic vasodilation is further supported by thdifig that changes in PGOr
bicarbonate concentrations alone do not affect vasculafkamtos et al., 1977)
Hypocapnia results in vasoconstriction due to the same relationship between the
concentration of extracellular’kind the level of SMC contréon.

Levels of Q in the brain produce vasoactive responses independent of the level of
CO,. While the patrtial pressure 6% (PO,) varies dramatically from one region of the
brain to anothefMasamoto and Tanishita, 2008ypoxiainduced vasodilation pically

begins when mean arterialood pressur@AP) falls below 50 mmHgHumphrey,



28

2002; Masamoto and Tanishita, 200Bhere are several factors which are released from
nonvascular brain tissues in response to hypihraican induce vasodilation anmttiease
blood flow (Pearce, 1995While it is still a matter of debate which is the primary
mechanism for hypoxia mediated vasodilatjptasamoto and Tanishita, 2009; Pearce,
1995) a few of them are presented here. Neural cells release potassium jomsdgs
hypoxic conditions. Small increases of extracellulatd@ad to dilation of SMCs through
the action of inward rectifyingotassium channels (K(Golding et al., 2000; Johnson et
al., 1998) Hypoxic neurons also releasé, kthe effect of which wadiscussed above.
Adenosine is normally released by and then acts on endothelial cells to produce
vasodilation(Coney and Marshall, 1998)owever, under hypoxic conditions,
nonvascular brain tissue also release adenosine which then interacts direc8{is
causing dilation. There is also a direct effect of hypoxia on SMCs. Reduced adenosine
triphosphate (ATP) levels in SMCs open ATP sensitiVetannels which result in
hyperpolarization and vasodilatighaguchi et al., 1994)Jnder hyperoxic conddns,

the elevated levels of BDave been shown to increase concentrations ef Elpotent
vasoconstricto(Armstead, 1999)Also it is theorized thatée floatingNO, basally

acting as a vasodilatas inactivatedoy superoxide anions that form dugihyperoxia
resulting in decreased dilati¢ghilyaev et al., 2003)

TBI leadsto impairment of metabolicalipased autoregulatory mechanisms. It is
important to note here that the metabolic demand in the brain decreaséBpost
However, the decrease @BF due to autoregulatory dysfunction is greater than would be
justified by this reduced metabolic demgbeWitt and Prough, 2003pecreased

vascular reactivity to elevated G the brain following TBI has been observed
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experimentally(Golding et al, 1999b) Additionally, ATP sensitive Kchannels in
SMCs, involved in the dilation associated with hypoxia, have been shown to be impaired

following fluid percussion injuryArmstead, 1997a)

1.4.3Endothelial autoregulation

Vascular endothelial celldgy a vital role in the regulation of CBF through the
action of both chemical and mechanical signals. Endothelial cells also provide a wide
variety of other essential functions such as acting as a selective barrier bdtvoeesnil
brain, providing a nahrombogenic surface, and facilitating blood clotting,
inflammation, and angiogeneglsropinski et al., 2013)Some examples of the
vasoactive substances produced by erediaticells are NO, endotheltderived
hyperpolarizing factor (EDHF), and endotimeli

Nitric oxide is a potent vasodilator and is consistently produced at a basal level by
endothelial cells. Production of NO is dependent on endothelial cytosolic calcium levels
(Szabo, 1996)Some examples of the stronger methods to increase cytodolincare
shear stress applied by flowing blo@dashour and Boock, 1999hteraction oNO
synthas€éNOS) with the endothelial cell membrane, and binding of ACh to the cell
membrandSzabo, 1996)The three sources of NOS are the endothelial cells tingsse
(eNOS), neurons (NNOS), and inducible NOS (iNOS) which is not normally present in
the healthy braifjSzabo, 1996put can be expressed following TEzabo, 1996;
Villalba et al., 2014)

Endothelial derivd hyperpolarizing factor is the residual ditemal effect

endothelial cells can exhibit on SMCs in the absence of chemical dilators like NO,
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prostaglandinor cyclooxygenase. No specific chemical has been associated with this
effect to date. It is thought that when endothelial cytosolic calciureases due to
various agonists, this opens calcikmediated K channels, hyperpolarizing the
endothelial cell membrane. This process then results in relaxation in adjacent SMCs
(Busse et al., 2002Y his phenomenon is not fully understood, but some possible
explanations include direct transfer of membrane potential between endothelial and
SMCs via gap junction@usse et al., 2002; Griffith, 20049nd expulsion of Kfrom the
endothelium into the extracellular space inducing hyperpolarization of SMC'via K
channels or Na K" ATPase(Busse et al., 2002)

While endothelinpeptides are produced by endothelial cells, there are also
significant amounts produced by astrocytes, and neurons under normal physiological
conditions (Petrov et al., 2002)The primary adothelin peptides produced in the brain
are ET1 and ETF3, but ET1 is thought to be the predominantly vasoactive of the two
(Kuwaki et al., 1997; MacCumber et al., 19980d concentrations of ET are typically
much higher in CSF than in plasrfiuwaki et al., 1997)ET-1 has a complicated effect
on the vasculature causing dilation at low concentrations, and contraction at higher
concentrationgArmstead et al., 1989Yasoconstriction induced by ETis the result of
its interaction with ETA receptorsxd®SMCs which activate of the-@otein cascade. This
results in the formation of inositol triphosphate which then binds to SMC calcium
channels to increase influx of calcium, leading to contra¢titrata et al., 1988)The
contractile effects of E-IL arelong lasting, persisting for several hours afterEi§ no
longer associated with the receptGtarke et al., 1989)The binding of ET1 with ETB

receptors on endothelial cells evokes vasodilation by triggering eNOS and NO
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production. ETB receptors alsativatecell survival pathways and providing clearance of
ET-1 (Kropinski et al., 2013; Touzani et al., 1997)

There is a number of studies showing endothelial autoregulatory patareays
disrupted following TBI. NGmediated dilation is impaired followgnsubarachnoid
hemorrhage (SAH) as hemoglobin is a potent NO scavenger leading to vasoconstriction
(Szabo, 1996)Fluid percussion injury eliminates AGmediated dilation and even results
in mild vasoconstriction due to ACh interaction with muscarinicpere on SMCs
(Ellison et al., 1989; Kontos and Weli, 1992pklu et al.(Toklu et al., 2015have shown
that exposure to blast overpressure results in both a decrease to ACh mediated dilation, as
well as an increase in ET induced contractionncreasedevels of EF1 in plasma and
CSFfollowing experimenta(Foley et al., 1994; Petrov, 2009; Petrov et al., 2602
human(Beuth et al., 2001; Salonia et al., 20I@&) have been linked to hypoperfusion
and ischemic brain damage. It should be noted ligainicrease in production of EII
following TBI is much more pronounced macophages, astrocytesnd neuronghen in
endothelial cellgPetrov et al., 20025ince experimental application of HTto the
adventitia has significantly stronger respong®&n luminal applicatiofSalom et al.,

1995) it is possiblethat elerated production of E-L by norvascular cells posiBI plays
a larger role in the po4tBl vasospasnthan alterations to endothelial ETproduction
do. However, the specific role of ETin TBI-induced vasospasm is still not well defined

(Kropinski et al., 2013)
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1.4.4Myogenic autoregulation

The myogenic response, also known as the Bayliss effect, involves alteration of SMC
contraction caused by changes in luminal pressure. It vsa®hiserved by Sir William
Bayliss over 100 years ago in dogs.

When the pressure was raised inside the artery it was seen at first to swell, but
immediately, and while the mercury was still kept at its height, a powerful
contraction took place, in whiche artery appeared to writhe like a worm. If
pressure was suddenly lowered again the artery did not return merely to the state
corresponding to the lesser pressure, but underwent a considerable relaxation...
(Bayliss, 1902)page 229; used with permission)

There arewo main divisions to this effecgeneration of basal tone (myogetooe and
regulation of tone thereafter (myogenic reactiv{9sol et al., 2002)Both have been
shown to be affected by TBArmstead, 1997b; Mathew et al., 1999; Villalliak,
2014)

The development of myogenic tone takes place within the pressure rangé0f 40
mmHg in rat§Osol et al., 2002)Luminal pressure stretches SMC membranes resulting
in depolarization caused in part by opening of stretch activated cationethiessuch as
transient receptor potential chann@éelsh et al., 2002)SMC membrane depolarization
causes the opening of voltage sensitive calcium channels which facilitate influx of
extracellular calciunfKnot and Nelson, 1998; McCarron et al., 19%H¢vated
intracellular calcium increases myosin ligiitain phosphorylation, resulting in SMC
contraction, and a decrease in vessel diani8tmnlyo et al., 1999)Additionally,
activation of calcium sensitive 'Kchannels by increased intracellular calcitgsults in
membrane hyperpolarization, thus providing negative feedback to control the level of
stretch induced myogenic contracti@aggar et al., 2000)

The mechanisms of myogenic reactivity differ from those of myogenic tone
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development. The pressulnge in which myogenic reactivity is dominant is’BMD
mmHg in rat§Osol et al., 2002and 60160 mmHg in human@hillips and Whisnant,
1992) It has been shown experimentally in rats that increases in luminal pressure within
this range produce increaseall tension, but the diameter is kept relatively constant
(Osol et al., 2002)increased myosin ligithain phosphorylation in this case is due to
heightened sensitivity to calcium in SMCs, while the intracellular calcium levels do not
significantly inaceasgLagaud et al., 2002; Somlyo et al., 199B)is increase in calcium
sensitivity is achieved by activation of Rho kinase and protein kingsadaud et al.,
2002; Osol et al., 1991; Schubert et al., 2008k reverse of both these processes takes
place in response to decreased luminal pressure, resulting in decreased wall tension and
eventually, vasodilatio(Bayliss, 1902; Osol et al., 2002)

Both myogenic tone and reactivity are affected by TBI. Specifically, controlled
cortical impact TBI in ratgmpairs both mechanisn{&olding et al., 1998aAlso,
myogenic tone development to increasing luminal pressure is impaired after fluid
percussion injury, which the authors attributed to expression of INOS and elevated levels
of NO preventing contractiofVillalba et al., 2014)Additionally, calcium sensitive K
channels, involved in the reduction of myogenic tone to decreased luminal pressure, have
been shown to be impaired following fluid percussion infédmmstead, 1997b; Mathew
et al., 1999)possibl caused by inactivation by elevated oxygen free rad{Ead¥Vitt et

al., 2001)
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1.4.5Mechanisms of autoregulatorysfunction physical vschemicalinterplay)
Cerebrovascular autoregulatory dysfunction following TBI is a combination of

the repercusens from the initial injury and the subsequently altered chemical

environment in the injured brain. Good reviews on the combined initial mechanical and

secondary injury caused by TBI are availgldavis, 2000; Kreipke et al., 2013;

Ommaya, 1995)The impatance of the interaction between these two comorbid factors

and the need to identify the specific role cerebrovasculature injury plays is well stated by

DeWitt.

It is somewhat artificial to separate traumatic injury to the brain from traumatic
injury to the vasculature since injury to the brain likely contributes to cerebral
vascular injury and vice versa. However, it may prove important to separate the
mechanisms of vascular and brain injury because different types of damage may
require different preventiae or treatment strategig®eWitt and Prough, 2003)
(page 802; used with permission)

While the need for properly functioning cerebrovascular autoregulation is vital, aside
from altered chemical signaling, autoregulatory dysfunction could just asevell b
influenced by subfailure mechanical damage to cerebral vessels. The need to better
understand the subsequent mechanically related pathology, and the potential of such
knowledge, was voiced by a foundational researcher of TBI, Ayub Ommaya.

If knowledge ofthe specific biomechanics of any head injury were available and
the clinical and physiopathologic boundary conditions in the earliest period were
also known and subsequently could be adequately controlled, then it would be
possible to predict the outcornéthat head injury at a very early stage.

(Ommaya, 1995(page 534; used with permission)

As a resultit is necessary to examine the effects to cerebral autoregulation resulting from
both the initial mechanical injury, as well as subsequent chemicétisinguthe
cerebrovasculature associated with TBI.

The scope of this section is to focus specifically on a few examples of how
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mechanical and chemical insults may separately affect the functionality of
cerebrovascular autoregulation following TBI. There @ther serious secondary
complications that follow TBI that are not necessarily directly related to vascular injury,
and are subsequently outside the scope of this dissertatiomgsirdlammatior(Ziebell
and MorgantKossmann, 2010nd cytotoxic dema(Marmarou, 2007; Unterberg et al.,
2004) However, these conditions do play a part in the altered chemical milieu in the
brain postTBI. Another such condition is the elevation of intracranial pressure (ICP)
frequently observed after TBTang et al., @15; Tasker, 2014)Given a constant MAP,
increased ICP leads to a drop in the CPP (CPP = MAP). This has been referred to
as false autoregulatory dysfunction as otherwise unimpeded CBF is restored when
elevated ICP is relieve@Enevoldsen and Jenset®77)

Several autoregulatory mechanisms are strongly related to the arterial mechanical
environment Myogenic autoregulation is entirely driven by applied luminal pressure
(Bayliss, 1902)Shear forces caused by blood flow stimulate endothelial produati
NO (Mashour and Boock, 1999} has also been shown that the behavior of vascular
SMCs are altered following mechanical stref8Hord et al., 2011; Arutiunov et al.,

1974; Boock, 1991)Specifically, fort-term cerebral vasospasm lasting less &@n

minutes has been produced experimentally by mechanically stretching connective tissue
attached to cerebral arteries, but not when stretch was applied to the vessel itself
(Arutiunov et al., 1974)Further, mechanical stretch applied directly to isdléenoral
arteries has led to vasospasm, but this was sherter in duration, lastingr@inutes or
less(Boock, 1991)Long-term increase in SMC contractility, lasting at least 24 hours,

has been observed following rapid stretch of cultured SMEasrd et al., 2011)In



36

contrast however, the application of rapid in vitro axial overstretch to rat MCAs in
Chapter 3 led to a decrease in SMC contraction.

The intrinsic mechanical properties of cerebral arteries can also be effected by
TBI. As mentioned in t& previous section, contractile behavior of SMCs is dependent on
the stiffness of the extracellular mat(&teucke et al., 2015%upraphysiological
deformation of arteries produces strain softerikigstrue et al., 2008; Bell et al., 2015;
Holzapfel andGasser, 2007; Horny et al., 2010; Maher et al., 2012; Pefia et al., 2010)
potentially due to changes in the stiffness of the ECM. Further, decreased wall tension in
cerebral vessels correlates clinically with impaired autoregul@#iarsos et al., 2014)
So even in the absence of chemically induced changes, cerebral autoregulation can be
negatively affected by the initial mechanical insult associated with TBI.

There are several aspects of the altered chemical environmeritgiashich
could play a rolen autoregulatory dysfunction. Specifically, vasospasm leads to
hypoperfusion and subsequent ischefli@amer et al., 2013)ndependent of any
mechanicallyinduced increase in contraction, several chemical changes take place
following TBI which can induc@asospasm. Following TBihere is frequently an
increase in extracellular’kconcentrations released frareurongGolding et al., 2000;
Katayama et al., 1990; Nilsson et al., 1993; Takahashi et al.,,J8&&ptially returning
to normal within an houiNilsson et al., 1993)Jnder physiological conditions, where
extracellular K concentrations are approximately 4 mM, slight increases in extracellular
K™ result in vasdilation (Golding et al., 2000; Johnson et al., 1938)wever, the
increased concentiah of extracellular K postTBI can reach 50 mM (Nilsson et al.,

1993; Takahashi et al., 198&hich evokes strong vasocontractva direct
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depolarization of SMCEGolding et al., 2000; Hogestatt and Andersson, 1984a)

Another change in the pe$BI chemical environment linked to vasospasm is the
clinically observed increase of EDconcentrations in CSF following SAMascia et al.,
2001; Volker Seifert et al., 19953imilar ET-1 increases are observed following
experimental weight drop TEPetroy 2009) In humans, elevated ET postTBI has
been associated with unfavorable clinical outco(B@donia et al., 2010Jnfortunately,
while endothelin antagonists have been shown to reduce cerebral vasospasm after brain
injury (Armstead, 2004; Roux el. a1999; Schubert et al., 201 I}Jinical outcomes and
mortality rates are not similarly improvéidramer and Fletcher, 2009)

Concentrations of BT are also increased in CSF following SAEBambj
Sapunar et al., 2003As discussed above;HT normally leads to vasoconstriction by
interaction with SMCs, but following fluid percussion injub/HT-induced
vasoconstriction has been shown to be eliminated, or even changed to mild dilation
(Kontos and Wei, 1992 his is interesting considering others haveedahcreased
sensitivity to both ET1 and 5HT after SAH(Edvinsson and Povlsen, 2011)

Chemical signals normally associated with vasodilation are also altered following
TBI. Concentrations of ACh in the brain following TBI are increa$tayes et al., 199
Lyeth and Hayes, 1992following fluid percussion injury, Acimediated dilation is
eliminated and application of ACh produces mild contraction via interaction with
muscarinic receptors on SM@sontos and Wei, 1992)n the case of hemorrhage
hemoglolin that has breached the blood brain bas@venges free NO leading to
vasoconstrictiorfSzabo, 1996)as mentioned earlieDxygen free radicals, such as

superoxideare dramatically increased in the brain following experimental(fFBbian et
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al., 19%; Kontos and Wei, 1986)t has been suggested that these free radicals could
inactivate NO leading to vasoconstricti@®rzabo, 1996)However, experimentally
observed decreases in myogenic contraction following TBI have been attributed to
increased NO Mels (also an oxygen radical) resulting from iINOS expression. It should
be noted that this latter conclusion was not confirmed with measured NO levels. This
increase in oxygen free radicals p®&l can also lead to production of ONO@hich
inhibit K channels necessary for hyperpolarization of SMCs, thus increasing vascular

tone and reducing myogenic reactivity to decreasing predSaei#itt et al., 2001)

1.5Summary of Chapters

This dissertation examined the biaxial mechanical and functional propsrties
cerebral arteries, and how these properties are changed following determined thresholds
of axial stretch. The current research is presented in the following chapters as two
previously published and one in progress manuscript.

Chapter 2 presents a pidhled studyBell et al., 2013which measured the
biaxial and failure properties of rat MCAs and then compared these properties to
previously collected data from human pial arte(Msnson et al., 2008)r'he dual
purpose of this study was to both bettefine the passive mechanical behavior of rat
cerebral arteries and to provide translatability between the measured cerebrovascular
mechanics of rat and human cerebral vessels. It was determined that the passive
mechanical behavior of rat and human ceredmtaries is qualitatively similar.

Specifically, they are both anisotropic with the axial direction being stiffer than the

circumferential Also, the ratio between the stiffness in the axial vs. circumferential
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directions was statisticallyimilar betwea the two speciedhis defined relationship
between the passive mechanics of rat and human arteries allows more accurate
application of the results from other rat studies to humans. Further, the failure stretch
levels measured in the study were also usedform the target stretch levels in a
subsequent subfailure injury threshold study (Chapter 3).

The study in Chapter 3 (manuscript for publication in progress) investigates the
thresholds of axial stretch, as well as strain rate, that result in @teréti the SMC
function of rat cerebral arteries. Since proper functioning of the SMC in cerebral arteries
is vital for the regulation of CBF, this study focuses specifically on how the contractile
ability of these SMCs are affected by axial overstrettiis Tontractile behavior was
measured by observing the dose response relationship of extracelhinaiuked
contraction. While the applied overstretches in the study did not alter the baseline or
maximally induced levels of contraction in samples, thellef contraction for sub
maximal doses of extracellular Kvas reduced following axial overstretch. This was
reflected in an increase in thé Boncentration required to evoke half the maximum
contraction. This change in contraction was dependent orthmthagnitude and strain
rate of the appliedverstretch. These mechanicaiiuced changes to SMC contraction
could contribute to second impact syndrai@antu and Gean, 2010; Laskowski et al.,
2015)as well as highlight a potentially treatable mechani$ autoregulatory
dysfunction.

In Chapter 4Bell et al., 2015)the level of axial stretch which led to alterations
in the axial passive mechanical behavior of cerebral arteries was investigated.

Unfortunately, due to the small absolute value of foes=®ciated with axial stretch of



40

rat cerebral arteries, this study had to be conducted in MCAs taken from sheep, which are
much larger in size. It was shown that there is a threshold of axial overstretch below
which passive mechanical properties in ceredm@ries do not change. However, above

this thresholdthe stiffness decreases as applied overstretch increases until a second
stretch threshold is reached. Beyond this second upper threshold, the change in stiffness
does not continue to decrease untditure inducing axial stretch is reached.

Interestingly, neither the failure stress or stretch levels were significantly affected by
overstretch. These results demonstrate that subfailure levels of axial stretch can lead to
alterations in the passive nt@mics of cerebral arteries, possibly due to alterations in the
underlying microstructure. These alterations to the cerebrovascular microstructure could
be a driving factor in the subsequent aased risk for stroke up toygars after a TBI
event(Burkeet al., 2013; Chen et al., 2011; Hills et al., 203 a result, these results

could be used to inform treatments aimed to reduce these complicatiofi8pastthey
providea greater understanding of the status of cerebral arteries at the initiatian of
biochemical cascades folwing TBI.

A discussion of the combined results and conclusions from all three studies is
contained in Chapter 5. The applicability of these results, along with limitations of the
work, are discussed. Additional unansweredstjoas related to these studies, and related
to the cerebrovasculature during TBI in general, are also discussed. Potential goals and

experimental methods for future studies are also presented.
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Rodents are commonly used as test subjects in research on traumatic brain injury and stroke. However,
study of rat cerebral vessel properties has largely been limited to pressure-diameter response within
the physiological loading range. A more complete, multiaxial description is needed to guide experi-
ments on rats and rat vessels and to appropriately translate findings to humans. Accordingly, we
dissected twelve rat middle cerebral arteries (MCAs) and subjected them to combined inflation and
axial stretch tests around physiological loading conditions while in a passive state. The MCAs were
finally stretched axially to failure. Results showed that MCAs under physiological conditions were
stiffer in the axial than circumferential direction by a mean ( £ standard deviation) factor of 1.72
( £0.73), similar to previously reported behavior of human cerebral arteries. However, the stiffness for
both directions was lower in rat MCA than in human cerebral arteries (p < 0.01). Failure stretch values
were higher in rat MCA (1.35 + 0.08) than in human vessels (1.24 + 0.09) (p=0.003), but corresponding
1st Piola Kirchhoff stress values for rats (0.42 £ 0.09 MPa) were considerably lower than those for
humans (3.29 4 0.64 MPa) (p<0.001). These differences between human and rat vessel properties
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should be considered in rat models of human cerebrovascular injury and disease.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Disruption of cerebral blood vessel function leads to stroke and
is a common outcome of traumatic brain injury (TBI). In the
United States, 52,000 deaths result from over 1.7 million cases of
TBI annually (Faul et al, 2010); the number of deaths is over
140,000 per year for stroke (Lloyd-Jones et al., 2010). Total annual
costs associated with TBI and stroke have been estimated at 60
(Faul et al., 2010) and 65.5 (Rosamond et al., 2008) billion dollars,
respectively.

Efforts to better prevent and treat cerebrovascular injury and
disease are, in part, dependent upon a more complete under-
standing of vessel mechanics. This includes definition of blood
vessel injury thresholds as well as characterization of relation-
ships between applied forces and vessel function. Experiments on
human cerebral vessels have revealed some characteristics of
these tissues (Busby and Burton, 1965; Hayashi et al., 1980;
Monson et al., 2008; Scott et al., 1972), but the limited availability
of human specimens is a barrier to additional research.

Rodents are commonly used as models for both TBI and stroke
(Coulson et al., 2002, 2004; Gonzalez et al., 2005; Hajdu and
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Baumbach, 1994; Hogestatt et al., 1983). Rodent cerebral vessels
have also been studied in isolation, but the mechanical properties
of these vessels have not been fully characterized. Emphasis has
mainly been on circumferential behavior within the physiological
loading range (Coulson et al., 2002, 2004; Hajdu and Baumbach,
1994). A more complete definition of these properties is an
important step toward addressing questions more specific to
cerebral vessel injury and disease. Accordingly, the aim of this
research was to define the biaxial and failure properties of passive
rat middle cerebral arteries (MCAs) and to compare these char-
acteristics to those of previously studied human cerebral vessels.

2. Methods
2.1. Vessel dissection and cannulation

The MCA was dissected from 12 male Sprague Dawley rats (389 =41 g). All
procedures met requirements established by the Institutional Animal Use and
Care Committee at the University of Utah. Rats were anesthetized with isaflurane
and exsanguinated via cardiac perfusion using Hank's Buffered Saline Solution
(HBSS: KC1 5.37, KH,PO4 0.44, NaCl 136.9, Na;,HPO4 0.34, p-Glucose 5.55, NaHCO3
4.17; concentrations in mM), followed by a 1% nigrosin dye (Sigma-Aldrich, St.
Louis, MQ) HBSS solution, The dye enhanced visibility of the artery and its
branches during dissection. MCA side branches were ligated with individual fibrils
from unwound 6-0 silk suture, and the vessel was cannulated with glass tip
needles and secured with 6-0 silk suture and cyanoacrylate glue. Lack of calcium
in the HBSS ensured a passive response.
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2.2, Experimental apparatus and methodology

Mechanical testing methodology was similar to that described previously
(Monson et al., 2008). Briefly, the needles on which the MCA were mounted, and
the associated fixtures, were attached to a custom vertical linear stage (Parker
Automation, Cleveland, OH). The upper fixture was suspended from a 250¢g
capacity load cell (Model 31 Low, Honeywell, Golden Valley, MN) through an
X-Y stage (MS-125-XY, Newport, Irvine, CA) that allowed for correction of any
needle misalignment. The lower fixture was mounted to the stage via a vertical,
low friction sled supported by a voice coil actuator (MGV52-25-1.0, Akribis,
Singapore). Displacement of this actuator moved the lower fixture vertically along
the sled track, axially stretching the MCA. A narrow, glass water bath, filled with
HBSS and surrounding the MCA and needles, was attached to the lower fixture.
Specimens were viewed via a digital video camera (PL-A641, Pixelink, Ottawa,
Canada) equipped with a zoom lens (VZM 450i, Edmund Optics, Barrington, NJ).
Vessels were perfused with HBSS originating from a syringe attached to a
computer-controlled linear actuator (D-A0.25-AB-HT17075-4-P, Ultra Motion,
Cutchogue, NY) and passing through the lower fixture, the mounted MCA, and
the upper fixture. Pressure was determined by averaging the signals of pressure
transducers (26PCDFM6G, Honeywell, Golden Valley, MN) located at each end of
the vessel. Test control, as well as data and video acquisition, were accomplished
using a custom LabVIEW program (National Instruments, Austin, TX). Actuator
positions were given by digital encoders (resolution 1.0 pm).

Following mounting of the MCA, it was preconditioned by oscillating the luminal
pressure (6.7-20 kPa; 50-150 mmHg) for five cycles while length was held constant
at various sub-failure axial stretch values up to A, 1.2. The zero-load length
(corresponding with A,=1.0) of each MCA was then estimated as that length where
the measured axial load began to increase during an unpressurized (025 kPa to
maintain an open lumen) axial stretch test. This was followed by a series of six sub-
failure, quasi-static, biaxial sequences, consisting of three inflation tests at constant
axial stretch (4;~1.1, 1.15, 1.2) and three axial stretch tests at constant luminal
pressure (20, 13.3, and 6.7 kPa). Finally, the vessel was stretched axially to failure, at
a pressure of 13.3 kPa, to study deformations relevant to TBIL

2.3, Data analysis

Data from the encoders, load cell, and pressure transducers were recorded at
100 Hz. Noise observed in the load cell readings was smoothed using the SAE 211
filter (SAE, 1995). Images were acquired at 3 Hz, and current outer diameter (d.)
was measured via image analysis software (Vision Assistant; National Instru-
ments, Austin, TX). Similarly, the reference diameter (D) was measured from an
image taken from the zero load length test at A,=1.0. Since images were obtained
at a lower rate than the other signals, additional diameter data were defined using
interpolation to allow one-to-one correspondence. Following the method defined
by Wicker et al. (2008), wall volume was determined at six different configura-
tions (each combination of A~ 1.1, 1.15, 1.2 and pressure p;=0.25,10.6 kPa) by
measuring inner diameter (d;), d., and vessel length (I) in the images and
calculating the associated wall volume of a tube. The average wall volume (V),
along with the inc ibility ption, was used to calculate d; from the
measured d. in subsequent analysis, including the reference inner diameter (D;)
from D, (Eq. (1)).

dy=+/d2—4V/(nl) [e))

Vessels were d to be h
stretch defined by Egs. (2)

circular cylinders, with mid-wall

do= (g @)
o= (}) @b

where the subscripts # and z refer to the local cylindrical coordinates in the
circumferential and axial directions, respectively. Enforcing equilibrium in the two
directions results in the mean Cauchy stresses defined in Eqgs. (3)

-0 (z2) G2
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where F, represents the experimental axial force. Residual stresses were not
considered due to large variations in measured opening angle.

As a first step in characterizing response in the axial and circumferential
directions, stress-stretch data around approximate in vivo conditions were
examined. Axial in vivo length was determined for each sample by observing
the pressure-axial force response during preconditioning tests (Van Loon, 1977).
Circumferential in vivo stiffness was defined as the slope of the stress—stretch
curve in the inflation test with an axial stretch value closest to the axial in vivo

stretch. An exponential function was fit through the data around the point
corresponding to a pressure of 13.3 kPa (100 mmHg), and the value of the
function’s derivative at 13 kPa was taken as circumferential stiffness. Axial
in vivo stiffness was defined in a similar manner from the axial stretch test
conducted at a luminal pressure of 13.3 kPa, with the location where stiffness was
calculated corresponding to the in vivo length, Note that stiffness is used here as a
measure of the resistance of the vessel structure to deformation, rather than as an
intrinsic tissue property.

A hyperelastic constitutive model, based on a phenomenological approach, was
additionally applied to parameterize the biaxial response of the vessels based on the
data from inflation tests. Data from axial stretch tests were not included since they

d in slight ding in the circ jal direction during axial stretch,
inconsistent with requirements of pseudoelasticity (Humphrey et al, 1990). We
applied the Fung-type strain energy function with the zero-load state as the reference
configuration shown in Eq. (4) (Fung, 1993)

= Jc(e?-1) @

whereQ = c1E§9 + czl:',%z + 2c3EggEz, W represents the strain energy per unit mass of
the material, Egp and E., refer to the Green strains in the circumferential and axial
directions, and c (units kPa), ¢;, ¢; and ¢; are material parameters. Shear strains were
ignored owing to the axisymmetric loading conditions and observed response.
Incompressibility was enforced directly (Humphrey, 2002). The associated mean
Cauchy stress values are shown in Eq. (5)

W
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w
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where fgy and t, correspond to the theoretical Cauchy stress values in the
circumferential and axial directions, respectively. Radial stresses were assumed to
be small based on findings from our previous work on human arteries (Monson et al,,
2008). Mean values of ts and t,, were calculated for comparison to experimentally
derived stresses (Egs. (3)). Material parameters c, ¢;, ¢; and ¢; that best fit the
experimental data were computed by employing a nonlinear regression routine
(fminsearch) in MATLAB (Mathworks, Natick, MA) to minimize the objective function
f(Eq. (8)
N [/toe—To\?  [t=—T:\?

,_;[( Ty )i+( T. )1] @
where N represents the total number of data points, and the stresses are defined in
Egs. (3) and (5). Previously collected data from human cerebral arteries were similarly
fit for comparison.

Two-tailed, unpaired t-tests were used to determine the significance of any

differences between determined values, with p<0.01 indicating statistical
significance,

3. Results

Twelve arteries were successfully tested. Mean ( + standard
deviation) unloaded outer diameter and length of these speci-
mens were 0.25 (+0.02) and 2.11 (+0.51) mm, respectively.
Typical response is shown in Figs. 1 and 2 and is qualitatively
similar to what we have previously reported for biaxial behavior
of human cerebral arteries.

Rat MCA in vivo stretch was 1.10 ( +0.03) and 1.27 ( + 0.11) for
the axial and circumferential directions, respectively. At these
stretch levels, axial stiffness was 1.14 ( + 0.37) MPa and circumfer-
ential stiffness was 0.73 ( £ 0.29) MPa (p=0.006), resulting in a
ratio of 1.72 ( + 0.73) between the two directions; the ratio ranged
from 1.05 (M5, Fig. 4) to 3.30 (M6, Fig. 4). For clarity, the rat data
used to determine the axial and circumferential in vivo stiffnesses
are identified as S;3 and the inflation test having the lowest value
of axial stretch, respectively, in Figs. 3 and 4. The inflation test
having the lowest value of axial stretch was selected as it was
consistently closest to the in vivo stretch. However, in maost cases it
was not exactly at the in vivo axial stretch since this value could
only be precisely determined during post-processing.

The Fung-type constitutive model fit the rat MCA data well, as
shown for a representative data set in Fig. 5. Further, best-fit
material parameters showed that ¢, was consistently larger than
¢1 (p <0.001) (Table 1). These best fit parameters, along with the



in vivo stiffness measurements, indicate that the mechanical
behavior in the axial direction was consistently stiffer than in
the circumferential direction in the rat MCA. Requirements
imposed by energy conservation for orthotropic symmetry
(c1, €2, c3>0 and /C1%c; > c3) were met by the determined
material parameters (excepting M2 and M4) (Holzapfel et al.,
2000); it is unclear why cswas negative for M2 and M4.

The responses of rat MCA and human cerebral arteries were
qualitatively similar. The ratio of in vivo stiffness values, with
means ( + standard deviation) 1.72 ( 4 0.73) for rat MCA and 1.87
( £ 0.84) from human pial arteries (Monson et al., 2008), were not
statistically different (p=0.67), indicating that the difference
between the stiffness in the axial and circumferential directions
in the rat MCA (Fig. 3) is proportional to the difference in human
pial arteries. However, the magnitude of the in vivo stiffness was
lower for both directions in rat MCAs compared to human
cerebral arteries, with axial stiffnesses of 1.1 (+0.4) and 2.9
(£ 1.4) MPa for rat and human arteries, respectively (p=0.005),
and circumferential stiffnesses of 0.7 ( + 0.3) and 1.6 ( + 0.5) MPa
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for the two tissues (p < 0.001) (Fig. 3). This trend is also supported
by best fit values for ¢; and ¢, reported in Table 1, but since the fit
of the Fung-type model was poor for the human cerebral arteries,
a statistical comparison of these fitted parameters between the
vessel types was not considered to be meaningful. Additionally,
the mean axial in vivo stretch for the rat MCAs, 1.10 ( + 0.03), was
larger than that for human arteries, 1.07 ( + 0.04). This difference
approached statistical significance (p=0.04) but was above our
threshold of p < 0.01. The circumferential in vivo stretch was not
statistically different between rat MCAs, 1.27 (+0.11), and
human arteries, 1.33 (£ 0.17) (p=0.37).

Failure values for the twelve tested MCA samples, along with
those from human cerebral arteries tested in our laboratory, are
plotted in Fig. 6. For rat MCAs, the mean axial stretch at failure
was 1.35 ( £ 0.08) and the corresponding axial 1st Piola—Kirchhoff
stress (F,/A) was 0.42 ( + 0.09) MPa. These two values for human
vessels were 1.24 (4+0.09) and 3.29 ( + 0.64) MPa, respectively,
indicating that the rat MCAs had a lower failure stress (p < 0.001)
but a higher failure stretch (p=0.003) as compared to human
cerebral arteries. Five rat vessels failed near a suture tie-off, while
seven failed in mid-section. Failure values were not a function of
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Fig. 1. Axial force (F_Sp) and luminal pressure (P_S,,) for a representative MCA
sample (M1) during axial stretch tests. Label subscript m indicates the approx-
imate luminal pressure for these axial stretch tests.

Pressure (kPa)
Fig. 2. Outer diameter (D_P,) and axial force (F_P,) responses for a representative

MCA sample (M1) during inflation tests. Label subscript n indicates the axial
stretch for these inflation tests.
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Fig. 3. Cauchy stress-stretch response curves for representative rat MCA (M1) and
human cerebral artery (Monson et al., 2008) samples in the axial (S;,) and circumfer-
ential (P,) directions. Label subscript m indicates the luminal pressure during axial
stretch tests while subscript n indicates the axial stretch during inflation tests.

failure location (p > 0.50) (Fig. 6). Stress values are reported in 1st
Piola—Kirchhoff form because the incompressibility assumption
commonly yielded a complex number for inner diameter in the
current configuration, suggesting that large vessel deformations
are not isochoric.

4. Discussion

The present study aimed to characterize the biaxial mechanical
properties of passive rat MCAs and to compare them to those of
human cerebral arteries. Qualitatively, rat MCA response was similar
to that of the human vessels. Stiffness around the in vivo config-
uration was also found to be higher axially than circumferentially, as
in human arteries, but the human vessels were stiffer in both
directions compared to rat arteries. Additionally, failure stretch
values were slightly higher and failure stresses were considerably
lower for rat arteries. These similarities and differences should be
considered in the translation of knowledge gained from rat models
of TBI and stroke to the human system.
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Fig. 4. Cauchy stress-stretch response curves for remaining rat MCAs in the axial (Sn,) and circumferential (P,) directions. Label subscript m indicates the luminal pressure
during axial stretch tests while subscript n indicates the axial stretch during inflation tests.

Based on the observed rat MCA stress—stretch response and
the corresponding material parameter values, it is clear that
axial and circumferential responses are statistically different.
This agrees with our previous work showing that behavior is
considerably stiffer axially than circumferentially in human
cerebral arteries (Monson et al., 2008). Reasons for the observed
differences between rat and human arteries are unknown, but it is
important to note that rat data were obtained from MCAs while
human data were collected from pial arteries on the surface of the
temporal lobe, two different locations in the cerebral circulation.
Our previous work comparing these two sites in humans (Monson
et al.,, 2005) indicated that differences between them were not
significant, but any similarity between rat MCA and pial artery is
currently undefined. Dissimilarities in the general structure of rat
and human cerebral arteries may also contribute to the observed
differences (Lee, 1995) and should be further investigated
through histological studies.

It is interesting to note the good quality of fit obtained here for
the rat MCAs using the Fung-type strain energy function, in

contrast to our previous efforts to fit this function to human
data (Monson et al., 2008). It should be emphasized that the
function was here fitted to data from inflation tests only,
whereas the previous effort also included data from axial stretch
tests. Initial efforts to fit Eq. (4) to the rat MCA data included
results from both types of test, and the quality of that combined
fit was also poor, consistent with our previous experience. This
was also the case for a more complex, microstructure-based
strain energy function (Baek et al., 2007; Wagner and
Humphrey, 2011; Wicker et al., 2008) that we initially fitted to
both the human and rat MCA data. This more complex model did
not provide a substantial increase in the quality of fit to either
data set so its performance is not reported here. The decision to
limit the data used for fitting was based on the recognition that
the circumferential direction unloads slightly during axial
stretch tests, inconsistent with requirements of pseudoelasticity
(Humphrey et al., 1990). Despite the use of this limited data set,
it is interesting that the resulting fit of the human data was
still poor.
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Table 1

Rat MCA best-fit material parameters computed for inflation tests (Eq. (4)), with
mean and standard deviation shown for each. Corresponding summary of human
cerebral artery inflation tests also shown (Monson et al., 2008).

Sample No. Fung-type material parameters
c (kPa) [ [ [ f

Rat MCAs
M1 14.98 1.87 12.60 1.56 5.74
M2 5.95 134 2533 —0.55 3.00
M3 8.79 346 2747 1.44 1.62
M4 6.58 437 25.29 -1.65 5.67
M5 4.94 8.71 40.78 0.85 5.75
M6 12.71 3.06 18.08 0.75 134
M7 21.13 3.02 19.30 122 421
M8 13.32 3.93 16.93 2,86 143
M9 6.26 585 33.95 423 1.28
M10 13.19 3.12 12.47 0.48 2.14
M11 359 858 37.39 0.14 063
M12 5.59 1225 37.03 6.16 197

Summary
Mean 9.75 4.96 25.55 1.46 290
Std. Dev. 528 328 994 211 1.93

Human cerebral arteries

Summary
Mean 2.88 5.14 179.29 2.66 19.17
Std. Dev. 263 335 199.63 14.59 18.20

The primary challenge with conducting the current experi-
ments, relative to previous work on human vessels, was the small
size of the specimens, and errors related to size could lead to
some of the differences observed here. Forces measured were not
far above the specified error of the load cell in some tests, but
results for axial stretch tests at different pressures were discern-
ible from one another and were consistent with the multi-axial
behavior observed in other vessels. Also, filtered force traces were
always compared to raw data to ensure fidelity.

Despite the significance of the stress—strain relationship in
cerebrovascular mechanics, previous studies on rat cerebral
vessels have mostly focused on analyzing the pressure-diameter
response for different purposes (Coulson et al., 2002, 2004; Hajdu
and Baumbach, 1994). Coulson et al. (2004) have examined the
rat MCA mechanical behavior in both a myogenically active state
and a drug-induced passive state, but they limited their study
to uniaxial circumferential testing only. Our circumferential

Axial Stretch

Fig. 6. 1st Piola-Kirchhoff ultimate failure stress-stretch values for rat MCAs and
human cerebral vessels.

findings compare well with theirs, i.e. the pressure-diameter
relationship is non-linear and lies within a similar range. Apart
from that, other related studies have either examined rat cerebral
arteries in a different state or have focused on a different aspect.
As far as we know, no researchers have conducted multiaxial
testing and analysis of rat middle cerebral arteries.

While our findings shed light on the mechanical behavior of rat
cerebral arteries and their relationship to those of human cerebral
arteries, further work is needed to more completely define both
types of vessels. In particular, the use of the zero-load state as the
reference configuration ignores contributions from residual stresses
(Chuong and Fung, 1986). Further investigation including through-
wall stress distribution is needed to better identify conditions
associated with disease development and injury, and should utilize
the zero-stress state as reference. Future work should also address
the multiple layers present in any vessel and how specific compo-
nents of these layers are loaded, especially during injury. Based on
preliminary fits of the current data to more advanced models that
incorporate arterial microstructure (Baek et al., 2007; Holzapfel
et al., 2000; Wagner and Humphrey, 2011; Wicker et al., 2008), the
more complex functions do not currently provide substantial fitting
advantages over the simpler Fung-type model, but functions that
accurately simulate microstructure have intrinsically greater poten-
tial to capture the complex behavior of these tissues and should
continue to be developed. Additionally, cerebral artery response
varies with smooth muscle tone (Coulson et al., 2004; Wagner and
Humphrey, 2011), and our study focused only on passive properties.
The nature of this contribution needs further attention, as do other
questions related to tethering (Steelman et al, 2010) and the
influence of fluid flow, in order to more completely define cere-
brovasculature function in health and disease.
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CHAPTER 3

CEREBROVASCULAR DYSE/NCTION FOLLOWING

SUBFAILURE AXIAL STRETCH

3.1 Abstract

Cerebral vessels are vital to maintaining health irbtaen. Failure of cerebral
vessels to maintain homeostasis in the brain, or autoregulatory dysfunction, can occur
following traumatic brain injury (TBI), but mechanisms are not understood. Even in cases
without cerebral hemorrhage, vessels are deformddtigt surrounding brain tissue.
This subfailure deformation could affect the contractile behavior of smooth muscle cells
(SMCs). Further, the level of autoregulatory dysfunction has been shown to be dependent
on the rate of loading in closed head impatlkss study investigates the effect of
overstretch on the contractile behavior of SMCs in middle cerebral arteries, with the
hypothesis that this contractile behavior will be altered above a threshold of stretch and
strain rate.

Twenty-four MCAs from Sprage Dawley rats were tested. Following
development of basal SMC tone, vessels were subjected to increasing levels of isosmotic
extracellular potassium (Kto characterize the SMC contractile response. Samples were
then subjected to a target levels of apiat e r st r et ¢ hyoorf Jg BBtahgetr 1. 2* &

strain rates of 0.2'sor 20 §'. After overstretchSMC contractile behavior was again
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characterized, via repeated #ose response tests, both immediately and 60 minutes after
overstretch. Control vesls were subjected to the same protocol except no overstretch
was imposed between the first two characterization tests. SMC contractile behavior was
defined via both percent contraction (%C) relative to the fully dilated inner diameter and
the K" dose reqired to evoke the half maximal contractile response (EC50). Control
vessels exhibited increased sensitivity farKsuccessive characterization tests so all
effects were quantified relative to the thmatched control response.

Samples exhibited the tyqil biphasic response to extracelluldr Hilating to
small K" increases and contracting to largérikcreases. As hypothesized, axial
overstretched altered SMC contractile behavior, as seen in a decrease in %€ for sub
maximal contractile Kdoses ¢<0.06) and an increase in EC58<0.01), but only for the
test group st r et Whiethk chargpin WC was dnlg sighific@tlys
different immediately after overstretch, the change to EC50 persisted for 60 minutes.
These results indicate that mechanical injury can alte€ $bhtractile behavior and thus
play a role in cerebrovascular autoregulatory dysfunction independent of the pathological

chemical environment in the brain pddsl.

3.2 Introduction

Traumatic brain injury (TBI) is a devastating cause of disabilityifeato an
estimated 53,000 deaths annually in the United States @anenado et al., 201 1\vith
the incidence of TBI increasing significantly acrossglube(Maas et al., 2008While
this death toll is staggering, the majority of the estimatedn@llibn annual cases in the

United State$CDC, 2013)esult in survival, highlighting the importance of clinical
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methods to reduce the risk of secondary complications.

The cerebrovasculature plays a critical role in the mainterafribe healthy
brain.Specifically, the ability of the cerebral vessels to generate intrinsic tone in the
smooth muscle cells (SMCg)Yrsino, 1994) and then alter that level of tone to maintain
appropriate cerebral blood flow (CBF), is vital to the maintenance of homeostsss i
brain(Lassen, 1974; Ursino, 19940)his process, known as autoregulation, has been
shown to be disrupted following TBGolding, 2002; Golding et al., 1999a; Matrtin et al.,
1992; Zubkov et al., 2000)esulting in unfavorable clinical outcom@zosiyka et al.,

1996; Robertson et al., 1992 few examples of disrupted autoregulation following TBI
include vasospasitCompton and Teddy, 1987; Kramer et al., 2013; Martin et al., 1992;
Martin et al., 1997)secondary hypoxia or hypoperfusi@ramlett etal., 1999; Cherian

et al., 1996; Chesnut et al., 1998hd decreased vascular reactivity to hypercapnia in the
surrounding brain tissu&aunders et al., 197.9)

There are a number of autoregulatory mechanisms in healthy cerebrovasculature
(Johnson, 1988Jdomphorn et al., 2008Endothelial cells can produce both vasodilation
and vasoconstriction. For example, endothelial cells can release nitric oxide (a potent
SMC dilator) in response to mechanical signals, such as shear from luminébéals et
al., 2011) and certain chemical signals like acetylcholidamel, 2006) Endothelinl, a
potent vasoconstrictor, is also produced by endothelial (@altsstead, 1999)Smooth
muscle cells can also be direciffected by mechanical and remdothelial chenaial
signals. As luminal pressure changes within the autoregulatory range, the SMCs contract
in response to increased pressure and dilate with decreased p{Bagliss, 1902;

Davis, 1993; Osol et al., 2002 process known as myogenic contraction. feuytiMCs
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dilate in direct response to increased extracellufamBisociated with hypoxi@ontos et
al., 1977) and with exposure to nitric oxide released from neufdabnan and Nitschke
Dragon, 2007)Finally, potassium (K in surrounding tissue intacts directly with
SMCs to produce either dilation or contraction. Mild increases iregult in SMC
dilation in MCAs via the action of inward rectifying potassium channe}} (&olding et
al., 2000; Johnson et al., 1998hile larger increases in"Kesult in a strong contraction
via direct depolarization of the SM@Solding et al., 2000; Hogestatt and Andersson,
1984)

A number of previous studies have carefully investigated vascular dysfunction
following TBI. Investigations performed in vivo haskown that bothendothelial cell
mediated dilatior{Ellison et al., 1989; Kontos and Wei, 1992; Toklu et al., 2@1h%)
myogenic pressure respor(§&olding et al., 1998a; Mathew et al., 1999¢ impaired
following TBI. However, other studies testing cerélmessel function in vitro have
shown no change in some autoregulatory mechanisms when the vessel was removed
quickly from the brain postBI. Bukoski et al(Bukoski et al., 19973howed lack of
deficits in both endothelial celinediated dilation and kinduced force generation in rat
posterior and middle cerebral arteries isolated 30 minutes after midline fluid percussion.
One hour after controlled cortical impact, Golding e{@blding et al., 1999lghowed
altered reactivity to C@in rat vessels origating at the impact site when tested in vivo,
but not when tested in vitro. This has led some to conclude that dysfunction following
TBI is not due to mechanical damage to the vessels, but is instead associated with the
milieu of the injured brain followg TBI. However, it should be noted that the vessels

tested in vitro which did not show dysfunction were taken from a portion of the brain
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either far removed from the site of injufukoski et al., 19979r where the mechanical
deformation experienced ltlge tested samples was not well unders{@ualding et al.,

1999b) Therefore, these studies do not directly address mechanical damage as a potential
contributor to autoregulatory dysfunction.

Mechanical injury of the cerebrovasculature might be expéotbdth alter
passive mechanical properties and cause cellular dysfunction, through damage to the
extracellular matrix and cells, respectively. We have previously shown that the passive
mechanical properties of cerebral vessels are altered followinganaxial stretch above
a threshold beyond the in vivo lendBell et al., 2015)Additionally, the degree of TBI
induced autoregulatory dysfunction in rats, along with the time frame for the onset of that
dysfunction, has been shown to be dependent pagdtvelocity in closed head injury
(Prat et al., 1997)This further suggests a role for mechanics in cellular dysfunction but
may also simply indicate that more dysfunction results from a more severe injury.

In order to better define the role of meclwanin cerebrovascular dysfunction, the
objective of the current study was to evaluate the contractile behavior of isolated rat
middle cerebral arteries (MCASs) before and after axial overstretch. We hypothesized that
subfailure mechanical deformation wouhdluce a change in the contractile behavior of
rat MCAs that would be dependent upon both the level and rate of applied overstretch.
This study focused on the response of SMCs to increasing levels of isotonic extracellular

potassium (K), a pathway indepeient of the endotheliufGolding et al., 2000)
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3.3 Methods

3.3.1Sample acquisition and preparation

The right MCA was dissected from 24 male Sprague Dawley rais{24
grams). All procedures met the requirements established by the InstitutionsdlAsse
and Care Committee at the University of Utah. Rats were euthanized via isoflurane
overdose and decapitation. The brain was immediately removed and placé’dtin ab
physiological saline solution (PSS; NaCl 144.9; KCI 4.7; G&CMgSQ, 1.2; NakBPO,
1.2; D-Glucose 5; Pyruvic Acid 2.5; MOPS 3.3; EDTA 2.2; BSA 0.15; concentrations in
mM; pH 7.4)(Donato et al., 2007pr dissection of the MCA. MCA side branches were
ligated with individual fibrils from unwound-6 silk suture. The MCA was then
cannul ated with glass needles approxi mately
monofilament nylon suture. Ceramic coated forceps (Roboz Surgical Instruments,
Gaithersbuy, MD) were utilized for dissection and mounting in order to prevent any

depolarization of SMCs via environmental static electricity.

3.3.2Testapparatus

The needles on which the MCA sample was mounted were oriented horizontally
in a temperature contrell bath, filled with PSSnd maintained at 8T. This bath had a
glass window in the bottom for light and a submersible glass viewing window above the
MCA. One needle was stationary and mounted to-ahstage (MS125XY, Newport,
Irvine, CA) that allowed for correction of any needle misalignmé&he other needle was
mounted to the tester via a horizontal, low friction sled which was connected to a voice

coil actuatoMGV52-25-1.0, Akribis, Singaporg Movement of the actuator moved the
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proximal needle horizontally along the sled track, axiallgtsting the MCA. Actuator
position was given by a digital encoder (res
digital video camer@PL-A641, Pixelink, Ottawa, Canadanounted to a light microscep
(Ziess 2000C, Carl Zeiss Microscopy, Thornwood, MY9Qrder to record vessel
dimensions during testing. The MCA was perfused with warm PSS originating from an
open syringe hanging at the appropriate height to provide static fluid pressure. The fluid
path passed through the proximal needle, mounted MCA, armtistiaéneedle. Inline
pressurd@ransducers (26PCDFM6Gloneywell,Golden Valley, MN werelocatedboth
proximal and distal to the mounted MCA, equidistant from the vessel. The average
between these two transducers was taken to be the pressure insideAther M@

luminal pressure. Data and video acquisition, as well as control of the tapt setre

accomplished by a custom LabVIEW program (National Instruments, Austin, TX

3.3.3Testprocedure

Four test groups (n=4 or 5 each), and one-tima¢ched ontrol group (n=5), were
included in the study, as detailed below. Briefly, samples were subjectéalts&
response tests to characterize the sample specific baseline response. Following this initial
characterization test, an axial stretch beyond twevimlength was applied using group
specific stretch levels and strain rates. Thelaracterization test was then repeated
both immediately and 60 minutes following overstretch. FTmached control samples
were subjected to the same schedule ofliéiacterization tests without any applied
overstretch.

After mounting the MCA, the luminal pressure was slowly raised from 2 kPa to
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the testing pressure of 6.65 kPa (50 mmHg) in approximately 0.5 kPa increments every 5
minutes. During this period, the lengihthe vessel was also gradually increased to
approximatel yy)i,n cwirwe slpeomglti m g(=.0(Bellet a x i al S |
al., 2013) Once the MCA was up to pressure, it was allowed to equilibrate for 40 minutes
in order to develop basal swth muscle tone. Vessels which failed to develop basal tone
or that leaked were discarded. Throughout the entire duration of MCA testing, the PSS in
the bath was changed at least every 20 minutes.

In order to determine the baseline level of contractihetionality of the SMCs,

MCAs were subjected to’Kdose response tests. Serially increasing dose$ weke

applied externally by changing the PSS in the bath for PSS with alté@shEentrations

but equivalent osmolarity. After 5 minutes of exposureaoh K concentration (10, 30,

40, 60, and 100 mM), the inner diameter was measured from images. Following a
complete K dose response test, the bath was rinsed and the MCA allowed to equilibrate
for 30 minutes to allow the basal tone to redevelop.

Following the baseline characterization viadose response tests and subsequent
re-equilibration period, M@s were stretch beyond the in vivo length to one of two target
peak stretchyBEt e &) a8 dnéaktwo target strain rates (0.2 or 2) s
giving 4 overstretched sample groups. THallse response test was then repeated twice
more with a 30 minute equilibration period between them, providing a characterization of
SMC contractility initiated both immediately as well as 60 minutes after overstretch.

After the final dose response test, the bath PSS was switched for an isosmaotic calcium
free PSS (NaCl 146.9; KCI 4.7; Mg$®0.2; NaHPQO, 1.2; D-Glucose 5; Pyruvic Acid

2.5; MOPS 3.3; EDTA 2.2; BSA 0.15; concentrations in mM; pH (Dénato et al.,
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2007) and the MCA was allowed to dilate for 30 minutes to obtain a maximum diameter
measuremenfinally, to ensure complete dilatisodium nitroprussidéSNP. 10 mM)

was added to the bath. The fully dilated inner diameter was measured from images once
the diameter was stable, approximately 3 minutes after SNP exposure. To ensure that any
changs following overstretch were not simply due to degradatiohe@MCA in the test

system, timematched control tests were performed without overstretch.

3.3.4Data analysis
The results of Kdose response tests were quantified using percent contraction

(%C), calculated as (Eq. 3.1):

b F %z (3.1)
whereDy is the maximum dilated inner diameter, dbglis the current measured inner
diameter. Percent contraction, %C, would register as 100% for a closed lumen and 0%
for a fully dilatedlumen. The baseline levels of contraction observed varied dramatically
from sample to sample. Accordingly, the chan
the sample specific praverstretch response at that #osage was also calculated (Eq.

3.2) to assist in comparing how overstretch affected contraction across multiple samples.

br | 2eogrveargdiipaom> Y g <] (3.2

Additionally, the K dosage resulting in the half maximum contraction (EC50)

wasalso calculated by fitting the normalized dose responsgelathuding baseline
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values)to afour-parameter logistic functiofEq. 3.3)(Finney, 1976; Jiang and Kopp

Schneider, 2014)

Ofe D -

++ v

T VEC oy (3.3)
rF

The parametensiinandmaxcorrespond to the minimum and maximum level of
contraction, whilex andy represent the lagapplied K concentration and resulting
normalized %C, respectivelilillslopeis the slope of the central pion of the curve.
Units for EC50 are in mM. To nor gmapd ze bet we
overstretch group, el all %C data gathered were adjusted such that 0% still
corresponded to the fully dilated diameter and 100% correspondedne dfien

maximally observed contraction over all tests performed in that groupofppest
overstretch). Further, for fitting of dose response data to Eq. 3.3, the paramaters

max andHillslope were enforced to be constant over all three dose resfestse

performed on that test group. The appropriateness of this constraint on the fitting
parameters was confirmed with aftdst for parallelism between curves, as
recommended by SigmaPlot (San Jose, CA), which showed the reduction did not
statisticallyaffect the resulting EC50 values. Finally, the percent change of EC50

( %gE C5 0) -overstretchploss response tests was calculated relative to the vessel
specific preoverstretch EC50 value (Eg. 3.4), where E&Hhd EC50,s;are the EC50

values forthe sample specific pr@verstretch and posiverstretch testsespectively.
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b FF z FTF |- v« F |rm (34)
rF |rm
For statistical comparison of pnC, a Lev

the variaes of interest were statistically different. When variances were not different, a

one way ANOVA, followed by a Tukellramer posthoc test, was performed. For

comparisons with statistically different variances, Welsh's ANOVA followed by Games

Howell posthoc tests were performed to determine significance. The significance

threshold used for the Levene tests, as well as the various ANOVASs arftbpdssts,

was p<0.05. Both the EC50 values within a te
between groupsyere compared using one way ANOVA tests followed by-posttwo

way ttests utilizing a Bonforroni correction factor, with p<0.05 indicating significance.

The EC50 an d-hontpdisCesliredm cesutting correctedhfue below 0.01

for significarce.

3.4 Results
Twenty-four arteries were successfully tested. Mean (+ standard deviation) in
vivo length and fully dilated inner diameter of these specimens were 0.61 (+ 0.13) and
0.25 (= 0.02) mmrespectively. The overstretch parameters and numisamgples for
each of the test groups are detailedable 3.1.
As the increasing doses of Mere applied to the mounted samples in each dose

response test, the level of observed contraction followed the previously observed biphasic



79

Table 31

Summary of overstretch parameters (mean * standard deviation) and group sizes
for each test group.

Test Groups N Overstretcoh L Strain Rate (5
Control 5 N/A N/A

1. 2/Slew 4 1.18 £ 0.02 0.28 £0.02

1. 2/ Fast 5 1.20 £ 0.02 20.63 £ 0.59
1. 3Sew 5 1.32 £ 0.02 0.33£0.09

1. 3 Fast 5 1.31£0.02 24.49 +1.90

potassium response for rat cerebral ves$aggife 3.1) (Golding et al., 2000; Johnson et
al., 1998) dilating to the lower concentration (10 mM KCI) and exhibiting increasing
levelsof contraction to the higher doses 3000 mM KCI). In the control group, the
observed levels of %C at a givii dosage increased with successive dose response tests
for all but the dilatory dose (10 mM) and the maximal dose (100 riiguce 3.2(A)).
This change in sumaximal %C for subsequent kests was attributed to sensitization of
the SMCs to potassium evoked contraction.

Following overstretch, the Kdose response tests typically showed a change from
group specific preverstretch values, as@hin by the noreero values irrigure 3.2 (B)
- (E). However, neither oftohtleslowdysttetctpd oups pul |
1 . 3/greup, showed a statistically different response from the tathed control
measur ement as FHigue 8.2 (B)f (D) dhe legpongeloelthe fapidly
str et c kgrdup Eiguik 8.2(E)) was statistically different for all of the sub

maximal contractile doses (30 mM KCI) immediately following overstretch.
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Figure 3.1: Representative K doseresponsefor mounted rat MCA sample (A) as
represented by percent contraction (%C), and (B) as viewed by the camera
Characteristic biphasic response exhibits dilation to small increasésamidkcontraction
to high K’ concentrations. Note: Baseline KQincentration is 4.7 mM.
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However, while the @%»C remai ne-dverst@tthher consi
dose respondests, the values 60 minutes poserstretch were no longer considered
statistically different from the timenatched control response.

The fourparameter logistic function (Eq. 3.3) was successful at calculating EC50
for the various test groups, but thevéations within the groups were largeaple 3.9.

Similar to the effect observed over time in
sequentially applied dose response tests in the control group resulted in progressively

lower values for EC50. However, these differences in EC50 between subsequemt con

tests were not statistically significam=0.67). Further, the direct comparison of the

EC50 mean values for all test groups relative to the gspegific preoverstretch values

also did not show statistical differences pogérstretch, which mayebdue to large

deviations in EC50 between samples within a group.

I n order to overcome these sample specifi
calculated. The only overstretch group that showed a statistical difference relative to the
timemat ched contr ol %pE ¢ g group<QOd)Figmwea3s8), t he 1. 3*
whichagrees well with the obsetroveestletchevel s of @
However, in contrast to the @%»C statistical
considered statistically different both immediatgdy@.0046) and 60 minutep£0.0072)
postoverstreth . Considering the consi s-atversiretch of @%C
response tests, and that the %%pPEC50 remained
ti me per i ogfadtgraup, it ik possible tBat tle lack of statistical significance
i n »WC 60 -oMerstiettheesuld pirapdy be due to the larger deviation present

inthetimemat ched contr ol P%C dat a.
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Table 32

Best fit parameters for the four parameter logistic function used to calculate EC50
values

Best Fit Paameters

Shared Parameters EC50 (mM)

Test Groups| Min Max  Hillslope PreOS 0 min PostOS 60 min PosiOS

Control 8.44 99.97 3.22 Mean  27.57 25.25 23.90
St.Dev. 748 674 528

1. 2Slew| 0.16 100.59 4.48 Mean  27.29 26.60 25.05
St.Dev. 727 723 576

1. yFast| -027 101.32 2.82 Mean  30.69 28.38 28.16
‘St.Dev. 965 645 561

1. 3Slew| 453 104.47 2.85 Mean  33.23 35.09 36.57
‘St.Dev. 841 98 1280

1. 3* &l -510 107.09 2.24 Mean  27.26 31.54 33.01
St.Dev. 1307 1497 1735
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Figure 3.3: Percent change in EC50 for all five test groupsdisplayed asmean *
standard deviation. (*) indicates stastical difference from the timmatched control
group measurement.

3.5 Discussion

The goal of the present study was to deternfitigei contractile behavior of
cerebral SMCs is altered following axial mechanical stretch. The results show that axial
overstretch did not affect the baseline or maximum contraction levels. However, there
was a decrease in %C in the subximal contractiomevels, shown by a decrease in
P%C and mirrored by "anducdd nootraciensTeesd changeC50 f or
were only significant above thresholds of both axial stretch and strain rateth©é&
minute time period of testinghere was no recovefgr the EC50 values following
overstretch. This observed decrease in SMCrsakimal contractile response due to a
purely mechanical insult is counter to the typically observed vasospasmBlost
(Compton and Teddy, 1987; Kramer et al., 2013; Martin.ei@82; Martin et al., 1997)
However, coupled with the increase in the corresponding®50 values, these results
indicate that axial mechanical stretch does alter the cerebral SMC function. Therefore,

this study lends support to the concept that dillyaobserved autoregulatory dysfunction
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postTBI may be influenced by mechanical insult to the cerebrovasculature in addition to
the altered chemical milieu in the brain associated with(DBWitt and Prough, 2003)

The observed decr evarstretchiwas oy%ignifi¢aotly | owi ng
different from timematched control values immediately after an overstretch to the
1 . 3/’teetch level at the rapid strain rate. Correspondingly, the EC50 value was
significantly increased relative to tinmatched combls for this test group only.
However, this increase in EC50 remained significantly different for the 60 minutes post
overstretch test as well. The fact that the change in the EC50 values for the tests 60
minutes posbverstretch remained statisticalliffdrent than preoverstretch baseline
val ues suggests that the |l ack of -significanc
overstretch may be due to the large deviaon i n t he asnatchedi at ed @%C
control dataftigure 3.2A).

Results also indicate agendence on loading rate for the observed changes in
both @®»WC and EC50. These par ametmatched wer e si ¢
controls for the terapidy@@&d o%hutnstinthegrouhed to 1. 3
overstretchedatthe samelevelt a muc h s | O:while thereadoes appedr 0. 2 s
to be a similar trend in the low rate data, it was not statistically significant. It thus appears
that the vasculature is more sensitive to higher loading rates, such as those associated
with a cbsed head impact. However, in a previous s{idklu et al., 2015)where the
K* dose response of a rat basilar artery was examined following overpristired
TBI, no significant difference was detected in %C or EC50 values compared to control
vesselsThere are a number of possible reasons for the discrepancy between those results

and the current study. In the current investigation, %C was calculated based on the
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maximum dilated diameter, while Toklu et al. used the baseline partially contracted
diameer. Further, the previous study used three dose levels of KCI fodthssr
response curve, with arBinute equilibration time between application of a dose and
measurement of diartes; the current study useddbses for the dose response curve
(including thelOmM dilatory dose), with a-Binute equilibration time between
application and diameter measurement. It has been stated preyiloogstatt and
Andersson, 1984and was observed in this study, that contraction in rat cerebral arteries
following KCI applcation requires just underrbinutes to reach a stable diameter. It is
also possible that the larger number of measurement points in the dose response curve, as
well asa longer equilibration time between dose application and diameter measurement,
are responsible for the observed differences in %C and EC50 following overstretch.
Additionally, in the previous stud§f oklu et al., 2015)the response of injured vessels
was compared to the behavior of control arteries from different animals ratheisthgn
a timematched control test on the same vessel. Finally, the mode, magnitude, and rate of
loading in the described overpressure exposure was almost certainly different from the
controlled axial overstretch in the current study.

Following overstretch a | | test groups had unchanged
baseline as well as the 10 mM #ilational response. At lower concentrations of i
has been shown that thg Bhannels (responsible for dilation) dominate the SMC
responsé€Golding et al., 2000;ahnson et al., 1998While K, channel impairment has
been observed following ischemia reperfusion injiBsstide et al., 1999; Marrelli et al.,
1998) it has been suggested that this observed impairment may be due to lower density

of these channels raththan reduced channel functi@@astide et al., 1999}-urther,
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there are no studies-ttate linking K, channel dysfunction with the mechanical insult
associated with TBI. The current study lends more solid evidence for the lack of a
connection betweel;; channel dysfunction and mechanical overstretch.

It was al so observed t'dosdge wabunaffectécCby a t
overstretch, but the stribaximal levels of contraction were decreased in the test group
exposed tydastbverstretthAt Bigher extracellular Kconcentrations, the

contractile behavior of vascular SMCs is primarily induced by the action of voltage

sensitive calcium channels (VSCCs). These VSCCs have an opening probability that is a

continuous function of membrane paiah rather than having a set membrane potential
opening thresholdSmirnov and Aaronson, 1992Jhis function of opening probability
would dictate the level of contraction observed atmaximal levels, while both VSCC
behavior as well as the structurategrity of the contractile mechanisms in the SMCs

would dictate the maximal level of contraction. The fact that thexsatimal contractile

t

behavior was affected by overstretch, whi

axial overstretch alters tispecifics of the opening probability function for these VSCCs
without necessarily damaging the underlying contractile structures, such as the myosin

actin complexes.

Overstretch of cerebral arteries has been shown previously to result in an increase

in mechanical compliance, also known as softer{idgll et al., 2015)While that

previous study only investigated the effect of axial overstretch on the axial passive

mechanical properties, the helical nature of collagen fibers in MCAs suggests that axially

induced microstructural damage could also affect the circumferential direction. The

confirmation of this hypothesis is currently an active area of research in our lab. The

he

| e
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concept of axial overstretch affecting circumferential behavior is further suppgrted b
observed decrease in sofaximal contractile response in the current study; which is
attributed to altered contractile behavior in helically oriented SMCs. One aspect of
mechanical softening is that greater applied forces lead to proportionatedy siigtich
levels. While it is possible that the observed changes imsxomal contraction could be
due to mechanical softenindpe use of the low luminal pressure (50 mmHg) minimizes
the contribution of any potential circumferential softening in tiselte of the current
study.

As noted above, the observed decrease in %C anhanbmal levels appears to be
contrary to the vasospasm commonly observed following(TBmpton and Teddy,
1987; Kramer et al., 2013; Martin et al., 1992; Martin et al., 199¥79rtterm cerebral
vasospasm lasting less than 20 minutes has been produced experimentally by
mechanically stretching connective tissue attached to cerebral arteries, but not when
stretch was applied to the vessel it¢alfutiunov et al., 1974)Further mechanical
stretch applied directly to isolated femoral arteries has led to vasospasm, but this was
even shorter in duration, lasting 2 minutes or (8ssck, 1991) However, longer term
effects have been observed in cultured SMCs exposed to rapidmuoatiséretch, lasting
at least 24 hour@lford et al., 2011) Additionally, we are not aware of any studies
linking clinical postTBI vasospasm to specific regions ajrsficant deformation, but it
is not clear that the question has ever been addreRa#ter, clinically observed
vasospasm podiBl is most often attributed to exposure to extravascular blood products
(Matrtin et al., 1992; Zubkov et al., 200Bjowever, vasospasm has been observed post

TBI in the absence of hemorrhage, suggesting a seocaietlying causéMartin et al.,
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1992; Zubkov et al., 2000[ither way, the results of the current study indicate that
mechanical damage alone, when present, is not likely the major cause of pathological
postTBI vasoconstriction.

The goal of the presestudy was to investigate the effect of mechanical
overstretch on SMC function using isosmotic elevated extracelliilaokcentrations.
Following TBI, there is frequently an increase in extracellulainkhe brain released by
neurongGolding et al., R00; Katayama et al., 1990; Nilsson et al., 1993; Takahashi et
al., 1981) potentially returning to normal within an haiNilsson et al., 1993)This TBF
related increase in extracellulaf I hyperosmoticlt has been shown previously that the
observedilation and contraction evoked by hyperosmotidri¢reases are endothelium
dependent, whereas isosmotitiKcreases lead to endothelitintependent dilation and
contraction(Golding et al., 2000)Therefore, isosmotic Kdoses were used in the present
study, rather than the clinically observed hyperosmotiikrease, in order to prevent
any potential mehanicallyinduced endothelial damage from corrupting the evaluation of
SMC function.

It should be noted that while the MCA was used here to detetheneffect of
mechanical overstretch on SMC function, pial arteries would typically experience larger
deformations than the MCA during a head impact due to the interaction of the brain with
the interior of the skul{Goldsmith and Monson, 2003lowever, @splacements of the
MCA on the order of 8 mm have been observed via high speed cineflourography during
primate closed head impact studi8hatsky et al., 1974AIso, large cerebral arteries
such as the MCA provide approximately-88% of the overall mstance in the cerebral

circulation in ratgHarper et al., 1984pand evaluation of flow in the MCA via



90

transcranial Doppler ultrasouriBanerai, 1998)r nearinfrared spectroscopiHighton et
al., 2015)are used clinically as norvasive methods of maworing cerebral
autoregulation postBI. Use of the MCA in the present study is also helpful for
comparison with other animal models of TBI autoregulatory dysfunction where the MCA
is commonly characterizeg@ell et al., 2013; Bukoski et al., 1997; Golgiat al., 1998a;
Golding et al., 1998b; Golding et al., 2000; Mathew et al., 1999)

In the current study, the internal pressure for the mounted samples was 6.65 kPa
(50 mmHg). While this pressure is below the mean arterial pressure of 80 mmHg
previously masured in ratéBarry et al., 1982)it is still within the pressure range of
autoregulation for these vess@iolding et al., 1998b)urther, since the myogenic
response of vascular smooth muscle results in greater baseline contraction at higher
pressues(Bayliss, 1902; Golding et al., 1998Ithe lower pressure of 50 mmHg allows
for a larger range of observable contraction upon application of elevated extracéllular K
This lower pressure is also similar to that used in previous TBI studies of 90©r(okH?2
a 66 niTokuwe) al.,, 2015and 60 mmHdGolding et al., 1999b)Additionally,
preliminary tests in the current study confirmed that a higher pressure of 10.5 kPa (80
mmHg) produced higher levels of basal %C without changing the maximal 1€3«T .of
Therefore, the higher pressure did not allow as wide of a range on %C over which to
observe stretch related changes. As this smaller range would make subtle changes in post
overstretch contraction more difficult to detect, the lower pressure levBlIKB&or 50
mmHg) was selected for testing.

The reported experiments show that axial overstretch changes the contractile

behavior of primarily circumferentially oriented vascular SMCs, independent of the
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altered chemical environment in the injured brairiM/these observed differences are
small, when combined with the mechanical softening that follows overs{gsdret al.,
2015) especially at higher physiological pressures, these changes could contribute to
second impact syndronf€antu and Gean, 201Laskowski et al., 2013s well as play

a role in potential treatments for autoregulatory dysfunction. Ongoing studies in our lab
are seeking to better define the effects of axial overstretch on the biaxial mechanical
properties and underlying microstture of cerebral blood vessels. Additionally, the
hypothesis suggested above that the observed changenmesirhal contraction is due

to alteration in the opening probability function of VSCCs should be coadirfainally,
these mechanicalynduced chages to the contractile behavior of SMCs emphasize the
need to consider the interplay between mechanical and chemical insults to the cerebral

vasculature associated with TBI.
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CHAPTER 4

SUBFAILURE OVERSTRETH INDUCES PERSISTEN
CHANGES IN THE PASSI\E MECHANICAL

RESPONSE OF CEREBRARRTERIES

Reprinted from first publication in: Frontiers in Bioengineering and Biotechnology 3
(2015). Subfailure overstretch induces persistent changes in the passive mechanical
response of cerebraftaries. Bell, E. D., Sullivan, J. W., Monson, K. L., © Owned by the

authors.
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