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ABSTRACT

Reducing the Societal Cost of Traumai@in Injury: AstrocyteBased Therapeutics and

Functional Injury Tolerance of the Living Brain

Woo Hyeun Kang

Approximately 1.7 million traumatic brain injuries (TBI) occur annually in the United
States, with an annual estimated societal cost of at3&&s3 billion. Addressing the growing
TBI epidemic will require a mukpronged approach: developing novel treatment strategies and
enhancing existing preventative measures. The specific aims of this thesis are: (1) to modulate
astrocyte activation aspotential therapeutic strategy pd®l, (2) to determine the relationship
between tissue deformation and alterations in electrophysiological function in the living brain,
and (3) to investigate underlying mechanisms of functional change3Bbbt utilizing

stretchable microelectrode arrays (SMEAS).

In response to disease or injury, astrocytes become activated in a process called reactive
astrogliosis. Activated astrocytes generate harmful radicals that exacerbate brain damage and
can hinder regeneratioof damaged neural circuits by secreting neleweelopmental inhibitors
and glycosaminoglycans (GAGs). Since mechanicadlyvated astrocytes upregulate GAG
production, delivery of GRHFAT, a mock therapeutic protein conjugated to the pefietrating
peptide TAT, increased significantly after activation. A Fédnjugated peptide JNK inhibitor
was delivered to activated astrocytes and significantly reduced activation. These results suggest
a potentially new, targeted therapeutic utilizing TAT for prewey astrocyte activation with the

possibility of limiting offtarget, negative side effects.



While modulating astrocyte activation is a promising treatment strategy for TBI, effective
therapeutic treatments are still lacking. Preventing TBI, by devejapore effective safety
systems, remains crucial. We determined functional tolerance criteria for the hippocampus and
cortex based on alterations in electrophysiological function in response to controlled mechanical
stimuli. Organotypic hippocampal andrgcal slice cultures were mechanically injured at tissue
strains and strain rates relevant to TBI, and changes in electrophysiological function were
quantified. Most changes in electrophysiological function were dependent on strain and strain
rate in a omplex, nonlinear manner. Our results provide functional data that can be
incorporated into finite element (FE) models to improve their biofidelity of accident and

collision reconstructions.

TBI causes alterations in macroscopic function and behaviochvaain be characterized
by alterations in electrophysiological function in vitro. We utilized a novel in vitro platform for
TBI research, the SMEA, to investigate the effects of TBI on pharmacologicdliged, long
lasting network synchronization in thgopocampus. Mechanical stimulation of organotypic
hippocampal slice cultures significantly disrupted this network synchronization 24 hours after
injury. Our results suggest that the ability of the hippocampal neuronal network to develop and
sustain natork synchronization was disrupted after mechanical injury, while also demonstrating

the utility of the SMEA for TBI research.

Herein, we identified a novel therapeutic strategy for treating the deleterious effects of
astrocyte activation pediBl. We al® developed tolerance criteria relating mechanical injury
parameters to electrophysiological function, an important step in developing more accurate
computational simulations of TBI. Equipping FE models with new information on the functional

response ofhe living brain will enhance their biofidelity, potentially leading to improved safety



systems while reducing development costs. Finally, we utilized a novel in vitro TBI research
platform, the SMEA, to investigate the effects of TBI on lasting netwok synchronization in

the hippocampus. Compared to more labor intensive in vivo approaches, the ability of the
SMEA to efficiently test TBI hypotheses within a single organotypic slice culture over extended
durations could increase the speed of drug #msgothrough higkcontent screening. This multi

pronged approach is necessary to address the growing public health concern of TBI.
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1 Introduction

Traumatic brain injury (TBI) is a growinglobal public health concern, affecting nearly
10 million people annually worldwidglyderet al, 2007 Gean and Fischbein, 2010n the
United States alon#heincidence of TBI has risen from 1.4 million in 20QAngloiset al,
2006 Elkin et al, 2011h to an estimated 1.7 million in 20QBaulet al, 2010, with
corresponding increases in emergency department visits (1.111 million to 1.365 million),
hospitalizations (235,000 to 275,000), and deaths (50,000 to 52 A@@itionally, the societal
cod of TBI in the United States, including medical costs and lost productivity, is estimated to
have risen from $60 billion in 2000 to $76.5 billion in 2@Btkelsteinetal., 200§. Despite the
worsening burden to society, treatment options for TBI remain relatively limited or ineffective
(Exoet al, 2009 Kolias et al, 2013, while clinical trialsfor new therapies have been
unsuccessfuh mitigatingthe devastating secondary effects of THhaset al, 1999 Maaset
al., 2010. The National Institute of Neurological Disorders and Stroke (NINDS) stressed the
need to identifymeaningful pathophysiological mechanisms of TBI, and more importantly, to
generate drug candidates capable of specifically targeting these mech&tasaysnret al,
2002. Due to their emerging role in the harmful secondary effects of TBI, astrocytes may be a
promising therapeutic target, with the potential for fewer side effects compared to targeting
neurons diectly (Hamby andSofroniew, 2010Kimelberg and Nedergaard, 2010New
treatment and delivery strategies centered on-ghakd targets could potentially lead to

modulation of the cellular pathways involved in the secondary injury cascade of TBI.

However, in light of the stiggles to develop effective drug therapeutics for TBI, efforts

to prevent TBI remain central to reducing its societal qo#itiary etal., 2001, Nirula et al,



2004 Mosset al, 2014. Finite element (FE) models are useful tools in testing safetgragst

for the prevention of TB{Aareet al, 2004. Combined with FE models of automobiles or

safety equipment, FE models of the brain have the potential to significantly reduce the cost of
safety systems engineering by simulatamgl optimizing the injurreducing performance of

new designs before expensive prototypes need to be produced. The performance of new designs
can be tested under a wide range of impact andrigadenarios before costly crash tests are
performed, reduaig the number of crash tests necessary. Ultimately, the optimized development
and testing process could lead to safer cars and protective equipment, with shorter development

cycles at reduced cost.

Currently, the outputs of FE models are capable of desgrthe mechanical events that
occur during a TBI in human bra{Kleiven and Hardy, 20QZ akhountset al, 2003 Rothet
al., 2010, as well as in pigCoatset al, 2012 and rat braif{Lamy et al, 2013 Maoet al,
2013. However, developing effective and accurate FE models requires a fundamental
understanding of injury mechanisms to translate the effects of meahsatiinuli to biologically
relevant responses. For example, neuronal cell death is a major contributor to the devastating
effects of TBI(Rink et al, 1995 Clark et al, 200Q Satoet al,, 2001, Stoica and Faden, 2010
Anatomical, regiorspecific toleranceriteria relating mechanical parameters of strain and strain
rate to the biological outcome of cell death have been developed previously f@@atiet al,
2006 Elkin and Morrison, 200)7 Adding cell death tolerance criteria data to existing FE models
is the first step in making the models more biofidelic. However, loss of neuronal or glial cells
alone cannot adequately describediisfunctional behavior of the brain after T@lethet al,
1990 D'Ambrosioet al, 1998 Santhakumaet al, 200Q. The synaptic function of neurons

within the electrophysiological circuitry of the brain continues to operate among the surviving



injured and dysfunctional neurons. Because functional changes based on electrophysiology
cannot be explained solely by thesttraumatic death of neurons, quantification of functional
deficits has the potential to provide unique information about theti@ashatic effects of

mechanical injury.

1.1 Astrocyte Activation

In the healthy central nervous system (CNS), astrocytesibute essential support for
proper neuronal functioffFalsiget al, 2004 Sofroniew, 200k When subjected to CNS insults,
such as ischemi@anickar and Norenberg, 2Q@arretoet al, 2011, neurodegenerative
diseas€Eng and Ghirnikar, 199Maragakis and Rothstein, 2006r traumgCullenet al,

2007, Kim et al, 2012, astrocytes become activated and undergo a phenotypic change
characterized by proliferation, altered morphology, and increased gene expression, particularly
for glial fibrillary acidic protein (GFAP) and vimentifrawcett and Asher, 199Pekny and

Nilsson, 200%. Activated astrogtes are the principal component of the glial scar, a cellular
barrier formed after CNS injury with both beneficial and detrimental ef{@itetet al, 1997

Rollset al, 2009. The glial scar is important for removing dead and damaged tissue, generating
a barrier across the injured area to prevent the spread of damage, and shielding the damaged area
from infectiousagentgStichel and Mder, 1998 Roitbak and Sykova, 1998ilver and Miller,

2004. However, activated astrocytes within the glial scar also hinder regeneration and
remyelination by increasing production of extracellular matrix (ECM) proteogly&mih-

Thomaset al, 1994 Zhanget al, 2006 Properziet al, 200§ and secreting harmful neuro

developmental inhibitor@/Vadaet al, 1998aWanneret al, 2008 Jones and Bouvier, 2014



which negatively impact regenem@ti by preventing growth cone extens{dfcKeonet al,

1991, McKeonet al, 1995 Toy and Namgung, 20).3In addition, activated astrocytes generate
radicals with the potential to damage neural cells, including superoxide, peroxides, and nitric
oxide (NO), via upregulation of inducible nitric oxide synthase (iINCE8)veminiet al, 1992,
Molina et al, 1998 Johnstonet al, 1999 through activation ofhe mitogeractivated protein
kinases (MAPKSs) €lun Nterminal kinase (JNK), p38 MAPK and extracellular sigresgulated

kinase (ERK)YHuaet al, 2002.

1.2 Role of MAPK Signaling Pathways in Astrocyte Activation

Regulation of the MAPKs JNK, p38, and ERK may play a central role in astrocyte
activation(Otaniet al, 2002 Guanet al, 2006h Hsiaoet al, 2007). These MAPKs are
activated bya variety of stimuli, such as mechanical trauiMandellet al, 2001 Raghupathet
al., 2003, spinal cord injuryCrownet al, 200§ Stirling et al, 2009, ischemia and reperfusion
(Namuraet al, 2001, Guanet al, 20064, and cytokingWaetziget al,, 2005 Munozet al,

2007 and lipopolysaccharide (LPS) stimulati@hatet al, 1998 Nakajimaet al, 2009.
Inhibition of MAPK cascades by the small lmcule inhibitors of p3§Piaoet al, 2003 Yoo et
al., 2009, JNK (Huaet al, 2002 Guanet al, 20063, and ERK(Mandellet al,, 2001, Maddahi

and Edvirsson, 201pdecreased the stimulated upregulation of iIN@$tro.

Although specific inhildors for p38, JNK, and ERK exist, they may act on downstream
or upstream targets along the pathways, or act on othetarget signaling pathways, with
unknown consequences to astrocytes or unwantedrgfét effects on other cell types within the

brain SB203580, commonly utilized as a specific inhibitor of-p88PK, is highly selective

4



not only for t h@oum8tal, 189) anolp D FmmapeBal 1097, but also
at least two nop38 kinases as wel:R AF a n d (deMasZobt al, 1998. In terms of

cell type specificity, SB203580 has been shown to regulate tumor necrosisafab@(TNFU ) ,
an inflammatoy cytokine produced by astrocytes after injury, in different ways in human
microglia and human astrocytéeeet al, 2000. SP600125, a specific inhibitor of INK, is
highly selective for INK1,2, and-3 isoforms with >2&old selecivity compared to a range of
other kinase¢Bennettet al, 200). However, SP600125 is not specific for any single JINK
isoform, particularly JNK1, which has been implicated as the major mediator of INOS induction
in glial cells(Pawate and Bhat, 2006In addition, SP600125 has alseen found to partially
inhibit p38MAPK (Bennettet al, 200]). U0126 blocks the activation of ERK by setigely
inhibiting the upstream MAP kinase kinases MEK1 and MER&ataet al, 199§, but does

not act directly on ERK. The nespecificity and potential for offarget effects limit the utility
of small molecule inhibitors of p38, JNK, and ERK as effedinerapeutics in mitigating the

harmful effects of astrocyte activation.

1.3 Glycosaminoglycans and TAT Transduction

Much of the negative effects of astrocyte activation are associated with the increased
production of glycosaminoglycans (GAG) and NO, amotiter changes in their physiology.
Increased production of extracellular GAG is known to be inhibitory to neurite outgf@estha
et al, 1989 FernaudEspinoseet al, 1994. GAGs form a significant component of the glial
scar and cause @wth cone collapse, preventing regenerafl@au and Levine, 1995 Increased

expression of INO$Leeet al, 1995, and the subsequent oy@ioduction of NQ(Wadaet al,



1998a Wadaet al, 1998l), can cause cell death due to subsequent nitrosylation of proteins
(Wadaet al, 1998h. Preventing significant increases in GAG and NO levels as a result of
astrocyte activation after TBI, or downregulating hfadrtevels of GAG and NO back to pre

injury levels after TBI, may be beneficial in controlling the detrimental consequences of
astrocyte activation after TBl. Small molecule inhibitors of the MAPK signaling pathways
implicated in astrocyte activation amet effective as therapies for the reasons stated above.
Therefore, a targeted therapeutic, specific for only activated astrocytes, may be necessary for

successful clinical translation.

The celtpenetrating peptide (CPP) from the transactivator of trgotgor (TAT) protein
of human immunodeficiency virus (HFY) is known to cross cell plasma membrafiaankel
and Pabo1988 Green and Loewenstein, 1988Vhereas the 86 amino acid, full length HIV
TAT has been implicated in neurodegeneration and neuroinflamnfgéiimams et al,, 2009,
the CPP TAT (hereafter referred to as Fpdptide) is an 11 amino acid peptide which is-non
toxic, noninflammatory, and capable of cellular transduc{igiveset al, 1997. The TAT-
peptide is believed to transduce across cell plasma membranes via an electrostatic interaction
with cell surface proteoglycarf¥yagiet al., 2001, Brookset al, 2005. Previously, we reported
that the transduction efficiency of TAdeptide is dependent on cellular GAG con{&iinonet
al., 2009. By taking advantage of increased GAG levels due to astrocyte activation after TBI, it
may be possible to deliver a TACbnjugated therapeutic cargo to modulate astrocyte activation
after TBI. This elivery strategy also has the potential of specificity for activated astrocytes,

limiting unwanted offtarget effects of less specific therapeutics.

1.4 Functional Tolerance Criteria



The development of improved preventative measures against TBI first requires
identification of tolerance criteria, or the maximum safe stress or strain for a givenZisang
et al, 2004 Yaoet al, 2007. Because brain tissue is a viscoelastic material, its biological
response to mechanical trauma may be dependent on the dynapadips of the applied
mechanical stimulug.g.strain and strain rai@rbogast and Margulies, 1998hibault and
Margulies, 1998Darvish and Crandall, 200Prange and Margulies, 2002Previous studies
suggest that TBI is the result of brain tissue deformation in excess of 10% strain at strain rates
greater than 10°s(Margulieset d., 199Q Margulies and Thibault, 199®eaneyet al, 1995
Morrisonet al, 1998 Morrisonet al, 2003. Work perforned previously in our group
supporedthese hypotheses by assessing cell death criteria for the hippoq@afrret al,
2006 and corteXElkin and Morrison, 2007 Thesepreviousstudies demonstrated that cell

response was dependent on the specific parameters of the applied mechanical stimulus.

Although TBI is known to cause cell death within specific brain regibicks et al,
1993 Raghupathet al, 20032, cell death does not always correlate with functional deficits and
vice versgGurkoff et al, 2006 Browneet al, 2011, Khumanet al, 201). Because functional
alterations based on electrophysiatad functioncannot be explained solely by the post
traumatic death of neurons, quantification of functional deficistt@potential to prode
unique information about the petssaumatic effects of mechanical injury. TBI has been shown
to cause alterations in intracellular signaling cascéidashet al, 2002 Mori et al, 2002
Atkins et al, 2007aAtkins et al, 2009 Dashet al, 201J), receptor subunit expressi{lumar
et al, 2002 Osteeret al, 2004 Gizaet al, 2006 Kharlamovet al, 2011, receptor function
(Zhanget al, 1996 Tavalinet al, 1997 Leaet al, 2002, and neuron morpholodaatmaret

al., 1998 Posmantuet al, 200Q Schwarzbaclet al, 2006 Gao and Chen, 201Gaoet al,



2011), all of which affect function of neurenn the absence of significant cell death. The
cumulative effect of these more subtle changes can be measured and quantified by

electrophysiological measures of neuronal network function.

Once functional tolerance criteria of living brain are determipesgtjictive mathematical
functions describing the regiespecific electrophysiological response of brain tissue to precisely
controlled mechanical stimuli can be generated to equipgendration FE models of TBI
(Takhountset al, 2009. Currently, FE models of the head exist that can predict tissue
deformation in response to traumatic mechanical I¢adkinger et al, 1999 Zhanget al,

20013 Zhanget al, 2001h Kleiven and Hardy, 20Q02Mao et al, 2006, but are not equipped to
predict the ti s s ueebéam tisbue forictomgas it relditestoe s pons e,
electrophysiologral function Equipping FEnodels with data sets of functional information, in
addition to existing data sets of material properties and cell death, will enhance the predictive

capability of existing FE models.

1.5 Microelectrode Arrays

The interface between electronic circuitry amdiral tissue or cells is most often
achieved through a matrix or array of electrodes. By recording from many electrodes
simultaneously, the information content of the neural signal is greatly increased over that of
single electrode@Mehringet al, 2003 Cohen and Nicolelis, 200€armeneet al,, 20095.

Given the distribted processing and storage of information in the brain, recording from an
extended network of interacting neurons may be more effective at capturing the dynamics of

large neuronal populations and functional assemblies of neurons that are activated in a
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coordinated manner than single electrode interf@€agelet al, 2001, Harriset al, 2003.

Unlike single electrodescordings, the lonrgange connectivity of neural networks can be stlidie
with these electrode arrays due to their ability to simultaneously record from multiple sites,
providing insight into neuronal information processing and fundtalik et al, 2001, Diogo

et al, 20). Contemporary multielectrode arrays (MEASs) allow for simultaneous recording
from up to 256 discrete locations with recording bandwidths of up to 3@®&krvetet al,

2010. Higher order behaviors are likely to depend on this type of ensemble network behavior

rather than the activity of individual neurofi3eadwyler and Hampson, 19930etsch, 2000

To facilitate coupling of MEASs to neural tissue and the study of neuronal networks, a
multitude of MEA concepts ahdesigis have been appédto in vivoneural tissuen vitro cell
culture, and brain slice electrophysiology. Electrodes have been fabricated from many materials
including gold, platinum, iridium, titanium nitride, silicon, carbon, and conductive mrkym
(Nischet al, 1994 Thiebaudet al, 1999 Yu et al, 2007. Planar electrodes patterned on flat,
most often rigid substrates are designedefdracellular stimulation and recordimgvitro of

various types of tissues or celBkaet al, 1999 Yu and Morrison, 2010

Material Youngbés Modulus (E)
Brain 3 kPa(Elkin et al, 2011aElkin et al, 2011b
Peripheral Nerve 575 kPaBorschelet al, 2003

Spinal Cord 650 kPa(Bilston and Thibault, 1996

Polydimethylsiloxane (PDMS)| 1 MPa(Walkeret al, 2009

Polyimide 2.8 GPgMcClainet al, 2011




Parylene C 4.8 GPgShihet al, 2009
Bone 16 GPaRhoet al, 1993
Thin-film Gold 55 GPaEspinosa and Prorok, 2003
Glass 76 GPaChenet al, 1999
Platinum 165 GPgMerkeret al, 200
Silicon 170 GPgHopcroftet al, 2010
Tablel.1Typi cal Youngd6s modul useufalEigsueb.or SMEA materi al

Less rigid arrays fain vivoimplantation that integrate stiff components on flexible
pol ymer substrates such as polyimide have bee
approximately 3 GPé&Cheunget al, 2007. Small flexion of these flexible MEAs can be
achieved without altering their functionali{uoet al, 1999. However, even these flexible
MEAs are much stiffer than neural tissues and cannot withstand mechanical strains in excess of
1-2% (Pashley, 196Chiuet al, 1994 Spaepen, 20QQacouret al, 201Q. Flexible MEAsare
not compliant enough to tolerate the large mechanical deformations necessary to induce TBI
(Morrisonet al, 1998 Cateret al, 2006 Elkin and Morrison, 200/Hyderet al, 2007. The
modulus mismatch between rigid MEAs (E of tens to hundreds of GPa), flexible MEAs (E on the
order of GPajMcClainet al, 2011, and brain tissue (E of approximately 3 kE&kin et al,
2011aElkin et al, 2011H poses many acute and chronic problems, stemming from implantation
trauma, interfaciastrains, and micromotion damai&ran et al, 2005 Polikov et al,, 2005

Subbaroyaret al, 2005 Cheunget al, 2007 (Tablel.1).
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1.6 Stretchable Microelectrode Arrays aslarVitro Platform for TBI Research

Stretchable MEAs (SMEAS) have utility for vitro studies to understand
mechanotransduction, the cellular pathways by which mechanical stimuli are transduced into
intracellular signaling cascades. Many of thesdatro systems apply mechanical stimulation by
deformation (stretch) of an elastiabstrate on which the cells or tissue grow. Such systems
have found utility in the study of TEMorrisonet al, 1998 Hyderet al, 2007, which is caused
by rapid deformation of the brain, including stretch, compression, and shea(G#taret al,

2006 Elkin and Morrison, 200/ As described above, most contemporary MEAs are rigid and
therefore not compatible with these injury models, making it difficult to study the effects of
mechanical injury on electrophysiological function of the neuronal network. Whilpasgsble

to injure neural tissue after removing it from an MEA, recording from the same locations and the
same population of neurons after injuwvguld be challenging An SMEA embedded in the

elastic substrate lifts these limitations because the tissn@ims adhered to the SMEA before,
during, and after stretch injufyfu et al, 20093. In addition, longterm studies involving

multiple electrophysiological recordingsthin the same tissue slice is made possible due to the

ability to maintain culture sterility.

1.7 Significance

Traumatic brain injury (TBI) is a growinglobal public health concern, affecting nearly
10 million people annually worldwidglyderet al, 2007 Gean and Fischbein, 2010in the
United States alwe,theincidence of TBlcontinues to risérom 1.4 million in 200ZLangloiset
al., 2006 Elkin et al, 2011h to 1.7 million in 200§Faulet al, 2010, with corresponding

11



increases in emgency department visits (1.111 million to 1.365 million), hospitalization
(235,000 to 275,000), and deaths (50,000 to 52,000¢.societal cost of TBI in the United
Statesjncluding medical costs and lossmrbductivity,continues to rise as weftom $60

billion in 2000 to $76.5 billion in 200@-inkelsteinet al, 2006.

Despite the rising incidence and worsening burden to society of TBI, drug treatment
options remain limited or ineffective, with all drug candidates failing in clinical tfiRdsnert
and Bullock, 1999Georgiou and Manara, 2013 et al, 2014. A major challenge o$mall
moleculetherapeuticgor TBI remairs the lack of specificity to particulareuralcell types while
novel proteinbased therapeutics suffer from the inabilitypt@rcone the barrer of the cellular
membrane. Additionally, the National Institute of Neurological Disorders andeStikIDS)
stressed the need to identify meaningful pathophysiological mechanisms of TBI, and more
importantly, to generate drug candidates capable of specifically targeting these mechanisms
(Narayaret al, 2002. Delivering drugs that act on specific intracellular signaling pathways,
with reduced side effectspuld be an effective strategydmeliorate the deleterious secondary
effects of TBI. As astrocytes have emerged as more than just neuronal support cells, they may
be a promising therapeutic target due to the potential for fewer side effects compared to targeting

neurons directlfChooet al, 2013.

Due to the paucity of effective drugettapeutics for TBI, improving safety measures and
protective equipment will be paramount to reducing the frequency and severity of TBI. In
combination with FE models of automobiles or safety equipment, FE models of the brain have
the potential to signifiently reduce the cost of safety syssamgineering by enabling the
simulation and optimization of new safety designs before expensive prototypes need to be
produced. The injury reducing performance of new safety designs under a wide range of impact

12



and badng scenarios can be computationally modeled and assessed before expensive crash tests
are performed, reducing the number of crash tests necessary. Quantifying alterations in the
electrophysiology of brain tissue after mechanical injury, and developatigematical equations
capable of predicting this behavior, will equip FE models of the brain with new information on

the functional response of the living brain to precise injury parameters, in addition to existing

data on material properties and celathe The functional data will enhance the accuracy of FE

models, potentially leading to improved safety systems at reduced cost.

TBI results in brain dysfunction, a consequence of brain tissue deformation. Brain tissue
strain and strain rate are signiia predictors of injury in the brain after T@ateret al, 2006
Elkin and Morrison, 2007 Thus, a research platform that can bora mechanical injury with
functional outcomes will be helpful in elucidating TBI patholo@MEAs have potential as a
newin vitro platform for TBI research within a single package. SMEAs represent the
convergence of multiple paradigms of neurophysgjglcelevant to TBI: electrophysiology,
mechanical stimulation, pharmacological intervention, and temporal development. The ability to
perform robust experiments involving multiple research paradigms within the same tissue slice
will enable the investigain of TBI mechanisms and pathologies that have previously been

difficult, potentiallyboosting the rate of novel drug therapeutic screening and discovery.
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2  Attenuation of Astrocyte Activation by TAT -Mediated

Delivery of a Peptide JNK Inhibitor®

2.1 Introduction

In the healthy central nervous system (CNS), astrocytes contribute essential support for
proper neuronal functioffFalsiget al, 2004 Sofroniew, 200k When subjected to insults, such
as ischemia, neurodegenerative disease, or trauma, astrocytes become activated and undergo a
phenotypic change characterized by prolifera{ldang and Benveniste, 20080ofroniew,
2009, altered morphologylaird et al, 2009, and increased gene expression, particularly for
glial fibrillary acidic protein (GFAP) and viment{ekny and Nilsson, 2005 Activated
astrocytes are important for removing dead and damaged tissue, generating a barrier across the
injured area to prevent the spread of damage, and shielding theggaharea from infectious
agentqStichel and Muller, 199&ilver and Miller, 2004Sofroniew, 200k However, activated
astrocytes also hinder regeneration and remyelination by increasing productitracéleilar
matrix (ECM) proteoglycans to form a glial s¢&mith-Thomaset al, 1994 Zhanget al, 2006
Properziet al, 2009 and secreting harmful neutevelopmental inhibitor€Chung and
Benveniste, 199loisi et al, 1992 Wadaet al, 1998aZhanget al, 2006 Wanneret al,
2008, which negatively impact regeneration by preventing growth cone extgivibteon et
al., 1991 Smith-Thomaset al, 1994 McKeonet al, 1999. In addition, activated astrocytes
generate radicals with the potential to damage neural cells, including superoxide, peroxides, and

nitric oxide (NO), via upregulationfanducible nitric oxide synthase (iINO$§Jalveminiet al,

! A modified version of this chapter previously appeared in print: Kang, W.H., Simon, M.J., Gao, S., Banta, S. and
Morrison, B. (2011). Attenuation of Astrocyte Activation by TAMediated Delivery of a Peptide JNK Inhibitor. J
Neurotrauma 28, 1219228. Reprinted ith permission by Mary Ann Liebert, Inc.
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1992 Molina et al, 1998 Johnstonet al, 1999 Laird et al, 200§ through activation of the
mitogenactivated protein kinases (MAPKsJanN-terminal kinase (JNK), p38 MAPK and

extracellular signategulated kinase (ERKHuaet al, 2002.

We hypothesized that activated astrocytes could be targeted by tperoetitating
peptide (CPP) from the transactivator of transcription (TAT) protein from the human
immunodeficiency virus (HIV1) through their increased expression of glycosaminoglycans
(GAGS), since the first step in TAT transduction is an electrostatic interaction with the cell
surface(Tyagi et al, 2001, Brookset al, 2005. The CPP TAT is notoxic and non
inflammatory(Viveset al, 1997 unlike the fultlength TAT proteinWilliams et al, 2009.
Cultured astrocytes were activated with a veblhracterizeih vitro mechanical stretch injury
model(Morrisonet al, 2003, the proinflammatory cytokine interleukin (H) b, or
lipopolysaccharide (LPS). Activation was measured via functional changes, specifically
production of nitrite, the oxidation product of N®urphy et al, 1993 and GAG content. We
observed significant increases of nitrite and GAG content in mechanically and chemically
stimulated astrocytes and an increase in green fluorescence fBREIRTAT transduction.
Inhibition of INK, p38 MAPK, or ERK pathways by small molecule inhibitors significantly
reduced activation and significantly decreased -GRF transduction. TATmediated delivery
of a JNK peptide inhibitor to mechanically or chieally stimulated astrocytes significantly
prevented activation. Our results highlight the potential of -T@éldiated cargo delivery to
target activated astrocytes, to deliver a biologically active cargo, and to directly modify the
gliotic response to aetating stimuli. Such a strategy could hold therapeutic benefit for multiple

CNS diseases and injury.
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2.2 Materials and Methods

2.2.1 Cell Culture

All protocols involving animals were approved by the Columbia University IACUC.
Purified astrocyte cultures were peged as previously report€@imonet al, 2009. Briefly,
cortices of 8to 10-day old Spragu®awley rat pups were digested with papain, triturated, and
plated into T75 tissue culture flasks. After 1 h incubation, the flasks were vigorously shaken to
remove noradherent cells, and the media was discardéuk enriched astrocytes (> 90%) were
grown in DMEM (SigmaAldrich, St. Louis, MO) with 10% heabactivated newborn calf
serum, 1 mM glutamine, 10mM HEPES and 10 mg/mL gentamicin for 2 weeks as previously
describedSimonet al, 2009 Li et al, 20103. The astrocytes were then treated with
trypsin/EDTA (Sigma/Aldrich, St. Louis, MO) for 5 min and replated onto either uncoated,
tissue culture 24vell plates at a density of 30,000 cells per well or onto highlycéiable,
silicone membranes (Specialty Manufacturing Inc., Saginaw, MI) coated with laminirDpoly
lysine, and gelatin attached to custamde stainless steel wells at a density of 5,000 cells per
cn? (Morrisonet al, 2003. The astrocytes wethen cultured for an additional 2 days before

experimentation.

2.2.2 Mechanical Stretch Injury of Astrocytes

Astrocytes on silicone membranes were subjected to a single 30%i&xjai stretch
injury at a strain rate of 20'sising a wellcharacterized streh injury devicgMorrisonet al,
2003. These injury parameters were chosen to induce a moderate level ofGateyet al,

2006. Strain and strain rate were verified with high speed video anéGaisret al, 2009.
16



The cells were analyzed for nitrite, GAG, DNA or GFRT transduction 48 h following injury

(vide infra).

2.2.3 Chemical Stimulation of Astrocytes

Astrocytes were stimulated Wi20 ng/mL murinelkl b (I nvi t rogen, Car | s
e g/ mL L P-3ldrichs $t.d onis, MO) for 48 h. Cells were analyzed for nitrite, GAG,

DNA or GFRTAT transduction.

2.2.4 Inhibition of Mechanical Activation

To verify the involvement of MAPK pathways astrocyte activation in response to
mechanical stretch injury, astrocytes were pretreated fqHU&et al, 200Qwi t h ei t her 20C
(Nakajimaet al, 2004 Yoo et al,, 200§ SB203580 (Sigma), SP600125 (Sigma), or U0126
(Sigma) to inhibit specific MAPK according to previously published metliddaet al, 2002
Nakajimaet al, 2004 Yoo et al, 200§. A pretreatment paradigm was utilized to confirm
involvement of specific pathways and not to demonstrate therapeutic potential. For the TAT
JNK inhibitor delivery studi es, -J¥Ksinhibitorcyt es we
(Axxora, San Diego, CA L-TAT control peptide (Axxora, San Diego, CA), GHRT, or the
TAT peptide utilized in our previous stu@$aoet al, 2009 (hereafter referred to as mTAT)
immediately following mechanical injury to more closely model a-pgsty treatment
paradigm. The half maximal inhibitory concentrations)@f the TATJ NK i nhi bi tor i s

as prewusly determined from JNK inhibition assapsvitro (Borselloet al, 2003. The
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concentration of the TAUNK inhibitor necessary for sufficient intracellular inhibition was
based on previous delivery studies of GF®T (Gaoet al, 2009 Simonet al, 2009. The
inhibitors then remained within the medium until nitrite, GAG, DNA or G transduction

was quantified at 48 h.

2.2.5 Inhibition of Chemical Activation

To verify the involvement of the MAPK pathways in astrocyte activation in response to
chemical stimuli, astrocytes were pretreated for(Hlmet al, 200dwi t h ei t her 20 &M
(Nakajimaet al, 2004 Yoo et al,, 200§ SB203580 (Sigma), SP600125 (Sigma), or U0126
(Sigma) to inhibit specific MAPK before chemical stimulation with either 20 ng/mL murine IL
1 fKimetal,2009( I nvi trogen, Car | s(akaimaet@lhdl004or 2 &g/ ml
(SigmaAldrich, St. Louis, MO). These pretreatment paradignve ieeen used before to verify
the involvement of MAPK cascades in chemically mediated astrocyte actiidtiaet al,

2002 Nakajimaet al, 2004 Kim et al, 2006 Yoo et al, 2009. For the TAFINK inhibitor
delivery studies, astrocytes were c-ONKmically
inhibitor (Axxora, San Diego, CA),dTAT control peptide (Axxora, San Diego, CA), GHRT

or mTAT was added concurrently.h@ chemical stimulators and inhibitors then remained within

the medium until nitrite, GAG, DNA or GFIPAT transduction was quantified at 48 h.

2.2.6 Quantification of Nitrite
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Nitrite production was chosen as a functional measure of astrocyte activationcapecifi
as a surrogate marker of NO overproduction as a result of INOS expression, which is known to
exacerbate brain injurfvadaet al, 1998l). Nitrite content was quantified 48 h after astrocyte
activation because previous studies have shown that INOS expression, NO production and hence
nitrite content are robustly increased at this time p&iob et al, 200§. Nitrite content was
measured in triplicate for each well using the Griess reagent (Invitrogen). Equal volumes of N
(1-naphthyl)ethylenediamine and sulfanilic acid were mixed together to form the Griess reagent.
1 5 0 ofedll supernatantorNaN@t andard was mi xed with 130 €L
eL of Gr i es sweltptai .gAdter BO minmncubatioh 61 the dark at room temperature,
sample absorbance was measured in a spectrophotometric microplatéVedeleular Devices)
at 548 nm and converted to nitrite content with the standards. Nitrite content was normalized to
total DNA content using the Quaiit Picogreen dsDNA assay (Invitrogen). For the inhibitor
studies, the aver agreoremeolli zned rtia et/ hneg aD/NeAr amgaes
uninjured or unstimulated, control cells to account for any basal effects of inhibitors on

unactivated cells.

2.2.7 Quantification of GAG

Cellular GAG content was quantified 48 h after astrocyte activatioreasps studies
have shown that GAG production is consistently increased at this time point after activation
vitro (Smithh-Thomaset al, 1994 Zhanget al, 2006 Properziet al, 2009. Increased GAG
production as a resutf injury has been shown to be inhibitory to neurite outgrowth and

recovery(Smith-Thomasetal., 1994. To determine cellular GAG content, cells were incubated
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in 500 €L of |lysis buffer (0.1 M sodium aceta
cysteine HCI, and 0.6 Papain/mL) overnight at 37°C. Cells were sonicated and analyzed using

the 1,9dimethylmethylene blue (DMMB, Sigma) dyending assay and compared to prepared

GAG standard¢Farndaleet al, 1989. GAG content was normalized to total DNA content

using the Quanifl Picogreen dsDNA assay (Invitrogen). For theilitor studies, the average

€eg GAG/ n @gsnbrhlkedwo theaverageg GAG/ ng DNA i n uninjur e

control cells to account for basal effects of MAPK inhibitors on unactivated cells.

2.2.8 Quantification of Protein Transduction into Primary Astrocytes

The GFRTAT construct has been describedymoesly and consisted of an 11 amino acid
peptide flanked by glycines (GYGRKKRRQRRRG) fused to the@inus of the GFP protein
(Simonet al, 2009. Protein transduction of GFP or GHRAT was quantified in triplicate as
previously reportedGaoet al, 2009 Simonet al, 2009. Briefly, astrocyte cultures were
i ncubated with e tTANhferd h, 3s oar previbds Btudes have Beonstrated
that this duration and concentration yielded maximal uptake of the cong@Gactst al, 2009.

Cells were washed in PBS and treated with trypsin/EDTA (Sigma) for 5 min to remove protein
boundtohe surface of the cell s, centrifuged, and
transduction was quantified with a FACSCanto Il flow cytometer (Becton Dickinson) by

calculating the percent increase in geometric mean fluorescence (excitation 488 nm, emission
530/30 nm) above that of cells treated with GFP only, to account for GFP and background
autofluorescence. For the inhibitor studies, the average fold change of each injured or

stimulated, experimental group was normalized to the average fold changejofadhor
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unstimulated groups to account for any basal effects of inhibitors on unactivated cells. A total of

10,000 events per sample were counted.

2.3 Results

2.3.1 Mechanical Activation of Astrocytes

Mechanical stretch significantly increased nitrite contetetr ahjury compare to
uninjured controlsKigure2.1A). GAG content increased significantly after injury compared to
uninjured controlgFigure2.1B). Mechanical injury increased GFFAT transduction more than
twofold compard to uninjured controlsHigure2.1C). These results indicate that aorvitro
model of stretch injury activated astrocytes, and that-G&P preferentially transduced

activated astrocytes.
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Figure2.1 Effects of mechanical stretch injur¢A) Nitrite content, normalized to DNA content,
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fluorescence mteintransactivator of transcription; GAG, glycosaminoglycans).
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232 IL-1b and LPS Activation of Astrocytes

BothIL-1 b and LPS treatment significantly incr
compare to untreated controlgigure2.2A). GAG content increased significantly in-lLb a n d
LPS treated astrocytes compared to untreated coffigisre2.2B). InbothIL-1 b and L PS
stimulated astrocytes, GFFAT transduction increased significantly compared to untreated

controls(Figure2.2C) indicating that GFPTAT preferentially transduced activated astrocytes.
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2.3.3 Inhibition of Mechanical Activation via MAPK Antagonism

Pretreatment of astrocytes with either 20
before mechanical injury significantly attenuated nitrite produdgtogure2.3A). GAG content
in injured astrocytes was also decreased significantly after pretreatment with either SB203580,
SP600125 or U012@-igure2.3B). GFRTAT transduction was significantly reduced in injured
astrocytes pretreated with MAPK inhibitors compared to untreatjedled astrocytesHigure

2.3C).
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traumatic GFPTAT transduction was atteiated by MAPK inhibitionf{ O 4 < 0.05 compared to
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injured, vehicletreated cultures; mean + standard error of the mean; MAPK, miagemated protein

kinase; GAG, glycosaminoglycans; GHRT, green fluorescence proteiransactivator of transcriain).

2.3.4 InhibitionofIL-1 b and LPS Activation via MAPK Ant ag

After IL-1 for LPS stimulation, nitrite content was significantly decreased by MAPK
inhibition with either SB203580, SP600125, or U0126 compared to stimulated cultures receiving
vehicle(Figure2.4A, D). GAG content was significantly reduced in chemically stimulated
cultures pretreated with either SB203580, SP600125, or U0126 compaedide treated
cultures(Figure2.4B, E). GFRTAT transduction was significantly decreased iflllb and L PS

stimulated astrocytes pretreated witther SB203580, SP600125, or UOXE&yure2.4C, F).
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Figure2.4 Effect of MAPK inhibition on |1 band LPSmediated activation(A) The IL-1 Estimulated
increase of nitrite content was significantly attenuated by MAPK inhibiti€d ( 3B) The IL-QL b

stimulated increase of GAG content was significantly attenuated by MAPK inhibition (4 §) The  (
IL-1 Bstimulated increase in GFPAT transduction was significantly attenuated by MAPK inhibitian (

O 3D) The LRSstimulated increase of nitrite content was significantly attenuated by MAPK inhibition
(nO 3B) The LASstimulated increase of GAGntent was significantly attenuated by MAPK

inhibition (nO 3 B) The LPSstimulated increase in GFPAT transduction was significantly
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attenuated by MAPK inhibitiom(©O 3 < 0.05 comparedto HL b + v p $10.06 comparedto
LPS + vehicle; man + standard error of the mean; MAPK, mitogetivated protein kinase; L b ,
interleukinIL-1 b; LPS, | i po p-0ATygseendluwotescencepmoteiranSdetRator of

transcription; GAG, glycosaminoglycans).

2.3.5 Inhibition of Activation via a TATINK Peptide Inhibitor

Treating cultures with the TAINK peptide inhibitor immediately after mechanical
stretch injury significantly prevented the injunduced increase of nitrifgigure2.5A) and
GAG (Figure2.5B) content measured 48 h after injury. GFERT, L-TAT control peptide, and
MTAT had no effect on nitritedHgure2.5A) or GAG (Figure2.5B) production after mechanical
stretch injury. Treating cultures with the TAINK inhibitor also preventedthedL b and L PS
induced increase of nitrif@igure2.5C, E) and GAGKigure2.5D, F) content measured 48 h
after stimulation.GFRTAT, L-TAT control peptide, and mTAT did not significantly alter nitrite

(Figure2.5C, E) or GAG Figure2.5D, F) production aftert1 b or LPS sti mul at.
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Figure2.5 Effect of TAT-mediated delivery of a peptide JNK inhibitor on activati@) The injury

induced increase of nitrite content was significantly attenuated by theJRNKTinhibitor 0O  3B) . (

The injury-induced increase of GAG content was signifibaattenuated by the TATNK inhibitor (@ O

3). (C) The increase of nitrite content afterllb st i mul ati on was significant/|
JNK inhibitor 0O  9D) The in¢rease of GAG content afterlLb st i mul ati on was sign

attenuatd by the TATINK inhibitor 0O 5 B) Increades in nitrite production after LPS stimulation
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were attenuated by the TAINK inhibitor 0O 6 B) Increages in GAG production after LPS

stimulation were attenuated by the TARK inhibitor 0O 5 ) .-TAT, GFAT control peptide, and

MTAT did not significantly affect nitrite or GAG production after mechanical stretch injurg, fiL, or

LPS stimulation (p < 0.05 compared to injured, vehidieated cultures;pt< 0.05 comparedto H1 b +

vehicle; ## < 005 compared to LPS + vehicle; mean * standard error of the meanbIl. i nt er | euk i |
1b; LPS, | ipopolysacchar i dlbk, traBsadivatorgftranscopdieeadun n o gl y C

N-terminal kinase; GFHAT, green fluorescence proteiransactivatoof transcription).

2.4 Discussion

Astrocytes have been implicated to have both beneficial and harmful effects in the
developing pathobiology after CNS insulkorganttKossmanret al, 2002 Sofroniew, 200k
Much of their negative effects are associated with the process of reactive gliosis or astrocyte
activation inwhich astrocytes increase production of GAG af Bimong other changes in
their physiology. In our study, NO and GAG production were chosen as functional measures of
astrocyte activation because of their potential to detrimentally affect surroundin@/\ézdlaet
al., 1998h Silver and Miller, 2008 Although GFAP is often used as a histological marker of
activation(Pekny and Nilsson, 2095vhether it plays a functional role in the injury cascade is
unclear. However, it is well estédhed that increased expression of iINQ8eet al, 1995 and
the subsequent over production of MWadaet al, 1998aWadaet al, 1998l can cause cell
deathdue tosubsequent nitrosylation of proteifWadaet al,, 1998h). Furthermore, increased
production of extracellular GAG is known to be inhibitory to neurite outgr¢@thith- Thomas
et al, 1999. GAGs form a significant component of the glial scar and cause growth cone

collapse, preventing regeneration. Therefore, we chose to focus on these more relevant,
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functional measures aictivation. In the present study, astrocytes were activated by very
different factors including mechanical stimulation with a veblaracterized stretch injury model
developed previously in our laboratdiMorrisonet al, 2003, cytokine treatmet (Kim et al,

2006 or LPS(Bhatet al, 1999 to determine if the activation process could be controlled by the

intracellular delivery of a peptide TAINK inhibitor.

Utilization of TAT to target activated astrocytes via their increased GAG content could
be ofsignificant therapeutic value. Whereas the 86 amino acid, full lengtilHIXT has been
implicated in neurodegeneration and neuroinflammat@iliams et al, 2009, the CPP TAT is
an 11 amino acid peptide which is amxic, noninflammatory, and capable of cellular
transduction(Viveset al, 1997. Through TATmediated delivery of an appropriatetapeutic
cargo, it may be possible to limit GAG production and iNOS activity in activated astrocytes,

thereby limiting detrimental effects.

Regulation of the MAPKs p38, ERK and JNK may play a central role in astrocyte
activation(Otaniet al, 2002 Guanet al, 2006h Hsiaoet al, 2007). These MAPKs are
activated by a variety of stimuli, such as mechanical traiiviaadellet al, 2001, spinal cord
injury (Stirling et d., 2009, ischemia and reperfusi¢gNamuraet al, 2001 Guanet al, 20063
and cytokingWaetziget al, 2005 Hsiaoet al, 2007 and LPS stimulatio(Bhatet al, 1998
Nakajimaetal., 2004. Inhibition of MAPK cascades by the small molecule inhibitors of p38
(Piaoet al, 2003 Yoo et al, 2008, JNK (Huaet al, 2002 Guanet al, 20063 and ERK
(Mandellet al, 200) decreased the stimulated upregulation of iN@tro. In the present
study, small molecule inhibitors of p38 MAPK (SB203R8INK (SP600125) and ERK (U0126)

verified the essential role of the MAPK cascade in each of the different activation paradigms
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employed. Taken together, these results suggest that therapeutic modulation of astrocyte

activation may be possible via the MRPathways.

However, a significant limitation of existing small molecule inhibitors is that they cannot
be targeted to a specific cell population, in this case activated astrocytes. In our study we chose
to focus on JNK as a possible therapeutic tdsgeause, while the roles of p38 and ERK in
astrogliosis are still controversi@ole-Edwardset al, 2006, the role of JNK in
neurodegeneration after CNS insults has beeneagtdiblisheqCole-Edwardset al, 2006 Guan
et al, 2006a. Peptide inhibitors for JINK are commercially available (Ax@aasnd the TAT
JNK inhibitor has been wettharacterize@Bonnyet al, 2001, Borselloet al, 2003. In
contrast, the peptide inhibitor of @®as only recently been reported in literafiieet al,

2008.

An alternative strategy to enhance repair igtget the glial scar directly. Degradation
of the glial scar with chondroitinase ABC or attenuating its formation through the use of a GAG
synthesis inhibitor have been shown to promote axonal regf{dabn et al, 2001, Bradburyet
al., 2002 Silver and Miller, 200 Unfortunately, the use of chondroitinase ABC as a
therapeutic is not ideal as cleaving the GAG sid@ns leaves behind debris that remains
inhibitory to neurite outgrowtfUghrin et al, 2003 Silver and Miller, 200% Similarly, general
inhibition of GAG production may have unwanted side effects as certain GAGs, such as heparan
sulphate GAGs, are important in guiding axonal growth, promoting neurite outgrowth and

facilitating synapse formatiofiProperziet al, 2009.

Successful gliabpecific therapies will likely neet strike a fine balance between

inhibiting negative consequences of astrocyte activation while maintaining their homeostatic
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functions. Inhibiting their supporting function could exacerbate the pathology given their roles in
the normal function of the Bim. For example, reactive astrocytes were selectively ablated after
spinal cord injury in mice expressing a GFAErpes simplex viruthymidine kinase transgene

with ganciclovir(Faulkneret al, 2004. In that study, the ablation of all reactive astrocytes after
injury resulted in the failure of bloddrain barrier repaj leukocyte infiltration, local tissue
disruption, severe demyelination, neuronal and oligodendrocyte death, and pronounced motor
deficits. Therefore a more subtle modulation of activation may be required for improved
outcome. In our study, we aimedpeserve homeostatic astrocytic processes by down
regulating activated astrocytes rather than eliminating them altogether. This strategy may prove
more beneficial for ameliorating the detrimental effects of activated astrocytes by maintaining
their presece in the injury site. However further vivo studies are necessary to clarify the
relationship between modification of astrocyte activation and wound healing. Astrocytes grown
in serumcontaining medium have been used as models of reactive gliodis thaegr

proliferative natur€Audouyet al, 1999. However,in vitro studies involving astrocyte cultures
lack critical input regarding systemic effects and environmental cues which could potentially

impact the results reported here, highlighting the need for additromaio work.

Reactive astrocytes play a key rolehe formation of the glial scar that is inhibitory to
axon growth(Wanneret al, 2009 due to injuryinduced upregulation of GAQroduction
(McKeonet al, 1995. We hypothesized that the increase in Gédgatent of activated
astrocytes could be exploited to deliver a therapeutic molecule since intracellular delivery of
GFP by TAT was increased after activation induced by different stimulation para@figuse
2.1C, Figure2.2C). In confirmation of our hypothesis, a TAINK peptide inhibitor

significantly prevented the functional consequences of astrocyte activation afterisietzd
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injury, cytokine, or LPStémulation, as measured by reduced nitrite and GAG produ(figure
2.5). Our study is the first to report direct modulation of astrocyte activation with a péplicie
inhibitor. By exploiting this characteristic of activated astrocytes, our delivery strategy may be

highly specific for activated astrocytes.

Previous studies have attempted to reduce astrogliosis after (Wjust al, 1991 1993
Ghirnikaret al, 1994 Zhuet al, 2007, Spigolonet al, 2010. GFAP synthesis was inhibited in
primary astrocytes after scratch injury by antisense RilAet al, 199)). However, the
inhibitory effect lasted only-5 days after injury due to the limited stability of the antisense
RNA, resulting in only a delay in reactiastrogliosis. Utilization of the CDK inhibitor
olomoucine arrested the developmental astrocytic cell cycle and reduced astrocyte activation
after hypoxia, scratetvound, and ischemi@hu et al, 2007. Newly proliferating astrocytes
have been implicated in the astrogliotic sgéernieet al, 200]), however previously existing
astrocytes may contribute significantly to the inhibitory effects of the glialescasell.

Systemic injections of kainic acid into the adult rat hippocampus induced marked increases of
GFAP (Spigolonet al, 2010. Administration of DINKI-1, the préeaseresistant alD-

retroinverso form of the peptide inhibitor used in our study, significantly attenuated neuronal cell
death and partially prevented increased GFAP expression, although not significantly. Although
suggestive, a direct effect of the fidp inhibitor on astrocytes could not be distinguished from

an indirect effect on astrocyte activation due to the significantly reduced neuronal death. The
results of our study demonstrate that the IJINK peptide inhibitor exerts a direct effect on

astocyte activation in response to multiple stimuli.

IL-1 band LPSmediated inflammation and neurotoxicity have been used to model a
broad array of neurodegenerative diseases such as bacterial meftihgitifarelloet al,
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199]), Alzheime r 6 s (eestala200and Par ki n@angedbd, 20D9. s e as e
Utilizing a peptide construct to deliver a JNK inhibitor to a specific population of cells to reduce
the effects of IE1 band LPSmediated activation and subsequent neurotoxicity could potentially
be a targeted therapeutic for these and other neurodegeneisdnd®s. The ability to deliver a
therapeutic cargo via TAT transduction to a specific cell population could be of practical use

considering the wide range of cell types involved in these complex neuropathologies.
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3  Functional Tolerance to Mechanical Debrmation Developed

from Organotypic Hippocampal Slice Cultures

3.1 Introduction

Despite the rising incidence and societal cost of (Hikelsteinet al,, 2006 Langloiset
al., 2006 Faulet al, 2010, treatment options remain limited or ineffect{é&xo et al,, 2009
Koliaset al, 2013, with drug candidates failing in clinical triglSlarayanet al, 2002 Maaset
al., 2009. In light of the struggles to develop effective drug therapeutics for TBI, efforts to
prevent TBI remain central to reducing its societal costs. However, developing necteveff
safety systems requires a fundamental understanding of injury mechanisms to translate the

effects of mechanical stimuli to biologically relevant responses.

TBI is the result of brain tissue deformation, with tissue strain and strain rate ideaified
significant predictors of injury in the brain after T@llargulies and Thibault, 199Bain and
Meaney, 2000Cateret al, 2006 Kleiven, 2006 Elkin and Morrison, 200/ TBI can alter
intracellular signalig cascadefAtkins et al, 2007k Dashet al, 2011, neurotransmitter
receptor subunit expressi@@izaet al, 2006 Gibsonet al, 201Q Kharlamovet al, 2011,
neurotransmitter receptor functifipeaet d., 2002, and neuron morpholog¥aoet al, 2017).

The cunulative effect of these numerous changes can ultimately affect the electrophysiological
activity of neuronal networks within the brain. Electrophysiological activity has been quantified
in response to deformation/strain in guinea pig optic néae and Meaney, 2000giant squid

axon(Galbraithet al, 1993, and in cultured cortical neuro(Bhanget al, 1996 Goforthet al,

2 A modified version of this chapter previously appeared in print: Kang, W.H. and Morrison, B. (2014). Functional
Tolerance to Mechanical Deformation Developed from Organotypic Hippocampal Slice Cultures. Biomech Model
Mechanobiol. Reprinted with permission by Sger.

37



2004 Kaoet al, 20094. Bain and Meaney measured visual evoked potentials after stretching
guinea pig optic nerve, but did not investigate the effect of strain rate on electrophysiological
activity (Bain and Meaney, 2000 In contrast, Galbraitat al measured electrical response to
elongation of giant squid axon at varying strain rabes only for a few minutes after injury
(Galbraithet al, 1993. AMPA, GABAa, and NMDA currents were recorded after stretching
cortical neurons on an elastic membrane, but the injury model prevented quantification of

Lagrangian straifiZhanget al, 1996 Goforthet al, 2004 Kao et al, 2004.

In this study, organotypic hippocampal slice cultures were mechanically injured using our
well-characterizedn vitro model of TBI(Morrisonet al, 2003 Cateret al, 2006 Morrisonet
al., 2006 Elkin and Morrison, 200)to investigate alterations in electrophysiological function
following mechanical injuries at varying tissue strains and strain rates relevant to TBI. Changes
in electrophysiological function were ¢elated to mechanical injury parameters in the form of
mathematical equations describing the regipacific changes in electrophysiological function

of the hippocampus after precisely controlled mechanical stimuli.

One of the applications of these equasi@s for interpreting the mechanical outputs of
finite element (FE) models of TBICurrently, FE models are capable of describing the
mechanical events that occur during a TBI for the human fKéseiven and Hardy, 200
Takhountset al, 2003 El Sayecdet al, 2009, as well as pigCoatset al, 2012 and rat brain
(Lamyet al, 2013 Maoet al, 2013. Howeve, developing accurate FE models requires a
fundamental understanding of biological injury mechanisms to translate the effects of
mechanical stimuli to biologically relevant responses. Our functional data can be incorporated

into FE models to enhance thbiofidelity of accident and collision reconstructions.
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Combined with FE simulations of automobiles or safety equipment, FE models of the
brain have the potential to significantly reduce the cost of safety systems engineering by
optimizing the performancaf new designs before expensive prototypes need to be produced

(Nirula et al, 2004 Mosset al, 2019.

3.2 Materials and Methods

3.2.1 Organotypic Slice Cultures of the Rat Hippocampus

All animal procelures were reviewed and approved by the Columbia University
Institutional Animal Care and Use Committee (IACUC). The brains ofipatstl day 811 rat
pups were aseptically removed andithe ppocampus cut into 400 em ¢t
Mcllwain tissue tiopper (Harvard Apparatus, Holliston, MA, USA) according to published
methodgMorrisonet al, 2009. Hippocampal slices were then transferred onto
polydimethylsiloxane (PDMS) membranes (Specialty Manufawoguinc., Saginaw, MI, USA)
pre-coated with 8@ g/mL laminin (Life Technologies, Carlsbad, CA, USA) and 830mL
poly-L-lysine (SigmaAldrich, St. Louis, MO, USA) and incubated in a standardadliure
incubator (37°C, 5% C£ with Neurobasal medium (lefTechnologies; supplemented with 1
mM Glutamax, 50X B27, 4.5 mg/mL-Blucose, and 10 mM HEPES) for the firsB2lays.

Slice cultures were then fed everng2lays with conditioned fuerum medium (SigmaAldrich;
50% mini mum essent baahcedsaltdolution, 2206h#at irbatinated Isorse
serum, 1 mM Glutamax, 4.5 mg/mL-@ucose, and 10 mM HEPES) and maintained in a
standard celtulture incubator (37°C, 5% GPfor 1420 days total, including postjury

incubation. The fluorescent dyeopidium iodide (Life Technologies) was used prior to injury
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to stain for dead or injured cells to verify slice culture health. Unhealthy slice cultures were not

included in the stud{Effgenet al, 2012.

3.2.2 Controlled Mechanical Deformation of Hippocampal Slice Cultures

Thein vitro mechanical stretch injury device has been characterized previously in detall
(Morrisonet al, 2003 Cateret al, 2006 Morrisonet al, 200§. Briefly, after 1014 daysn

vitro, media was removed from the culture well, and the hippocampal slice cultures were
mechanically stretched by pulling the PDMS cultsmbstrate over a rigid, tubular indenter

under feedback control to precisely control the applied mechanical stimulus. Slice cultures were
then returned to the incubator until electrophysiological function was asseSs#al4 post

injury. The time aftemjury was selected based on previous studies that demonstrated maximum
cell death by 4 days pestjury (Cateret al, 2006 Yu and Morrison, 2010 The purpose of
assessing electrophykigical function 46 days postnjury was to quantify altered function

before neuronal repair and regeneration processes had begun. The induced tissue strain and
strain rate were verified with higépeed video analysis of the dynamic stretch event.

Lagrangian strain was determined by calculating the deformation gradient tensor by locating

fiducial markers on the tissue slice before and at maximal s{idthisonet al, 2003.

In total, 135 hippocampal slice cultures from 45 rat pups acrod#fégent litters were injured

at strains (up to 0.44) and strain rates (up to"3@adevant to TBI, with 12 uninjured slice

cultures generated continuously throughout the entire course of experiments as negative controls.
Uninjured slice cultures wergematched to injured slice cultures to account for developmental

changesn vitro. Uninjured slice cultures underwent identical procedures as injured slice
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cultures, including being placed on the mechanical stretch injury device, only without device

firing.

3.2.3 Assessment of Electrophysiological Function

Prior to electrophysiological assessmentg&értrode microelectrode arrays (MEA,
Multichannel Systems, Reutlingen, Germany) were made hydrophilic with gas plasma treatment
and coated with nitrocellulose (Thermo Fisher Scientific, Waltham, MA, USA)ita slilture
adhesior(Egert and Meyer, 2005 At the desired the point after injury, slice cultures were
transferred to Biopore CM membranes (BGCM00010, EMD Millipore, Billerica, MA, USA),
inverted onto preoated MEASs, and perfused with artificial cerebrospinal fluid (Stgelaich;

125 mM NacCl, 3.5 mM KCI, 26 mM N4CO;s;, 1.2 mM KHPO,, 1.3 mM MgC}, 2.4 mM
CaCb, 10 mM Dglucose, pH = 7.4) at 37°C, and aerated with 95%5% CQ, as previously

described’Yu and Morrison, 2010

Spontaneous neural activity was measured by recording unstimnétesd signals
continuously for 3 minutes at a sampling rate of 20 kHz. Raw data was low pass filtered with a 6
kHz analog, antaliasing filter and then passed through a 60 Hz comb filter using custom
MATLAB scripts (version R2012a, MathWorks, Natick AYUSA). Neural event activity was
detected based on the Teager energy opgi@hmi et al, 200§. Spontaneous neural event
firing rate, neural event duration, and neural event magnitude were calculated for all electrodes

for each slice culture.

To evoke neuronal responses, a programmable stimulator (STG2004, Multichannel
Systems) generated constant current, biphasic stimuli (a positive ph&a®8¢os f ol | owe d
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negative phase f or 10 (Neutaksignala weretrdtagdatia sathplingat e d

rate of 20 kHz and low pass filtered with a 6 kHz analog;ai@sing filter. Before analysis and
fitting, raw recording data was filtered through a digit&lpder Butterworth filter with a low
pass frequency of 1000 Hz and a digi#l order Butterworth filter with a high pass frequency

of 0.2 Hz in MATLAB (MathWorks).

Stimulusresponse (S/R) curves were generated for each culture as previously described
(Yu and Morrison, 2010 Bipolar, biphasic stimuli of varyinghagnitude( 0 1220 0 € A i n
€A steps) weachstice alturp througltdelettrodes in the mossy fiber (MF) or
Schaffer collateral (SCegions of the hippocampal slice. Tissue response was recorded from all

other channels simultaneously, and the amplitude of the field potential response was quantified

as the pak to peak response. The response at each electrode was plotted versus stimulus current

and then fit to a sigmoid function:

Equation3.1 Stimulusresponse (S/Rjquation for evoked response electrophysiology.

whereRnaxwas the maximum peak to peak respohgeayas the current which produced a half
maximal peak to peak responSayas the current of the applied stimulus, andias
proportional to the slope dfi¢ linear region of the sigmoid curve. A representative S/R curve is

plotted inFigure3.1, illustrating the S/R parameters.
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Figure3.1 Representative stimulirgsponse (S/R) curve generated from fitting Equation 1 (green line) to

raw dectrophysiological data (blueRyaxWas the maximum peak to peak respongayads the stimulus

current which producedfzalf-maximal peak to peak response, and m was proportional to the slope of the

linear portion of the sigmoid curve.

For pairedpulse recordings, pairgalilse responses were generated by delivering two

successive stimuli of the same current (280 at interstimulus intervals (ISI) of 40, 60, 80, 100,

140, 180, 220, 260, 300, 400, 500, 1000, 1500, and 2000 ms. Themasedatio (PPR) of

peak to peak amplitudes was defined as the ratio of the amplitude of the second response to the

amplitude of the fist response. A PPR greater than 1 indicated painks facilitation, while a

PPR less than 1 indicated paHeadse depressiofi-uetaet al, 1999. ISls were assigned to four

bins that are biologically relevant to shtetm synaptic plasticity: Shofterm ISls (< 50 ms)

elicit enhanced paired pulse depression ntedgiad by

t he

n-a&minobotyricacid s mi t t er

(GABA), specifically the GABA class of GABA receptor&Stanfordet al., 1995 Margineanu

and Wulfert, 200)) Early-Mid 1SIs (507 100 ms) elicit a rebound in excitation thought to be

caused by GABA mediated disinhibition and activation fmethytD-aspartate (NMDA)
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receptorgJoy and Albertson, 1993tanfordet al, 1995; Late-Mid ISIs (140i 500 ms) elicit
late phase paired pulse depression mediated by GA8Zeptor{DiScenna and Teyler, 1994
Stanfordet al, 1999; and Long Term ISIs (> 500 ms), where an effect of paired stimulation is

not expectedZucker, 1989Comminset al, 1999.

Spontaneous network synchronization was quantified for each spontaneous recording
using previously published methods based on correlation matrix analysis and surrogate
resamplingor significance testin@Li et al, 2007, Li et al, 2010h Patelet al, 2012.

Correlation of neural evestverecomputedo determine an event synchronization measure,
called the synchronization index, for each electqaie(Li et al, 20073. For two electrodes

andy, and neural everitmingo andd (i = %, | é ,= )yfthe evént comelation

matrix was calculated by:

0 pOR o o 1

& axd 0., 0 fam o

L TE /I OQI Q

Equation3.2 Neural event correlation matrix equation for spontaneous electrophysiology.

where_ was the time interval in which two events were considered synchronous (1r§@sjl
m, were the total number of events to be comparedpameis a measure of correlation of two

particular electrodes.
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The event synchronization index for each electrode comparison, ranging in value from O

(completely uncorrelated) to 1 (perfectly cdated), was calculated by:

. a‘)‘,&),‘
U
a a

Equation3.3 Neural event synchronization index equation for spontaneous electrophysiology.

To identify clusters of synchronizedectrodesfir st, the participation index (PI) was

calculated for each electrodehat contributed to a cluster

Equation3.4 Participation index equation for spontaneous electrophysiology.

where 34, was thea™ element of eigenvectay anda, was the corresponding eigenvalu@ly,
indicated the contribution of electrodé¢o the synchronized clustby with’  defined as the

weight with which electroda contributed to clustes.

Next, randomized surrogate tirgeriesdata without anygorrelated electrode pairs were
generated withraeventrate equal to the instantaneayentrate ofthe experimentatecordings,
and the eigenvalues of the surrogate correlation matrix were calc(llatgtcal, 20100. The

surrogate randomization was repeated 50 times and the(nfl@amd standard deviation (§D
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of surrogate eigenvalues were calculated (k

We identified the number a&fynchronized clusters that were significantly different from the

randomized, asynchronous surrogates by:

0oanaoi 0Qiii QL L o "vo

Equation3.5 Synchronized cluster eqtion.

wheresgnwas a sign functiors, was the eigenvalue of each electrode of the experimental data,

andK was a constantK = 3, for 99% confidence level, for a given number of electrodes).

Finally, aglobal synchronization indg)zSl), ranging from0 (completely random,
uncorrelated activity) to 1 (perfectly sywronous, correlated activity), was calculated for the

cluster with the highest degree of synchronization:

ey, = = '"0"0 r
oOYO 0 =||' = =
g i VL QI Q

Equation3.6 Global synchronization index (GSI) equation.
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where_l'was the mean of the highest eigenvalues calculated across all surrogates, the
maximal eigenvalue of the correlation matrix from the experimental data, avesNhe number

of electrodes.

To account for differences in the number of electrodes in each hippocampal region, the
percentage of electrodes from each region in the cluster with the highest synchrony was
calculated by dividing the number of electrodesach region in the cluster with the highest
synchrony by the total number of electrodes within a region in the entire hippocampal slice. The
percentage of electrodes in each region in that cluster was multiplied by the GSI to obtain a

normalized GSI for &ch region.

3.2.4 Statistical Analysis

To capture the dependence of changes in spontaneous (neural event firing rate, neural
event duration, neural event magnitude), S/Ra¢Rs0, and m), and pairepulse (PPR for Short
Term ISls, EarlyMid ISls, LateMid ISIs, and Long Term ISIs) electrophysiological parameters
to injury (strain and strain rate), nonlinear regression was performed and empirical functions
were fit for the hippocapus using the MATLAB functiomlinfit. m, and 95% confidence
intervals were computed using the functidparci.m(MathWorks). Data sets were also
partitioned and fit separately for each hippocampal region (CA1, CA3, and DG). For S/R and
pairedpulse datanly, the data sets were further partitioned and fit separately for each

stimulation site (MF and SC).

The functional forms of the fit equations were chosen based on the general shape of the
data set, its gradients, and degree oflivagarity with respetcto the independent variables. To
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determine the best fit for each data partition, with an optimal number of terms to preserve
parsimony, we performekfold cross validation, choosing to replicatefbfil cross validation,

10 times. Irk-fold cross valilation, a data set consistingrofamples is randomly split into
subsets (ok folds), with each subset consisting of approximatéhsamples. Each of the
subsets is used as a test set, with the remakiirfgfolds serving as training sets. T¢endidate
equations are fit to the training set, then applied to the test set and the sum of squared errors
(SSE) is calculate@@Guoet al, 200§. This procedure is repeated todifferent test folds and

the SSE is averaged ouer To account for random resampling variarkefld cross validation

is generally iterated with different random permutations of training and tes{@lspraseuth

et al, 2019. A widely accepted choice &fis 10, and 10 to 30 iteratas of 16fold cross

validation have been shown to minimize random resampling var{dfa@aro et al, 2005.
ForRiterations ofk-fold cross validation for a data set witlsamples, the mean squared error
(MSE) is calculged and the fit equation with the minimum value of MSE is chosen as the best fit

equation for each data partition:

R ¢ p
UYO,Y D

Equation3.7 Equation fork-fold crossvalidation for electrophysiology best fit equations.

whereg is the actual experimental value of iflesample and; is the predicted value of thid

sample of th¢™ data fold of thd" iteration.
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To test the significance of partitioning the ds¢h according to hippocampal region

and/or stimulation site, thetést was applied, a method used to compare statistical models by

testing whether the addition of terms significantly improves the goodnesgAlfdit, 1997

Finanet al, 2019. The results of the-test are summarizaed Table3.1 andTable3.2. Finally,

to test significance of crosalidated coefficients, a linear hypothesis test was perfofared

each coefficient in the best fit equations using the MATLAB funatioef Test.njMathWorks).

Significance was set at< 0.05.

Comparison Hippocampus vs. Regions
Parameter F p

Neural EvenFiring Rate 0.020 1
Neural Event Duration -2.112 1
Neural Event Magnitude 1.017 0.433

Table3.1 Results from the fest to compare model parsimony between data partitions for spontaneous

electrophysiological parameters
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Comparison| MF+SC vs. MF+SC MF Hippocampus| SC Hippocampus| MF+SC Hippocampus | MF and SC Hippocampug MF+SC Reipns | MF+SC Regions
MF and SC Hippocampus| vs. Regions vs. Regions vs. MF and SC Regiong vs. MF and SC Regions | vs. MF and SC | vs. MF and SC
vs. Regions Regions Hippocampus
Parameter | F p F p F p F p F p F p F p F p
Rmax -0.429 1| 6.073 * | -2.461 1| 6.602 * | 0.716 1| 1.011 0.437| -1.040 1| -2.544 1
Iso 1.168 * | -3.182 1| -9.228 1| -3.000 1] -1.634 1| -1.884 1| -0.889 1| -4.624 1
m 7.726 * | -8.157 1] -1.991 1| -2.097 1] -0.018 1| -1.848 1| 1.029| 0.343| -44.972 1
Short Term | 1.497 * | -0.116 1| -0.561 1| 0.282 1| 0.082 1| -0.179 1| 0.332 1| -0.748 1
PPR
Early-Mid 1.143 * | -0.350 1| 0.117 1| -0.067 1| 0.080 1| 0.018 1| 0.292 1| -0.646 1
PPR
Late-Mid 1.840 * | 5.267 * 1177 * | 1.349 * | 1.380 * | 1.276 * | 0.053 1 1.017| 0.407
PPR
Long Term | 3.369 * | 4.628 * | 4.435 * | 3.108 * | 3.619 * | 3.677 * | 2.284 * 6.384 *
PPR

0S

Table3.2 Results from the fest to compare model parsimony between data partitions for stinagpsnse and pairgulilse electrophysiological

parameters*indicates p < 0.05; MF, mossy fiber stimulation; SC, Schaffer collateral stimulation.




TG

Parameter |Data Partition R [Constant Strain |Strairf [Strairf |Rate(s) |Raté (%) |Raté (s°) Strain*Rate| Strairf*Rate | Strain*Raté | Strairf*Rate’ |Strair*Rate [Strain*Raté
(s) () ) ) (s) )
Neural Even|Hippocampus 0.18 0.08 (s) 0.41 -0.000004
Firing Rate +0.01) +0.24| +0.000002¢
Neural Even|Hippocampus 0.29 5.18 (s] 0.42 -0.019 -4.36 0.079
Duration +0.59 +0.23 +0.017 +2.72 +0.060
Neural EvenjHippocampus 0.27 27 -0.73 0.10 -0.002¢
Magnitude +1 +0.62 +0.06 +0.0015
Rmax MF+SC CAl 0.17| 508 -0.017 283
+48 +0.015 +198|
MF+SC CA3 0.25 774 -532 -0.64 468
+88| *478 +0.34 +225
MF+SC DG 0.23 601 -36 486 -2224 3132
+64 +24 +449 +211Q +2888
Iso MF 0.30 26 74 -370
Hippocampus +3| 25 +171]
SC 0.32 29 252  -690 4.78 -0.17
Hippocampus +2 +190 +475 +2.87 +0.11
m MF 033 0. 16 (| -0.26 -0.05 0.43 -0.027 0.00024
Hippocampus +0.02] +0.11 +0.03 +0.17 +0.009 +0.0000¢
SC 026 0. 14 (| -0.07 -0.00574 0.0003(
Hippocampus +0.02 +0.06 +0.0029 +0.00017
Short Term |MF 0.29 0.93 5.20 -11.44 0.012 -0.60 1.25
PPR Hippocampus +0.04 +3.20 #8.84 +0.003 +0.25 +0.64
SC 0.3 0.89 2.54 0.30 -0.81] -0.012 0.031
Hippocampus +0.03 +1.9] +0.12 +0.37| +0.005 +0.015
Early-Mid  |MF 0.26 0.95 3.41 -7.31] 0.0084 -0.39 0.81]
PPR Hippocampus +0.03 +2.42] +6.67 +0.0034 +0.19 +0.48
SC 0.28 0.92 0.56 0.014 -0.00059
Hippocampus +0.03 +0.33 +0.004 +0.00024
Late-Mid MF 0.13 0.95
PPR Hippocampus +0.01
SC 0.25 0.94 0.53 0.013 0.00002¢ -0.081 0.0035
Hippocampus +0.02 +0.36 +0.005 +0.000017 +0.037 +0.0016
Long Term |MF CAl 0.08 0.99
PPR +0.02
MF CA3 0.18 1.01
+0.01
MF DG 0.10 1.01
+0.01
SC CA1l 0.28 0.98 0.006 -0.0000120( -0.04Q 0.0019
+0.02 +0.004 +0.0000119] +0.029 +0.0015
SC CA3 0.35 1.0 0.76 0.0013 -0.000054 -0.095 0.0040
+0.02 +0.51 +0.0007  +0.00003 +0.051 +0.0023
SC DG 0.29 0.96) 0.008 -0.000017 -0.025 0.003(d
+0.02 +0.005 +0.00001] +0.022 +0.002§

Table3.3 Fit equations for each electrophysiological parame@mefficient values are presented as +95% confidence interval.



3.3 Results

For allelectrophysiological parameters, at most, six parameters were necessary to
optimally fit the raw datéTable3.3). Changes in spontaneous activity after mechanical injury
were best described by fit functiomslependent of hippocampal regififigure3.2). Neural
event firing rate Figure3.2A) and duratn (Figure3.2B) were influenced by strain and strain
rate in a complex fashion, while neural event magnit&tgufe3.2C) was dependent on strain
rate only. Neural event firing rate increased as strain increased and strain rate de€igased (
3.2A). Neural event duration peaked at moderate strain severity (approximately 0.2 strain) and
high strain rate (30°Y and generally increased with increasing strain figu¢e3.2B). Neural
event magnitude exhibited a biphasic response to injury; magnitude generally increased as strain
rate increased until peaking at approximately 2bgfore decreasing back to njired levels

between 20 and 30'§Figure3.2C).
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Figure3.2 Alterations in spontaneous electrieativity of the hippocampus in response to mechanical

injury parameters defined as tissue strain and strain Rate. data points are plotted above (green) and

below (red) the surface representing the best fit equation. A 2D contour plot was included fo

visualization purposes. (A) Neural event firing rate was dependent on both strain and strain rate and
increased as strain increased and strain rate decreased. (B) Neural event duration was dependent on both
strain and strain in a complex fashion. Dimatpeaked at moderate strain severity (approximately 0.2

strain) and high strain rate (38)sand generally increased with increasing strain rate. (C) Neural event

53

015



magnitude was independent of strain and exhibited a biphasic response to injury; reaggritmlly

increased as strain rate increased until a peak value at approximatély 20 s

Changes in Raxafter mechanical injury were best described by separate fit functions for
each hippocampal region, independent of stimulation Bigei{e3.3A, B, C). In contrast,
changes insh (Figure3.3D, E) and m Figure3.3F, G) were best described by separate fit
functions for each stulation site, but independent of hippocampal regiofax R all regions
peaked as strain rate increased at high stFagu(e3.3A, B, C), althoughto varying
magnitudes, with CA3 increasing the most in response to high strain and high strain rate injuries
(Figure3.3B). Changes inshin respons to mossy fiber stimulation were independent of strain
rate Figure3.3D), while Isoin response to Schaffer collateral stimulation exhibited minor
dependence on strain ratédure3.3E). Isoin response to mossy fiber and Schaffer collateral
stimulation peaked at strains between 0.2 and 0.3, regardless of strain rate. Changesin min
response to mossy fiber stimulation were dependent on strain and strain rate in a complex
fashion, with the geatest dependence on changes in strain and strain rate of any
electrophysiological parametdfigure3.3F). Between 0.1 and 0.2 strain at high strates
(>25 $Y), a sharp increase in m was predicted by the fit equation, despite no raw data in that
domain. In response to Schaffer collateral stimulation, m increased with increasing strain rate,

with minimal effect of strainKigure3.3G).
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Figure3.3 Alterations in S/R electrophysiology of the hippocampus in response to mechanical injury
parametes defined as tissue strain and strain ré&aw data points are plotted above (green) and below
(red) the surface representing the best fit equation. A 2D contour plot was included for visualization
purposes. R (AT C) was dependent on hippocamgedion, but not stimulation sitesgD, E) and m

(F, G) were both only dependent on stimulation sitg,x iR CA1 (A), CA3 (B), and DG (C) peaked as

strain rate increased at high strain, although to varying magnituggsddereased in all regions as strain
rate increased at low strain. (I3} in response to mossy fiber stimulation was dependent only on strain
and was independent of strain rate. @) response to Schaffer collateral stimulation was dependent on
strdn and strain rate in a complex fashion. (F) m in response to mossy fiber stimulation was dependent
on strain and strain rate in a complex fashion, peaking at high strain rate. (G) m in response to Schaffer
collateral stimulation was dependent only aaistand was independent of strain rate. m generally

increased with increasing strain rate.
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Changes in PPR for Short Term ISls (Figure 4a and 4b),BadySIs (Figure3.4C, D),
and LateMid ISIs (Figure3.4E, B were best described by separate fit functions for each
stimulation site, independeof hippocampal region. The only significant changes in PPR for
Short Term ISIs and EadMlid ISIs in response to mossy fiber stimulation occurred as strain rate
increased at strains less than G:iggre3.4A, C). PPR values approached 1.2, indicating
pairedpulse facilitation at these injury values. In contrast, PPR for Short Term ISIs;N&drly
ISIs, and LateMid ISls in response to Schaffer taikeral stimulation decreased as strain rate
increased at strains less than G:iggre3.4B, D, P, indicating paireepulse depression. Upon
closer nspection, all nofronstant term coefficients of the fit functions for mossy fiber
stimulation for LateMid ISlIs did not significantly differ from zero, indicating that the best fit
function was a horizontal plane at the value of the constant term ceeffiat approximately 1
(Figure3.4E). Changes in PPR for Long Term ISIs were best described by separate fit functions
for stimulation site and hippampal region (data not shown). However, similar to mossy fiber
stimulation for LateMid ISls (Figure3.4E), all nonconstant term coefficients of tifie
functions for mossy fiber stimulation for all hippocampal regions for Long Term ISls did not
significantly differ from zero, indicating that the best fit functions were horizontal planes at the
values of the constant term coefficient, again at apprately 1 (data not shown). Best fit
functions for changes in PPR for Long Term ISIs for Schaffer collateral stimulation were
determined to be complex equations, but were essentially horizontal planes at the values of the

constant term coefficient (data reftown).
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Figure3.4 Alterations in PPR for the hippocampus in response to mechanical injury parameters defined as
tissue strain and strain ratRaw data points are plotted above (green) and below (red) the surface
representing the best fit equation. A 2D contour plot was included for visualization purposes. PPR for
Short Term ISIs (A, B), Eariid ISIs (C, D), and LatéMid ISls (E, F) were deendent on stimulation

site, but independent of hippocampal region. PPR for all ISIs were dependent on both strain and strain
rate. PPR for Short Term ISIs (A) and Eayd ISls (C) in response to maossy fiber stimulation (left)
increased with increasirgirain rate at low strain values. In contrast, PPR for Short Term ISIs (B); Early
Mid ISIs (D), and LateMid ISlIs (F) in response to Schaffer collateral stimulation (right) decreased with
increasing strain rate at low strain values. PPR for-MatklSIs (E) in response to mossy fiber

stimulation were not significantly different from a horizontine at approximately PPR = 1.
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In the hippocampus, only two parameters were necessary to optimally fit the raw data in
all regions Table3.4). The normalized GSI was dependent only on strain rate in a monotonic
manner Figure3.5). As strain rate increased, the normalized GSI increased. This is in contrast
to previous studiesf tolerance criteria based on cell death, which determined that cell death was

dependent on tissue strain but not strainiratee hippocampugCateret al, 2006.

Region Constant | Rate (s) | Raté (&) | Raté (5)
Hippocampus DG 2 0.044 0.00010
+0.017 +0.00007
Hippocampus CA3| 2 0.041| 0.0019
+0.018| +0.0016
Hippocampus CA1| 2 0.046 0.0000035
+0.016 +0.0000031

Table3.4 Fit equations for the normalized GSfalues are prsented as +95% confidence interval.
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Figure3.5 Alterations in network synchronization for the hippocampus in response to mechanical injury
parameters defined as tissue strain and strain Ree data points are plotted above (green) and below
(red) the surface representing the best fit equatio@D Aontour plot was included for visualization
purposes. In DG (A), CA3 (B), and CAl (C), the normalized GSI was dependent only on strain rate and

increased as strain rate increased.

Our functional results were compared to previous functional toleaiteda determined
by Bain and MeanegBain and Meaney, 2000 Using their best overall threshold for strain of

0.21 and an estimated value for strain rate of 30ve compared thpredicted changes in S/R
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and paireepulse electrophysiological function using the mathematical fonstiletermined in

this study Figure3.6).
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Figure3.6 Changes in S/R and PPR generated from fit equations due to a particular combination of tissue
strain and strain rate from Bain and Mean@&jissue strain (0.21) and strain rate (3pfsom uniaxal

stretch of the optic nervey Bain and Meaney were used as inputs to fit equations.fgrIg, and m to

output S/R curves, and PPR for Short Term, ERfig, Late-Mid, and Long Term ISls for pairepulse

data (mean £SD).
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To illustrate the utility 6our data set for improving FE models of TBI, an example is
given of how the data set can be applied. Data from physical injury reconstructions and FE
modeling of a specific helmé&b-helmet collision of professional football players reported a
strain 0f0.15 and strain rate of 26 & the hippocampal and parahippocampal regions of the
struck playerVianoet al, 2003. We predicted the alterations in electrophysiological function
of the hippocampus of the struck player by inputting the strain (0.15) and strain raf®i(26 s
the equations for Ry, Iso, m, and PPR for Sheiterm, EarlyMid, Late-Mid, and LongTerm
ISIs. The resulting values for these electrophysiological parameters were then compared with
the expected electrophysiological function of the hippocampus of an uninjured Blayee (

3.7).
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Figure3.7 Changes in S/R and PPR generated from fit equations due to a particular combination of tissue
strain and strain rate from Viam al. Tissue strain (0.15) and strain rate (ZHfsom a helmeto-helmet
collision determined by Vianet al were used as inputs to fit equations feg.Rlso, and m to output S/R
curves, and PPR for Short Term, Eakljd, Late-Mid, and Long TernSls for pairedpulse data (mean

+SD).

3.4 Discussion

We have developed functional tolerance criteria for the hippocampus based on
irreversible changes in electrophysiological functie® days after precisely controlled
mechanical deformation. By irreveri@bwe mean changes in the satute period after injury
before remodeling processes could repair the neuronal network. An optimal set of equations that
parsimoniously describes the changes in electrophysiology after mechanical injury was
determined bk-fold cross validation to account for the tradeoff between model complexity and
goodness of fit, thus avoiding overfittiiGawley and Thoot, 201Q. We believe our model
strikes a balance between model complexity and prediction accuracy, with all fit equations

requiring no more than six terms without sacrificing significant prediction accuracy.

To determine the best fit for each data partition, with an optimal number of terms to
preserve parsimony, two model selection methods were considered: penalized criteria, using
Akai keds | nf or maBuilmam and Andersem, 200&ith a(cdkrécton for small
sample sizes (Alg) (Burnham and Anderson, 2004nd cross validation, usirkgfold cross
validation. The Al provides a relative measure of information lost wherodehis used to

approximate the unknown, true model of a given data set, and can be used to determine the
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tradeoff between the goodness of fit of a model and the model com{iekétike, 1973. The
strengths of the Algare its ease of calculation and simplicity of interpretaf{elattinget al,

2007. Compared to cross validation methods, penalized criteria methods suchcasaAlie

more accuaite for most data frameworks, with significantly less computationalAdst and

Celisse, 2010 However, because the value of the AltSelf for a given data set has no

meaning on its own, only relative comparisons can be determined among candidate models (in
this case, candidate fit equations for a given data partition but not for fits between different
partitions of data). In addit penalized criteria methods have been shown to overfit data sets
that are not sufficiently homoscedagtielot and Celisse, 2030 For these reasons we chose
cross validation, spétcally k-fold cross validation, to determine the best model among our sets

of candidate models.

Previous studies have determined functional tolerances to mechanical injury by
measuring changes in electrophysiological activity at specific strains amdratess(Galbraith
et al, 1993 Bain and Meaney, 20001t is difficult to directly compare our study to that of
Galbraithet al because they examined the response of the squid axon imehedftdr
mechanical deformation, not the subacute periathys after injury. However, in general, they
found that uniaxial stretch ratios in excess of 1.1 transiently depolarized neurons, which then
recoveredunction within a few minutes and that tlegree of depolarization was correlated
with stretch magnitudeBain and Meaney determined conservative, liberal, and best overall
thresholds of strain for predicting morphological injury in guinea pig optic nerve. Using the
strain (0.21) and strain ra(80 s*) from Bain and Meaney, our functions predict impairment of
neuronal network firing, as seen by the downward and rightward shift of the S/R curve and the

increased PPR at Short Term and Edig ISIs (Figure3.6). Bain and Meaney predicted a
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25% probability of morphological and functional injury at the specified strain and strain rate,
whereas our functions predicted potentially larger changeleatrophysiological function. The
differences in predicted electrophysiological function could be the result of using different
species or testing different anatomical structures between the two studies. Bain and Meaney
developed their functional tolerees for uniaxial extension of the optic nerve of guinea pigs, a
model of pure axons compared to the heterogeneous population of neural cells present in

organotypic slice cultures of the hippocampus that we biaxially deformed.

Although our study does noxgicitly calculate one threshold in terms of strain and
strain rate, we believe our approach to developing predictive equations for changes in
electrophysiological function provides the emgkr the ability to choose particular strain and
strain rate inpts that produce a given change in electrophysiological parameters. In this way,
the enduser can define a degree of dysfunction that is acceptable to their particular application.
Rather than a single value for an injury tolerance, in this study weogeeetontinuous
mathematical functions relating input (strain and strain rate) and output (electrophysiological
function). We believe this approach can potentially be more powerful than strict demarcations
between safe and unsafe injuries, which may bestmplistic, particularly for complex

biological responses such as electrophysiological function.

It is important to determine the functional response to mechanical injury in as many brain
regions as possible due to the heterogeneity ofin@liced functbnal damage in the brain,
especially in the hippocamp(i/itgenet al, 2005 Bonislawskiet al, 2007. In our study,
however, only changes in&were significantly depenaé on hippocampal region, with all
other electrophysiological parameters being insensitive to anatomical locagigris &

approximation of the total number of functional synaptic contaetshe number of neurons that
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fire in response to a givenirsulus (Buchset al, 1993 Yu and Morrison, 2010 Because the
density and distribution of synapses in the hippocampus vary from location to location, even
within the same anatomic region, significant differences in the waydRangs after injury
between the hippocampal regions are not unexpected. Moderate TBI has been reported to
decrease synaptic density in the P&aoet al, 2011, consistent with the decrease iR

predicted after moderate strain and strain rate using our predictive functions. The density and
distribution of inhibitory and excitatory synapses has been quantified in CA1, with the majority
of synaptic connections concentrated on excitatory pyramidal(Galset al, 201)). The

higher ratio of excitatory to inhibitory neurons in the CA1 compared to DG could explain the

differences in predicted changes ip.Rbetween CAl and DG.

A previous study reported that cell death in the hippocampus after mechanical injury was
dependent on only tissue strain, monotonically increasing as strain inc(€ase@t al., 2009.
In contrast, changes in electrophysiological function did not have a monotonic relationship with
either strain or strain ragtehanging in a complex manner dependent on both strain and strain
rate. The complexity of our data is not surprising considering the nature of electrophysiological
function in the hippocampus. For example, each region of the hippocampus consistseritdiff
types of neurons, including excitatory neurons, inhibitory interneurons, and even different cell
types, such as astrocyt@xascuakt al, 2012 Navarreteet al, 2013 and microgliaKettenmann
et al, 1993 Jiet al, 2013, all of which contribute to the populatidevel electrophysiological
activity of the hippocampus. The balance between excitatory aiitania neuronal activity as
a result of different ratios of excitatory and inhibitory neurons in each hippocampal region also
influences electrophysiological behav{@ulyaset al, 1999. Even within a specific class of

neurons, such as interneurons, multiple cell sulstgpést, each with different firing
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characteristicg¢Klausbergeet al, 2003 Hefft and Jonas, 2005 All of these cell types and
subtypes may be susceptible to mechanical injury to different degrees, resulting in different
network electrophysiological consequences depending on the magnitude of mechanical stimuli.
Combined, the diversity of cells contriimg to the populatiotevel electrophysiological activity

is expected to result in responses that are not monotonic with respect to strain.

To illustrate the utility of our data set in adding biological predictions to FE models of
TBI, we compared data fre a physical injury reconstruction and FE modeling of a specific
helmetto-helmet collision of professional football players with the expected electrophysiological
function of the hippocampus of an uninjured playeg(re3.7) (Vianoet al, 2005. The struck
player was reported to have impaired cognition and short term memory, symptoms of disruption
in the normal function of the medial temporal lobes, which include the hippocampus and
parahippocampal regiorf¥iskontaset al, 200§. The downward shift of the S/R curve after
injury is caused by decrease in R« (Figure3.7A). The drastic decrease iR can be
interpreted as a decrease in the number of functional synaptic contacts, that could essutifin |
neuronal network connectivifcheff and Price, 2006 Brain connectivity has been found to
correlate with cognitive abilitySzeet al, 1997. Thus, the decrease iR,KRin the S/R curve of
the injured player may help explain the cognitive impairments that resulted from the specific

tissue deformations from the helrtethelme collision.

The predicted changes in PPR following injury result in painéde facilitation in the
Short Term ISIs when pairgulilse depression is observed in uninjured hippocanipgaré
3.7B). In healthy, uninjured hippocampus, paimdse depression at Short Term ISIs is
mediated by the inhibitory neurotransmitter GABA, specifically through the GABa#ss of

receptors found in interneuro(gargineanu and Wulfert, 2000 The feedforward and feedback
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regulation of excitability by inhibitory neurotransmission is an essential function of interneurons
in the hippocampugSloviter, 199). GABAergic dysfunction in the hippocampus has been
implicated as a significant factor in cognitive and memory impairn{&atganthrapadiaet al,

2013. The switch from pairepulsedepression to pairepulse facilitation in the Short Term

ISIs could indicate dysfunction in GABAergic inhibition, which could further help explain the

cognitive and short term memory impairments of the struck player.

Although correlatingn vitro electrofhysiological changes to behavior in humans remains
speculative, changes in electrophysiology predicted by our fit equations could be a starting point
in explaining the behavioral consequences of the simulated collision. In this way, our data set
could beincorporated into FE models to add a functional component to the predictive

capabilities of computational simulations of TBI.

Tissue strain and strain rate are significant predictors of injury in the brain after TBI
(Margulies and Thibault, 199Bain and Meaney, 200Cateret al, 2006 Kleiven, 2006 Elkin
and Morrison, 200)/ However, very fevin vivo measurements of tissue strain and strain rate
exist due to the difficulty of measuring tissue defation within the brain during TBBayly et
al., 2006 Hardyet al, 2007. Studiesnvolving in vivo measurements of tissue strain and strain
rate have focused on axonal injury in primarily white matter brain t{&aie and Meaney,
200Q Singhet al, 2009 or of noninjurious brain deformations in human volunteg8abetet
al., 2008 Fenget al, 2010Q. Injury reconstructions using anthropomorphic test devices have
been utilized in simulating thdifferent injury variables in sports collisio{Bellmanet al, 2003
Zhanget al, 2009 and traffic accident&leiven, 2007 Postet al, 2019. FE modeling
continues to be an important technique for simulating TBI under a wide variety of impact and
loading conditiongTakhountset al, 2008 Pattonet al, 2012 Rowsonet al, 2012.
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Neuroimaging, such as diffusion tensor imaging (O@Tdlganet al, 201Q Wright and Ramesh,
2012 Giordanoet al, 2014 Giordano and Kleiven, 20)4nd magnetic resonance imaging

(MRI) (McAllister et al, 2012, can be used in conjunction with FE modeling and injury
reconstructions to augment the biofidelity of numerical simulationedwyporation of

directional white matter tractdHowever, all of these methods suffearir the same limitations

in that they must be validated against experimental data sets in animal models or in human
cadaver studies, and each method is constructed on a set of underlying assumptions and
simplifications to approximate the anatomical and piggical details of the head during TBI.

Until it becomes possible to measure directly brain deformatioivoduring TBI,in vitro

models of TBI will continue to be necessary to provide valuable inputs to FE models, accident
reconstructions, and otheumerical simulations of TBI. Oum vitro approach allows for an
approximation of the hippocampal response to tissue strain and strain rate due to the biofidelity
of the organotypic slice culture mod@loraberget al, 199). However, a limitation of our

study is whether thegesults can be applied to human FE models or are specific to the rat.
While rat and human brains are very different at the macroscopic level, at the cellular and tissue
level, evidence exists that they may be sin(i&hreiberet al, 1999. Mechanical properties of

brain tissue may not be signifigdndifferent between species, particularly for strbased

tissue deformatioflOmmayaet al, 1967). Experiments with living cultures of human brain

tissue would also directly address this limitation.

A further limitation of our study is that the data domain used to determine the fit
equations was restricted to the maximum tissue strains and strain rates achievable ursing our
vitro stretch injury device. In our data sets, a maximum tissue straiddtfid a maximum

tissue strain rate of 30'svere achieved. Data from physical injury reconstructions and FE
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modeling of helmeto-helmet collisions of professional football players found that a collision

with a 50% probability of concussion featurestiin and strain rate of 0.26 and 485 s

respectively, in gray mattéKleiven, 2007, with other studies implicating even higher brain

strains and strain rates in moderate to severgHiBipara and lwamoto, 201 Postet al,

2012. The strain rate irhe reconstructed collision from Kleiven 2007 would surpass the upper
bound in our data set, requiring extrapolation outside the loading conditions used to construct our
fit equations. Thus, caution should be exercised when attempting to interpret dhanges
electrophysiological parameters in response to TBI in excess of our maximal experimental

values.
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4  Predicting Changes in Cortical Electrophysiological Function

after In Vitro Traumatic Brain Injury °

4.1 Introduction

Traumatic brain injurTBI) remains a significant health concern in the United States,
with annual incidence and estimated societal cost on théHigeelsteinet al, 2006 Langloiset
al., 2006 Faulet al, 201Q. Efforts to prevent TBI by developing more effective safety systems
remain central to reducing the societal impact of this growing epid@iida et al, 2004
Mosset al, 2014, particularly in light of the continuing struggle to develop effective drug
therapeuticg§Narayaret al, 2002 Maaset al, 200§. Finite elemen{FE) models of the brain
are important toalin the development and testing of safety systems as they can phedict
biomechanicabutcomes oin silico simuations(Aareet al, 2004. However, the predictive
capability of FE models is dependent on tolerance criteria capable of describing the anatomical,

regionspecific response of the brain to quantitatimput injury parameters.

Current FE models have been developed to describe the mechanical events occurring
within the brain during a TBI in humaikleiven and Hardy, 20QZ| Sayedet al, 2008
Takhountset al, 200§ and animal¢Mao et al, 2006 Lamy et al, 2013 Mao et al, 2013).
However, a predictive model of the outcome of mechanical injury is incomplete without a
fundamental understanding of how mechanical stimuli translate to biolggiekdizant
responsesElectrophysiological activity has been quantified previously in response to

deformation in giant squid axdalbraithet al, 1993, guinea pig optic nerv@ain and

3 A modified version of this chapter has been submitted for publication: Kang, W.H. and Morrison B., 3rd (2014).
Predicting Changes in Cortical Electrophysiological Function after In Vitro Traumatic Brain.|Bjorpech Model
Mechan.
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Meaney, 200)) and in culturedartical neurongZhanget al, 1996 Goforthet al, 2004 Kao et

al., 2009. Galbraithet al measured the electrical response to stretch of giant squid axon at
various strain ratedut only for a few minutegostinjury (Galbraithet al, 1993. Bain and

Meaney measured visual evoked potentials (VEP) of stretched guinea pig optic nerve, but did not
investigate the effect of varying strain rate on (BRin and Meaney, 2000 AMPA, GABA,,

and NMDA currents were recorded after stretching cortical neurons cultured on an elastic
membrane, but the injury model prevented quantification of Lagrangian &hrainget al,

1996 Goforthet al, 2004 Kao et al, 2009.

Anatomical, regiorspecific tolerance criteria relating mechanical parameters of tissue
strain and strain rate to cell death have been developed previously for the hippog2atenes
al., 2009 and corteXElkin and Morrison, 200/ However, neuronal and glial cell death do not
adequately describe the dysfunctional behavior of the bften TBI and do not always correlate
with functional deficitgLyeth et al, 199Q Santhakumaet al, 2000, necessitating a more
complete description of the biological outcomes of the living brain in response to mechanical
injury. Therefore, quantyfing alterations in networ&lectrophysiological functiohas the
potential to provide unique functional information about the effects of TBs. possible that the
death of individual brain cells might go unnoticed by the patient in the absenceanfgge ¢h
brain functionj.e. behavior, highlighting the importance of tolerance criteria based on changes

in neuronal network function in addition to those based on cell death or structural damage.

Previously, we determined functional tolerance critetiztirey tissue strain and strain
rate to changes in electrophysidlcgy functionfor the hippocampu@ang and Morrison, 2034
In the present study, functional tolerance criteria for the cortex were determined. Organotypic

cortical slice cultures were subjected to mechanical stretch injury using otwchaedicterized,

71



in vitro model of TBI(Morrisonet al, 2003 Cateret al, 2006 Morrisonet al, 2006 Cateret

al., 2007, and changes in electrophysiologiéahctionto varying tssue straigand strain rates
relevant to TBI were quantified. Electrophysiological parameters associated with unstimulated
spontaneous network activity (neural event rate, duration, and magnitude), stimulated evoked
responses (Rx Iso, and m), and exed paireepulseratios (PPRat varying interstimulus
intervals(ISI) were correlated to mechanical injury parameters by fitting mathematical functions
to the raw data. Theesultingfit functions could be incorporated into FE models of TBI to
improve tle predictivecapabilitiesof the consequences of TBbm numerical simulations. The
ability to engineer new protective safety systeémsilico via FE models with accurate
biomechanical and functional outputs could significantly reduce the cost of developing

protective equipment against TBI.

4.2 Materials and Methods

4.2.1 Organotypic Slice Cultures of the Rat Cortex

Animal procedures were reviewed anghigved by the Columbia University Institutional
Animal Care and Use Committee (IACUC). The brains of-pastl day 8.1 Spraguddawley
rat pups were aseptically removed and a strip of cerebral cortex directly above the hippocampus
was excised fromeaclea e br al hemi sphere and cut into 375
tissue chopper (Harvard Apparatus, Holliston, MA, US¥cording to previously published
methodgqElkin and Morrison, 200)7 Cortical slices were then transferred to
polydimethylsiloxaneRDMS) membranes (Specialty Manufacturing Inc., Saginaw, MI, USA)

that wereprecod ed wi th 80 e€g/mL | aminin (Life Techno
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€ g/ mL-L-fyonk §BigmaAldrich, St. Louis, MO, USA)and incubated at 37°C with

Neurobasal medium (Life Technologies; supplemented with 1 mM Glutamax, 50X B27, 4.5

mg/mL D-glucose and 10 mM HEPES) for the first2days. Cortical slice cultures were fed

every 23 days with conditioned fuberum medium (SigmaAldrich; 50% minimum essential

media, 25% Hankoés balanced salt solution, 25%
4.5 mg/mL Dglucose, and 10 mM HEPES) and maintained in a standarduteelfe incubator

(37°C, 5% CQ) for 11-17 days total, including pogtjury incubation.

4.2.2 Controlled Mechanical Deformation of Organotypic Cortical Slice Cultures

Immediately prior tanechanical stretch injury, the fluorescent dye propidium iodide
(Life Technologies) was used to stain dead or injured cells. Unhealthy slice cultures were
eliminated from the studyaccording to published metho@&fgenet al, 2013. Thein vitro
mechanical stretch injury device has been preshocharacterized in detgiMorrisonet al,
2003 Cateret al, 2006 Morrisonet al, 2006 Cateret al, 2007). Briefly, after 712 daydn
vitro, media was removed from the culture watid the cortical slice cultures were subjected to
equibiaxial stretch by pulling the PDMS culture substrate over a rigid, tubular indenter under
feedback combl to precisely control the applied mechanical stimulus. Cortical slice cultures
were then returned to the incubator untd days postnjury for assessment of
electrophysiological functionThe time after injury was determined based on previousestudi
that demonstrated maximum cell death by 4 daysipasty (Elkin and Morrison2007, Yu and
Morrison, 2010. The purpose of assessing electrophysiological functi®uldys postnjury

was to quanty altered function before neuronal repair and regeneration processes could begin.
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The induced tissue strain and strain rate were verified viadgghd video analysis of the
dynamic stretch event. Lagrangian strain was determined by calculatingdhmatein
gradient tensor using fiducial markers on the tissue slice image before and at maximal stretch

(Morrisonet al,, 2003.

In total, 119 cortical slice cultures from at least 40 rat pups across a minimum of 13
different litters were injuredt strains (up to 0.59) and strain rates (up to36edevant to TBI.
Uninjured cortical slice cultures were agmtched to injured slice cultures to account for
developmental chang@svitro. Uninjured slice cultures underwent identical proceduses a

injured slice cultures, including being placed on the stretch injury device without device firing.

4.2.3 Assessment of Electrophysiological Function

Immediately prior to electrophysiological measurementssl66trode microelectrode
arrays(MEA) with electro@ diameter of 3@m and electrode spacing of 20M
(60MEAZ200/30iRTi-gr, Multichannel Systems, Reutlingen, Germany) were made hydrophilic
with gas plasma treatment and coated with nitrocellulose (Thermo Scientific, Waltham, MA,
USA) for slice cultureadhesior(Egert and Meyer, 2005 At 4-6 days postnjury, corical slice
cultures were transferred to Biopore CM membranes (MGCMO00010, EMD Millipore, Billerica,
MA, USA), inverted onto preoated MEAs, and perfused with artificial cerebrospinal fluid
(SigmaAldrich; 125 mM NacCl, 3.5 mM KCI, 26 mM NaHCGD1.2 mM KHPQ,, 1.3 mM
MgCl,, 2.4 mM CaClJ, 10 mM Dglucose, pH = 7.4) at 37°C and aerated with 95%6% CQ,

as previously describgtYu and Morrison, 2010
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Spontaneous neural activity was measured by continuous recording of unstimulated
neural signals for 3 minutes at a sampling rate of 20 kHz. Raw data was |dilt@asswith a
6 kHz analog, araliasing filter and passed through a 60 Hz comb filter using custom MATLAB
scripts (version R2012a, MathWorks, Natick, MA, USA). Neural activity was detected using a
custom MATLAB script with an action potential detechased on the Teager energy operator
(Choiet al, 2009§. Unstimulated neural event rate, duration, and magnitude were calculated for

all electrodes for each cortical slice culture.

To evoke responses, a programmable stimulator (STG2004, Multichaysteims)
generated constant current, biphasic stimul:.
phase for 100 €s) at the indicated current ma
sampling rate of 20 kHz and low pass filtered withkHz analog, artaliasing filter. Prior to
analysis and fitting, raw recording data was also filtered through a diditatd8r Butterworth
filter with a low pass frequency of 1000 Hz and a digitilorler Butterworth filter with a high

pass frequency of 0.2 Hz in MATLAB (MathWorks).

Stimulusresponse (S/R) curves were generated for each slice culture, as previously
describedYu and Morrison, 2010 Briefly, bipolar, biphasic stimuli of varying magnitudes (0
eAN200 €A in 10 gA the shige sujtureiheough electpogek in eager IV of
the cortical slice. Layer IV was chosen due to the abundance of granule cell bodies that send
projections to supragranular Layer$ Il and infragranular Layers V VI (Alloway et al,

1993. Previous studies have shown that thalamic stimulation induces a strong initial excitation
in Layer IV granule cells which then leads to a series of excitations throughout the cortical
layers, starting at the supragraaruLayers IIi 11l and followed by the infragranular LayersiV

VI (ArmstrongJameset al, 1992 Staigeret al, 200Q. Stimulation in Layer IV resulted in the
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most consistent evoked responses thinoug the organotypic cortical slice cultures (data not
shown). Stimulated responses were recorded from all channels simultaneously, and the
amplitude of the evoked field potential response was quantified as the peak to peak response.
The peak to peak rpsnse at each electrode was plotted versus stimulusntand then fit to a

sigmoid function:

Y

oy
p Q

Equation4.1 Stimulusresponse (S/R) equation for evoked response electrophysiology.

in which Rnaxwas the maximum peak to peak respohgayas the currerthatproduced a half
maximal peak to peak responSayas thecurrentof the applied stimulus, and was

proportional to the slope of the linear region of the sigmoid fit curve.

For pairedpulse recordings, pairgulilse responses were generated by delivering two
successive stimuli agdwith I1SI of 20, 35, 40, 50, 60, 70, 80, 100, 140, 180, 220, 260, 300, 400,
500, 1000, 1500, and 2000 ms. The PPRdedisied as the ratio of the peak to peak amplitude
of the second response to the peak to peak amplitude of the first resp&iR@rear than 1
indicated pairegbulse facilitationwheread?PR less than 1 indicated pakgualse depression
(Fuetaet al, 1999. ISI were assigned to four bins with distinct biological relevance to short
term synaptic plasticity: Short Term ISlIs (< 50 ms) elicit papatse depression mediated by
the neurotransmitter-aminobutyric acid (GABA), specifically the GAB£class of GABA

receptorgStanfordet al, 1995 Margineanu and Wulfert, 20p0Early-Mid ISIs (507 100 ms)

76



elicit a rebound in excitation thought to be caused by GAB#®diated disinhibition and
activation ofN-methytD-aspartate (NMDA) receptofdoy and Albertsonl993 Stanfordet al,,
1995; LateMid ISIs (1401 500 ms) elicit late phase pairpdise depression mediated by
GABA; receptorgDiScenna and Teyler, 1998tanfordet al, 1999; and Long Term ISls (>
500 ms)produce independent responses with a PPR closé&acker, 1989Comminset al,

1999.

Spontaneous network synchronization was quantified for each spontaneous recording
using previously published methods based on correlation matrix analysis and surrogate
resamplingor significance testin@Li et al, 2007aLi et al, 2010h Patelet al, 2012.

Correlation of neural evestverecomputedo determine an ewt synchronization measure,
called the synchronization index, for each electquaie(Li et al, 20073. For two electrodes

andy, and neural everitmingo andd (i = %, | é ,= )fthe evént comelation

matrix wascalculated by:

0 pOR o o 1

& axd 0., 0 fom o

L TE /I OQI Q

Equationd.2 Neural event correlation matrix equation for spm@ous electrophysiology
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where_ was the time interval in which two events were considered synchronous (1r@s)l
my were the total number of events to be comparedpameas a measure of correlation of two

particular electrodes.

The eventgnchronization index for each electrode comparison, ranging in value from 0

(completely uncorrelated) to 1 (perfectly correlated), was calculated by:

. (I)"(:)"
V)
a o

Equationd.3 Neural eent synchronization index equation for spontaneous electrophysiology

To identify clusters of synchronizedectrodesfirst, the participation index (PI) was

calculated for each electrodehat contributed to a cluster

Equationd.4 Participation index equation for spontaneous electrophysiology

wheresy, was thea™ element of eigenvectay anda, was the corresponding eigenvalu@l,,
indicated the contribution of electrodé¢o the synchronized clustby with’  defined as the

weight with which electroda contributed to clustep.
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Next, randomized surrogate tirseriesdata without anygorrelated electrode pairs were
generated withrmeventrate equal to the instantane@wentrate ofthe experimentatecordings,
and the eigenvalues of the surrogate correlation matrix were calc(llattdal, 20108. The
surrogate randomization was repeated 50 times and the(nf@amd standrd deviation (SE)
of surrogate eigenvalues were calculated (k =
We identified the number of synchronized clusters that were significantly different from the

randomized, asynchronous surrogates by:

06adtQaoi 0QiiiQE I o "vo

Equationd.5 Synchronized cluster equation.

wheresgnwas a sign functiorsi was the eigenvalue of each electrode of the experimental data,

andK was a constantK = 3, for 99% confidence level, for a given number of electrodes).

Finally, aglobal synchronization indefGSl), ranging from 0 (completely random,
uncorrelated activity) to 1 (perfectly syironous, correlated activity), was calculatedthe

cluster with the highest degree of synchronization:

N — = "0"'0 I

oO'YO 0 =[|' = =
meE i 0 QI Q

Equationd.6 Global synchronization index (GSI) equation.
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where_['was the mean of théghest eigenvalues calculated across all surrogatewas the
maximal eigenvalue of the correlation matrix from the experimental data, and M was the number

of electrodes.

To account for differences in the number of electrodes in each hippocampal tegion
percentage of electrodes from each region in the cluster with the highest synchrony was
calculated by dividing the number of electrodes in each region in the cluster with the highest
synchrony by the total number of electrodes within a region ierkie2 hippocampal slice. The
percentage of electrodes in each region in that cluster was multiplied by the GSI to obtain a

normalized GSI for each region.

4.2.4 Statistical Analysis

Nonlinear regression was performed to relate changes in spontaneous (reniredte,
duration, and magnitude), stimultssponse (Rax Iso, and m), and pairepulse (PPR for Short
Term ISls, EarlyMid ISls, LateMid ISls, and Long Term ISIs) electrophysiological parameters
to injury parameters (tissue strain and strain repirical functions were fit for the cortex
using the MATLAB functiomlinfit.mand 95% confidence intervals were computed using the

functionnlparci.m(MathWorks). All electrophysiological parameters were fit separately.

The functional forms of the cartiite fit equations wengolynomials in strain and strain
rate (including interaction terms) with powers up to 3. This family of polynomialshasen

based on the general shape of the data, its gradients, and degrediredarity with respect to
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the ndependent variables of strain and strain rate. To determine tH# bgstationfrom the
family of 8,190 equationfr each electrophysiological parameter, with an optimal number of
terms to preserve parsimorkyfold crossvalidation was performed across all candidate
equations, with 10 folds iterated 10 times.k4fold crossvalidation, a data set consistingrof
samples is randomly split intosubsets (called folds), with each subset consisting of
approximatelyn / ksamples. Each of thkfolds is used as a test fold, with the remairkrigl
folds serving as training folds. All candidate equations are fit to the data in the training fold,
then applied to the data in the test f@add the sum of squared errors (S8&HalculatedGuoet
al., 2009. This process is repeated for each ofktkest folds and the SSE is averaged dwver
To account for random raspling variancek-fold crossvalidation is usually iterated with
different random permutations of training and test f¢ldgnpraseutlet al, 2013. A common
choice ofkis 10, and 10 to 30 iterations of-1@ld crossvalidation have been shown to
minimize random resampling varian@dolinaroetal., 2009. ForRiterations ofk-fold cross
validationfor data withn experimental samplethe mean squared error (MSE) is calcul e
the fit equatiorwith theminimum MSE is chosen as the bésequation:

o o~ P p
UYO,Y 0

Equationd.7 Equation for kfold cross validation for electrophysiology best fit equations

in whiche was the actual experimental value of thsample an@; was the predicted value of

the i™ sample of th¢" data fold of the" iteration.
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Finally, a linear hypothesis test was performed for each coefficient in théthezpiation
using the MATLAB functioncoefTest.nfMathWorks) to test significance of regressed

coefficients(p < 0.05)

4.3 Results

For all electrophysiological parameters, at most, five terms were necessary tolgptimal

fit the raw dataTable4.1).

Parameter K |[Constant|Strain [Strairf [Strairf |Rate(s) |Raté (s9)|Strain* [Strairt* |Strairf* |Strair*
Rate(s) |Rate(s) |[Raté  |Rate(s)
G)
Event Firing Ratg1  [0.025 ()
+0.006
Event Duration |1 9.03 (s]
+1.59
Event Magnitude|4 29.7 226.44 0.56 -26.9
+2.7 +204.79 +0.31 +21.4
Rmax 5 306 2295 -617(Q -349 992
+126( +1724 +4577 +281] +660)|
150 5 48.44 308.4q4 -796.49 -16.02 49.69
( & | £180.94 +500.56 +11.39 £32.98
+12.16
m 4 0.103 -0.81 3.41 -3.92
(eVl/ +0.48 +2.06 +2.50
+0.026
Short Term PPR (2 0.857 0.0003
+0.033 +0.0007
Early-Mid PPR |2 1.046 -0.54
+0.042 +0.48
Late-Mid PPR 2 1.043 -0.98
+0.037 +0.95
Long Term PPR |2 1.077 -0.00364
+0.028 +0.00297

Table4.1 Fit equations for electrophysiological parameters in the coekues are presented as +95%

confidence interval. K, number of terms.
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For changes ispontaneous electrophysiologl function neural event ratd-{gure4.1A)
and durationKigure4.1B) did not change significantly after mechanical injagdtheir fit
functions contaiadonly a constant term. Only neural event magnitude was dependent on the
independent variables strand strain rate, with magnitude generally increasing as strain and

strain rate increasgigure4.1C).
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Figure4.1 Alterations in spontaneous electrophysiology of the cortex in response to mechanical stimuli
(tissue strain and strain ratéRaw data points are plotted above (green) and below (red) the surface

representing the fit equation. A contour plot is incluftedrisualization purposeqA) Neural event rate
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was independent of both strain and strain ré&).Neural event duration was independent of both strain
and strain rate(C) Neural event magnitude was dependent on strain and strain rate in a coraptest

and generally increased as strain and strain rate increased.

Changes in Raxafter mechanical injury were dependent on strain and, mininaaly,
strain rate Figure4.2A). Changes insh were dependent on both strain and strain rate in a
complex mannerHigure4.2B). Maximum values ofsh were predicted at approximately 0.2
strain at very low strain rates (< %)svhile minimum values ofsh were predicted at
approximately 0.1 strain at high strain rates (>"95 €hanges in m were dependent on strain,
but independat of strain rateRigure4.2C). As strain increased, m generally decreased or did

not change significantly.
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Figure4.2 Alterations in evoked responses of the cortex as a function of mechanical injury parameters of
tissue strain and strain ratRaw data points are plotted above (green) and below (red) the surface
representing the fit equation. A contour plot iduded for visualization purpose$A) Ry.xwas

dependent on both strain and strain rate in a complex mafBies, was dependent on both strain and

strain rate in a complex manner. (@)was dependent on strain but independent of strain rate.

Changesn PPRin each ISI bin were described optimally with only two terms. Changes
in PPR for Short TermHgure4.3A) and Long TermKigure4.3D) ISIs were dependent only on

strain rate, while PPR for EarMid (Figure4.3B) and LateMid (Figure4.3C) ISIs were
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dependent only on strain. PPR for Short Term ISIs exhibited the greatest amount of perturbation
after mechanical injury, increasing from pangase depression to pairdise fcilitation as

strain rate increased.
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Figure4.3 Alterations in pairegbulse ratios for the cortex in response to mechanical stimuli (tissue strain

and strain rate)Raw data points are plotted abovesg@m) and below (red) the surface representing the fit
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equation. A contour plot is included for visualization purpo$83$.PPR for Short Term ISIs was
dependent only on strain ratéB) PPR for EarlyMid ISls was dependent only on straifC) PPR for
LateMid ISIs was dependent only on straith PPR for Long Term ISIs was dependent only on strain

rate.

In the cortex, three parameters were necessary to optimally fit the ravl dbka4(2).
Similar to the hippocampus, the normalized GSI was also dependent only on strain rate, but in a
nonlinear mannerHigure4.4). The normalized GSI decreased with increasing strain rate up to
approximately 10 but then increased as strain rate increased, peaking at high strain rates (30

sh.

Region K | Constant | Rate Ratée Raté
Cortex 3 0.087| -0.0090| 0.00038
+0.027| +0.0069| +0.00034
Table4.2 Fit equations for the normalized GSI of cortéfalues are presented as +95% confidence

interval. K, number of terms.
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Figure4.4 Alterations in network synchronization of the cortex in response to mechanical injury
parameters defined as tissue strain and strain Ree. data points are plotted above (green) and below
(red) the surface representitige best fit equation. A 2D contour plot was included for visualization

purposes. The normalized GSI was dependent only on strain rate.

4.4 Discussion

We have developed functional tolerance criteria for the cortex based on alterations in
electrophysiologidafunction after precisely controllednd verifiedmechanical deformation.
Optimal fit equations were determined from a large pool of candidate equationsfolgten
crossvalidation to account for the tradeoff between mddglation)}complexity and goaakss
of fit, thus avoiding overfitting. Ouwstrategypreserve parsimony, with all fit equations

requiring no more than 5 terms without sacrificing significant prediction accuracy.

The predictedfunctional tolerance criteria for the cortex di#fdisubstantiallywhen

compared to results for hippocamgéeng and Morrison, 2034 In the hippocampus, even
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small changes in strain and strain nagre predicted telicit large changes in spontaneous

activity. In thecortex, in contrast, no change in neural eventaatkirationwere obsrved

across all combinations of strain and strain rate, with only neural event magnitude exhibiting any
dependence on strain asiglain rate igure4.1). This difference could be due to the inherent
differences between the cortical amgpocampaheuronahetworks, both morphologically

(Juraska and Fifkova, 19¥8nd functionallyDalva and Katz, 19945araschulet al, 2000Q. In

the hippocampus, spontaneous network oscillations involve a large number of neurons acting
together in a frequent, regular patté@araschulet al, 1998). In contrast, cortical spontaneous
oscillatory activity is detected only in individual neurdfént et al, 1999 or very small,

di screte Aneuronal dB50meuromgyusteetrsd, A2 Sehwartaefal, o n | y
1998. In the cortex, significantly fewaieurons function in concert, even in the uninjured state,

to initiate detectable spontaneous activity, which could explain the lack of detectable change
after injury. There are also fewer neural events to detect in general. Using calcium imaging as a
surrogate for neural activity, Garascheikal reported calcium transients at very low rates,

recurring approximately once every 1.2 minutes. In our study, 54% of the cortical slices in

our data set had average rates of less than 1 event per minetecp@de. It may be possible

that the chosen recording window did not capture irregular and infrequent spontaneous network

oscillations.

The cortical neuronal network was also less active, less excitable, and less coordinated
than the hippocampal neumetwork, evidenced by the evoked response #&agare4.2).
Rmaxi N t he cortex was never greater tkthen 500
average, uninjuredRxi n hi ppocampus was above 500 gV i

increased to values above 1 XangandMorrsdnt2@dd4 s ev
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The comparatively lower activity levels in cortex may be a direct result of the lower density of
neuronsand more importantly, the lower density of functional synaptic contacts in the various
cortical layergBlue and Parnavelas, 1983lBecause Ruxis a correlate for the total number of
functional synaptic contac{8uchset al, 1993, the difference in Raxbetween cortex and
hippocampus is most likely due to the difference in the density of functional synaptic contacts in

the cortex andhippocampus.

The cortex was also significantly less excitable compared to the hippocafmure (
4.2B). In the hippocampussoonly varied between® t o 40 € A, whereas i n t
fluctuated between approximately 40 to 70 ¢A.
sparsely distributed throughout the cortical layers and synaptic connectivity igKetaland
Shatz, 1995 not reaching full maturity until thend of the fourth postnatal we¢Rlue and
Parnavelas, 1983aAt the time of the electrophysiological experiments, the cortical slice
cultures had been in culture for-1¥ days and were originally generated froralR&at pups.
Assumirg they continued to mature in culture at the samemateo, they could be considered
equivalent to P1-28. Therefore, the cortical network within the cultures may have been slightly
immature, requiring stronger stimuli to efficiently propagate exoitab enough neurons to
result in a summed field potential. The brain of a rat agee2Bi8 believed to be similar
developmentally to the brain of a human between the agedbfy/2ars old based on common
developmental milestones in the juvenile bri@obbing and Sands, 19,7Bsujimoto, 2008
Sempleet al, 2013. Therefore, our model may be especially relevant to juvenile TBI, a leading
cause of longerm neurodegenerative deficits inants and young childrgilhangloiset al,

2005 Selassieet al, 2008.
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The electrophysiological parameter m approximates the complexity of the neuronal
population, in that a low value of m (shallow slope of thedirgortion of the S/R curve)
indicates a diverse pool of neurons with a wide distribution of firing thresfid&lsannestal.,
1997 Pitcheret al, 2003. Conversely, a larger value of m (steeper slope of the S/R curve) may
be indicative of the whole population of neurons possessing a similar threshold to fire. In the
cortex, m peaks at approximately 0.1 atirigs of low strainigure4.2C). In contrast, m in the
hippocampus may reach maximal values greater than 0.3. Due to the variability in firing
chamcteristics of neurons in different layers of the cortex and the local clustering of neurons into
Aneuronal domains, 06 the excitability of neuro

in the hippocampu@Nu et al, 1999 Wu et al, 2007).

PPR at Short Term ISls was dependent only on strain rate and switched from depression
at low strain rates to facilitation at high strain rataégire4.3A). In the visual cortex,
frequencydependent pairedulse depression observed under normal conditions is believed to be
a dynamic gaircontrol mechanisrfAbbottet al, 1997 Galarreta and Hestrin, 199&nd at
short ISIs pairedpulse depression is dominated by GABAengiediated inhibitior{Jiaet al,

2009). As strain rate increases, GABAergnediated disinhittion or dysfunction may be

occurring, resulting in the observed reversal of depression to facilitation.

Previous studies quantified functional tolerances to mechanical injury by measuring
changes in electrophysiological properties at specific strainsteaid rate¢Bain and Meaney,
2000. Bain and Meaney determined conservative, liberal, and best overall thresholds of
Lagrangian strain for the prediction of morphological and faneti injury in guinea pig optic
nerve(Bain and Meaney, 2000 Their tolerances were developed using a model of pure axons

undergoing uniaxial stretch as opposed to the heterogepepukation of neural cells present in
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organotypic slice cultures that were biaxially deformed in the present study. Bain and Meaney
determined distinct thresholds of injury using logistic regression, in contrast to the complex
predictions determined inehpresent study. The complexity of our data is not surprising

considering the tissue architecture of the cortex and its effects on electrophysiological function.
Neurons in different layers of the cortex exhibit lagpecific firing characteristidSun and

Dan,2009 and neurons in each corwbchad haywor &anp
sparse longange connections in between lay@suglaset al, 1995 Watts and Strogatz,

1998). Combined with more complex mechanical stimulation (llaxs. uniaxial deformation),

the electrophysiological response to injury may not be expected to demonstrate a linear,

monotonic relationship with injury severity.

Our data set could be incorporated iotwrent FE models of TBaddng functional
outcomedo themechanicabutputsthatsimulate the events in the brain during and after injury.
An example is provided to illustrate the utility of this approach. Vetrad. studied the
influenceof brain tissue deformatiorstfain and strain rat®n ensuimg concussion symptoms by
reconstructing specific helmét-helmet collisions in the National Football League (NFL) via
high-speed video analysis and dummy simulatidfiano et al, 2005. The physical injury
reconstruction data was then used as infoue FE model of the brain tpredictthe strain and
strain rate experienced by various regions of the brain during and after the cGisamget al,
2001h. One particular collision was found to induce strain of @tl&strain rate of 28'5in the
orbitofrontal cortex region of the struck player. The struck player was reported to suffer from
headaches and dizzineas wdl as impaired cognition and short term memory. Within their
patient cohort, Vianet al. discovered a correlation between strain indtietofrontal cortex and

dizziness. The fit equations presented herein can predict the-influged changes in the
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stimulusresponse and pairgullse function within the cortex of the struck player for

comparison to the expected electrophysiological functianafninjured playerHigure4.5).
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Figure4.5 Changes in stimulusesponse activity and pairgulilse ratios generated from fit equations in
response to a particular impadtissue strain (0.12) and strain rate (28fsom a helmeto-helmet
collision as determined by Viaret al were used as inputs to the fit equations developed hé#¢iS/R
curves were generated using the equations fgt Ro, and m(B) Pairedpulse data was plotted for PPR

for Short Term, EarhMid, Late-Mid, and Long Term ISls (mean+SD).
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The upward and leftward shift of the S/R cudtee to injuryis caused primarily by an
increase in Raxand adecrease insp (Figure4.5A). Rmaxis a correlate for the total number of
functional synaptic contacts and therefore a measfuneuronal network connectiviffduchset
al., 1993. Isowas defined as the stimulaarrentnecessary to evoke a hatlaximal response,
reflecting the synaptic excitability of the neural circuitu and Morrison, 2020 In the case of
the injuredplayer, the cortical network predicted to becomeyperexcitable after the collision,
with more neurons firing in a coordinated mannef.(fthcrease) with a lower firing threshold
(Iso decrease). Cortical hyperexcitability has been implicated in thptsyns related to
migraine, including headache and dizzin@§elchet al, 199Q Haighet al, 2012. Thus, the
changes in the S/R cureé the struck player that are indicative of hyperexcitability may help
explain the migraindike symptoms that resulted from the specific tissue deformations from the

helmetto-helmet collision.

At tissue strain of 0.12 and strain rate of 28aur fit equations predidacilitationin
PPR forShort Term ISls rather than pairpdise depressiotnat isexpected in theninjured
case Figure4.5B). In healthy, uninjred cortex, pairegulse depression at Short Term ISls is
mediated by GABA receptorqJiaet al, 20094. Cortical GABAergic interneurons regtga
excitability through feedforward and feedback inhibit{beeet al, 2010, andGABAergic
dysfunctionin the cortex has been implicated as a significant factor in cognitive and memory
impairmentgLewis, 2000. The reversal of pairepulse depression to pairgdilse facilitation
in the Short Term ISlIs could be indicative of GABAergic dysfunction, whichdchelp explain

the cognitive and shotérm memory impairments experienced by the struck player.

A direct correlation between vitro electrophysiology in animal models to behavioral

changes in humarsas not been previously validated, so the precetisrssion is somewhat
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speculative.However, TBI is known to cause alterations in intracellular signaling cascades
(Atkins et al, 2007k Ning et al, 2013, neurotransmitter recepteubunit expressiofGizaet

al., 2006 Leeet al, 2011, neurotransmitter receptor functifhavalinet al, 1997 Leaet al,
2002, and neuron morpholodggao and Chen, 20)1 The summation of all of these
microscopicchanges after TBhay manifest as changes étectrophysiologal function, which
represent theiruumulative effects on the neuronal network. Findings from electrophysiology
studies in rodent tissue are often translated to understanding electrophysiology in human neural
tissue(Cohenet al, 2007 Reeves and Colleg012. In additionthe cellular and tissudevel
changes after TBh rat and human braimsay be gnilar despite the macroscopic differences in
structure(Shreiberet al, 1999. Therefore since changes in electrophysiological function are
the cumulative effect of cellular and molecular perturbatibmsay be possible to justify a
comparison betweethe mechanotransduction of tissue strain ararstate into changes in
electrophysiological function iaur animal studyndthe human condition. Electrophysiological

experiments involving cultuccthuman brain tissueould moredirectly address this limitation.

Anotherlimitation is the range of tsle straisand strain rateachievedwith ourin vitro
model of TBIin the current studyWhile it has been reported thhe injury device is capable of
producingstrains up to 1.00 and strain rates up to I5(Morrisonet al, 2003 Elkin and
Morrison, 2007, we were able to achiexamaximum tissue strain of 0.59 armtmaximum strain
rate of Bs'. Thisexperimental range wsalue tdmperfect adhesion of thaice culture to the
PDMS substratesyhich decreasdthe percentage of the applied substrate strain experienced by
the slice culture This limitation is common to all injury models based on deformation of the
culture substrate. One of the strengths ofiowitro injury model is the use of higépeed video

to validate the applied tissue strain to correlate outcome to the actualldissnechanics.
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A combination of physical injury reconstruction and FE modeling of helobelmet
collisions of NFL playerseportedthat a collision witha 50% probability of concussion featured
gray mattestrain and strain rate of 0.26 and 48'5respectivelyKleiven, 2007. Other
numerical studies havenplicated even higher brain strains and strain rates in moderate to severe
TBI, although they have not been validated for predicting tissue strain or strgiKingpara
and lwamoto, 201, 2Postet al, 2019. The strain rate in the reconstructed collision by Kleiven
would surpass the upper bound in our data set, with extrapolated predictions from our fit
equations potentially becomigssaccuate. Therefore, caution should be exercised when
attempting to interpret changes in electrophysilaigunctionin response to tissue
deformatiors in excess of the maximal valugsour data setOur data set may be most
appropriate for simulations afild to moderate TBIwhich producsstrains and strain rates

within the domain and range of our injury parameter data.
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5 Stretchable Neural Interface$

5.1 Introduction

Neural engineering holds great promise for improving the lives of millions of people who
have lost the ability to interact with the world due to disease, injury, or congenital defects.
Neural engineering requires an interface with the nervous system to record neural electrical
activity and enable hilirectional communication through stimutatiof neural tissue. Neural
prostheses directly interface with neurons and potentially could overcome cognitive, behavioral,
and motor deficits caused by peripheral nerve injury, amputation, spinal cord injury,
degenerative motor neuron disease, and m#mgr neurodegenerative conditions. The interface
between living neural tissue and the amaade, engineered system is the microelectrode array
(MEA), which critically determines the functionality, utility, and stability of the benefit gained
from the neual prosthesis. In fact, the quality of the interface between neurons and the device
may dictate the overall functional quality of the entire system. If the interface-&atoonary
over time, with decreasing signal to noise ratio (SNR) or loss ofithdil neurons

(information), the robustness of the system as a whole will deteriorate.

The interface between the circuitry and the neural tissue or cells is most often achieved
through a matrix or array of electrodes. By recording from many electrbdasfdrmation
content of the signal is greatly increased over that of single elec(débsinget al, 2003
Cohen and Nicoleli2004 Carmeneet al, 2005. Given the distributed processing and storage

of information in the brain, recording from an extended network of interacting neurons may be

* A modified vesion of this chapter previously appeared in print: Kang, W.H., Cao, W., Wagner, S. and Morrison,
B. (2012). Stretchable Neural Interfaces. In: Stretchable Electronics.-WilelyVerlag GmbH & Co. KGaA, pps.
379-399.
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more effective than single electrode interfa&sgelet al, 2001, Harriset al, 2003. Increased
information content is critical for accurate decoding of the alesignal and the resultant
prediction of the intended output. For example, in a bramputer interface, single neuron
activity may be correlated with motion parameters, but ensemble recordings produced more
precise movements and enable better reproditgi(Cohen and Nicoleli2004 Carmeneet al,

2005.

Contemporary MEAs allow for simultaneous recording from up to 256 discrete locations
with recording bandwidths of up to 30 kif2harvetet al, 201Q. The longrange connectivity
of neural networks can be studied with these arrays, provididigi@nal insight into neuronal
information processing and function over single electrode recor(imghk et al, 2001, Diogo
et al, 2003. Higher order behaviors are likelydepend on this type of ensemble network

behavior rather than the activity of individual neur¢ideetsch, 2000

To facilitate coupling of MEASs to neural tissue and the study of neuronal networks within
tissue, a multitude of MEA concepts and designs has been demonstrated for application to in
vivo neural tissue, in vitro cell culture, and brain slice electrophygpjol&lectrodes have been
fabricated from many materials including gold, platinum, iridium, titanium nitride, silicon,
carbon, and conductive polymers. Electrode arrays are typically configured as either planar,
cuff, penetrating, or regenerating eleces(lacouret al, 2010Q. Planar electrodes patterned on
flat, most often rigid substrates are designed for extracellular stimulation and recording in vitro
of various types of tissues or ceg[¥u and Morrison, 2010 Cuff electrodes are coiledrays
wrapped around nerves with interior electrode con{@xsald®net al, 200§. Penetrating
electrodes are implantable arrays that typically feature long, Rieslkgtructures pushed into
the brain or nerve in viv@Cheung, 200,/Kim et al, 2009. Regenerating electrode=ature a
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sieve of surface electrodes implanted between severed ends of a peripheral nerve to facilitate the

regrowth of nerve fiberéEddl, 1986).

Most MEA systems are practically rigid in comparison to soft neural tisSadée6.1).

Material Youngds Modul us

Brain 3 kPa(Elkin et al., 2011aElkin et al., 2011p

Peripheral Nerve

575 kPaBorschel et al., 2003

Spinal Cord

650 kPaBilston and Thibault, 1996

Polydimethylsiloxane (PDMS)

1 MPa(Walker et al., 2004

Polyimide 2.8 GPgMcClain et al., 2011
Parylene C 4.8 GP&Shih et al., 200¢

Bone 16 GPaRho et al., 1993

Thin Film Gold 55 GPaEspinosa and Prorok, 2003
Glass 76 GPaChen et al., 1995

Platinum 165 GPgMerker et al., 200
Silicon 170 GPgHopcroft et al., 2010

Table5.1Typi cal Youngdés Modulus (E) for SMEA materi al

In vivo penetrating MEAs consist of needike electrodes made from silicon or metal

wires which have Youngds modul i (M&Ekinetal, t he or

2011). Lessrigid arrays fan vivoimplantation that integrate stiff components on flexible

polymer substrates such as polyimide have been developed but with E of approximately 3 GPa
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(Cheunget al, 2007. Small flexion of these flexible MEAs can be achieved without altering
their functionality(Suoet al, 1999. However, even these flexible MEAs are much stitfien
neural tissueand cannot withstand mecharistains in excess of2% (Lacouret al, 2010.
Flexible MEAs are notompliantenough to tolerate large mechanical deformations that occur
physiologically for neural tissuélith each beat of thieeart or due to movemeat the head

the brain, for example, experiences up to 5% bulk s(Eagly et al, 2005 Sabetet al, 20089,
andperipheral nerves may experience up to 15% sifapp and Boyd, 2006 Contemporary

in vitro planar MEAs are formed on glass substrates, and are themggateandincompatible

with deformation(Egertet al, 1998 van Bergeret al, 2003. Thesestructures fracture under

small tensile strain, typically no more than {($paepen, 2000

The modulus mismatch between rigid MEAs (E of tens to hundreds of GPa), flexible
MEAs (Eon the order of GPgMcClainet al, 2011 and brain tissue (E of approximately 3
kPa)(Elkin et al, 2011aElkin et al, 2011H or peripheral nerves (E of approximately 600 kPa)
(Borschelet al, 2003 poses many acute and chronic problems, stemming from implantation
trauma, interfacial strains and miemwotion damagéPolikov et al, 2005 Subbaroyaret al,
2005 Cheung, 200)¢ With the inclusion of a rigid electrode, tissue stress and strain become
concentrated very locally around the electrode, leading to repetitiveameahstimulatiorand
injury. Over time, these contribute to inflammation at the implantatior{Gheunget al,
2007, encapsulation of the electroff@heung, 200)f neuronal death in the surrounding brain
tisswe (Biran et al, 2005, and loss of SNRPolikov et al, 2005. Additionally, MEA systems
that require tethering to the skull mmtherexternal anchor exacerbate the inflammation and

neuronal cell loss around the electrofi€isn et al, 2004 Biranet al, 2007.
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To avoid the deleterious effects cadisy this mechanical mismatch between maade
MEA systems and biological tissues and cells, softer, more compliant electrodes are necessary to
improve the tissuelectrode interface. In a theoretical modeling study, significant tissue strains
were geneited at the interface with stiff electrodes with material properties representative of
silicon or polyimide(Subbaroyaret al, 2005. Most interestingly, in simulations of a
hypothetical electrode made of a soft material with E = 6 MPal&itoi silicone), interfacial
strains were reduced by two orders of magnitude. Softer, more compliant, and stretchable MEAs
arecapable of moving and deforming with the tissue, thereby reducing this repetitive micro

motion damage and improving the longg\wf the interface.

Stretchable MEAs (SMEAS) also have utility farvitro studies to understand mechano
transduction, the cellular pathways by which mechanical stimuli are transduced into intracellular
signaling cascades. Many of th@se/itro systemsapply mechanical stimulation by deformation
(stretch) of an elastic substrate on which the cells or tissue grow. Such systems have found
utility in the study of traumatic brain injuvorrison Il et al, 1998 Morrison Il et al, 2017,
which is caused by ragpdeformation of the brain, including stretch, compression, and shear
strain(Cateret al, 2006 Elkin and Morrison, 2007 As desdbed above, most contemporary
MEAs are rigid and therefore not compatible with these injury models, making it difficult to
study the effects of mechanical injury on electrophysiological functidihe neuronal network
While it is possible to injure neaf tissue after removing it from an MEA, recording from the
same locations after injuiig verydifficult. An SMEA embedded in the elastic substidte
these limitations because the tissue reswadthered to the SMEA before, during, and after
stretch njury (Yu et al, 2009. Examples of thig vitro application for SMEAs, developed by

us, and examples of vivoapplications, developed by others, are described below.
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5.2 Classes of SMEAs

Contemporary SMEAs fall into one of two categories: planar or cuff SMEAs. Many
MEAs have been described in the literature as being flexible and capable of functioning while
being plled or bent. Induced bending strains range up to a few pét@aduret al, 2010. In
an arbitrary definition that takes practical needs into account, we consider a stretchable MEA to
be defined asre which can withstand at least 20% uniaxial or at least 5% biaxial strain without

losing electrical continuity.

5.2.1 Planar SMEAs

Planar SMEASs provide spatial and temporal information about neuronal networks and
have the additional advantage of being capable of monitoring neural electrophysiological activity
from tissues or cells subjected to mechanical deformation and {Murgt al, 20093. For
planar SMEAseglasticallystretchable electrodes are patterned on a substrate of elastomeric
silicone, typically biomedical grade polydimethylsiloxaR®MS). They have been designed
for extracellular stimulation and recording from neural tissues andirceiiso, such as acute
and organotypic hippocampal brain slices or primary dissociated neuron c(Guresejuset
al., 2009. They also have the potential for letegmin vivoimplantation(Henleet al, 2011J).

The current planar SMEA strategies feature three primary designs, each with key differentiating
qualities. The first wasabricated on a PDMS substrate with a second layer of photopatternable
silicone to serve as an encapsul@raudejuset al, 2009; the secod used wire bonding for

connections and PDMS as an encapsuylémzmiller et al, 2000; the third used laser
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micromachining to structure conducting platinum foil as well as insulating layers of PDMS
(Henleet al, 201]). Each is described belawthe order that they were reported in the

literature

The first design featured a silicone (PDMS, Sylgard 184, Dow Corning) substrate, on
which gold thinfilm conductors (3 nm chromium, followed by 75 nm gold, finished with 3 nm

chromium) were depositdaly electron beam evaporati¢ifigure5.1) (Graudejuset al, 20().
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Figureb5.1 Schematic and image of the SMEA and electrode contacts from (Yu, Z., et al..2000a)

After fabrication, the SMEA was clamped between two printed circuit boards (PTBs)netal pads on

the PCB were electrically connected with contact pads on the SMEA using silver paste. A plastic

cylinder was cemented on the top PCB to form a tissue culture chaBp&optview image of the

SMEA package. §) Image of the SMEA electtbe ar r ay . 11 recording electr
and 1 reference electrode (not shown) were exposed by photopatterned vias and were coated by platinum

black to reduce electrode impedance. Figure reprinted with permissioiYfroet al, 20093
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The PDMS substrate was not fateetched, and the resulting tHim was not buckled
(Lacouret al, 2009. Insteaddeposition was controlled to maktee thin film adopt a
microcracked morphology that was critical to its ability to stretch, as described {@tawdejus
et al, 201Q. The gold film was patterned into electrodbgsphotolithography and etching. The
patterned electrodes were encapsulated withpproximatehld 5 e m t hi ck | ayer of
photopatternable silicon®PSWL5150, Dow Corning) By photolithographyyias were
openedn the PPS to theecording electrodesnd peripheral contacts. An early version of the
SMEA had 11 recordingelectrodest, 00 e m x 200 em), 1 reference
contacts. To interface peripheral contactgith a commercial ampliér, the SMEA was
sandwiched between two printed circuit boards (PCBs) with circular openings in their centers to
form a tissue culture well. The SMEA and PG3fere bolted together; metal pads on the PCB
were electrically connected with the pads on the BMEing silver pasteA plastic cylinder
was attached with epoxy to the center of the upper PCB, to form aMealéduce the
impedance between the recording electrodes and the tissue quifitireym black was
electroplated on the surfaces of the rdomy electrodes the center of the culture welin the
present desigrEMEAs with 28 electrodesere fabricatedvi t h f eat ure si zes <
(Graudejuset al, 2012. A major challenge ofmicrofabricationon PDMSis that nany
conventional process stepamot betransfered directlyto it, andrequire significantefforts for

theiradapation (Graudejuset al, 2009 Minev and Lacour, 2000

The morphology of the thifilm gold conductor was critical fanaintaining electrical
continuity during and aftehe SMEA was stretchgdi et al, 2004 Lacouret al, 2005 Lacour

et al, 2009. Thestretchablegyold films formed a continuous network that was defined by
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disconnected cracks on the micrometer siadeouret al, 2003 Gorrnet al, 201]). As the
PDMS substrate strain was increased ntinocracks widened and lengthened reversibly
During uniaxial strain, cracks continued to open in the stretch direction, but cracks actually
closed in the perpendicular direction due to PoissonpressiorfCaoet al, 201]). Conduction
was maintained by percolation through a network of conduttagnents. At very large strain,
the microcracksoalescedocally producing acrack that runs across the electrode and breaks
conduction(Li et al, 2004 Lacouret al, 2005 Caoet al, 2011. Barethin-film conductors

have withstood uniaxial strains in excess of G0%4000s of cycle¢Lacouret al, 2005.

Under the much harsher condition of biaxial deformation, Poisson compression cannot
occur in the plane of the thiiiim. Instead, to accommodate the substrate strain, the metal film
twisted and deflected out of plafieacouret al, 200§. The substrate between the metal
ligamentsstretched while the strain in the film remained below its failure liffite result was
that the relatively rigid and fragile metal thilm was capable of undergoing large biaxial
straing completed SMEAs withstanap to 12%biaxial strainwhile maintaining conduction

(Lacouret al, 2006 Lacour and Adrega, 2010

These SMEAs havieeen utilized in neurotrauma studies, in which organotypic
hippocampal brain slice cultures from-P&1 Spragu®awley rats were mechanically injured to
simulate taumatic brain injuryn vitro. Brain slice cultures were mechanically stimulated by
stretching the SMEA over a hollow cylinder, thereby inducing an-leiguial strain in the
SMEA culture substrate and the attached tigSweet al, 20093. Tissue and SMEA
deformation was verified by image analysis. Both spontaneous and evoked electrophysiological
signals were recorded with a sampling rate of 20 kHz. Evoked astiggynduced by constant

current stimulation with a biphasic, bipolar, constant current, rectangular pulse (positive phase
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for 100 es foll owed by negative phase for 100
applied through two of the SMEA electroddsield potentials from the neuronal network were

recorded while the SMEA was stretched and relaxagltures were maintained and recorded

from for up to 19 days with no adverse, cytotoxic reactions to the PDMS or gold ele¢¥ades

et al, 2009q.

The SMEA was evaluated for functionality before, during, and after mechanical stretch
(Figureb5.2A, B). The impedance at 1 kHz of individual recording electrodes in conductive
medium (i.e. tissue culture medium or a physiological salt solution) was®s@ kq bef or e
stretch, increased to approxi mdrtmieredd2ring O kq d
relaxation to baseline levels when completely relaxed. The SMEA was able to record
extracellular activity at biaxial strains below &% et al, 200939. Recent improvements in
encapsulation and fabrication strategies have resulted in an SMEA with smaller feature size and
an increased number of electrodes, as well as increased fabrication yield and reproducibility
(Graudejuset al, 2019. The improved SMEA was able to record spontaneous and efiekid
potentiat at biaxial strains of up to 10¢igure5.2C, F. However, lowsignatto-noise ratio
(SNR) at higher strains remains a challenge. In additional tests, the mexthrabigstness of the
SMEA was assessed by repeated cycles of stretching to different strain levels (ten times to 10%
biaxial strain, ten times to 20% biaxial strain, and 10 times to 30% biaxial strain). After cyclic
stretching, the SMEA remained functioimaits relaxed state with very low electrical noise of

1.86 €V root (vYaetal,28608auar e noi se
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Figureb.2 Spontaneous activity and evoked field potentials of an injured hippocampal slice culture using
the SMEA from (Yu, Z., et al. 2009a) and (Graudejus, O., et aR)2qA) An optical micrograph of a
hippocampal slice cultured on an SMEA. At 5 daysitro (DIV), the tissue and SMEA were biaxially
stretched to 8% strain, and spontaneous activity and evoked field potentials were recorded with the
SMEA for an additional 9 days peistjury. (B) Immediately posinjury, spontaneous and continuous
bursting waobserved simultaneously on multiple electrodés) Spontaneous activity of a healthy slice

before mechanical stimulationD) Evoked field potentials from the same slice in response to a stimulus
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adhered tissue.F} Evoked field potentials of the same slice during 10% biaxial strain applied to the
SMEA and adhered tissue (stimulus parameters as
the recordings during biaxial strain due to increased electrode resistance. A and B reprinted with

permission fron(Yu et al, 20093.

There were some limitations assded with this SMEA. The electrical interface
between the flexible PDMS and the rigid PCB, which acted as a carrier and provided contact
pads for the amplifier, required a conducting silver paste for good electrical contact. The number
of contacts thatfit along the edge of the PCB was limited so that silver paste did not short
adjacent contacts. To achieve lowise recordings, the exposed electrodes were coated with
platinum black. Over time, the platinum blaméatwasthinned outand the SNR decrsad,
requiring occasional replatinization for optimal performance. These SMEAs were not
compatible with conventional steam autoclaving, which damaged the conductors due to the
mismatch in thermal expansitetween the PDMS and the gold. Treatment wittirbgen
peroxide as a cleaning agent has proven to be sufficient for sterilizing SMEAs unable to

withstand conventional steam autoclaving.

A second planar SMEA utilized wire bonding to interface platinum electrodes with data
acquisition hardwareHgure5.3A) (Kitzmiller et al, 2006. Its fabrication process began by
spin coating photoresist on to a silicon waferjolwas then patterned. Electron beam
evaporation was used to deposit a platinum film on the surface of the photoresist and exposed
silicon. Stripping the photoresist layer left behind an array of platinum electrode contacts (200
em square)n onu bkt shter astid.i coAl umi num wires, 30 ¢
bonded to the platinum contacts and the entire interface was encapsulated in flexible,
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biomedicalgrade PDMS (MDX44210, Dow Corning). The encapsulated array was then peeled
from the rigd silicon backing to produce a frastanding array of electrodes. Electrical integrity
testing measured an average resistance of Weetoss each electrode and interfacing wire

indicating that the wirdoonding and liftoff processes were successful.

Figure5.3 Optical micrograph of wirdbonded SMEA fron{Kitzmiller et al, 2009. (A)Wire bonds

were permanently bonded to platinum electrode con(aétse m s g left) ane held {n place within a
PDMS layer. The wirdbonded SMEA may not be able to stretch and function at strains high enough for
relevant physiological applicationsB)(Visual evoked potentials (VEP) from the subdural occipital

cortex of a domestic pig. Four potentials were recorded from the left eye during stimulation. Voltage
(mV) is plotted against time (ms), with visual simulation occurring at time = 0. Reprinted with

permission fron(Kitzmiller et al, 200§. Copyright 2006, Springer.
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Primary cortical cells from rat pups and a cortical human cell line F&Nwvere
cultured on the surface of the wibended MEA and assayed for cell death to investigate the
cytotoxicity of he electrode surface. No significant cytotoxicity was observed, indicating
acceptable biocompatibility of the planar SMEA. Viseabkedpotentials (VEPS) were
collected from porcine subdural occipital cortex to verify electrical functionality in ae imcut

vivo preparation igure5.3B).

The wirebonded MEA may not be able to stretch and deform to strains high enough for
physiologic applicationfBayly et al, 2005 Sabetet al, 200§. Extensive mechanical testing
remans to be performed to quantifiyge mechanical tolerance of the array. The wire bonds also
introduced challenges in efficient fabrication ashealectrode contact required a separate wire
bond to interface with data acquisition hardware. Because the eleafiredeonstructs must
remain physically separated or risk creating a short circuit, fabricating more than a handful of
electrodewire links may prove difficult and timeonsuming. In these experiments, only 8 of the
16 electrodes were wirebonded because of this issue. Printed electronic circuitry may allow a

higher number of electrodes for more functional arrays.

The final planar SMEA cordered used the same silicone as the first SMEA (Sylgard
184) but patterned the PDMS insulator and platinum conductors by laser micromachining
(Figure5.4A) (Henleet al, 201]). These arrays have been used for edeotticography, and
have been called electrocorticograghicroelectrodes (Micr&ECoG)(Henleet al, 201). A Q-

switched 1064 nm Nd:YAG marking laser (DPLGenesisMarker by cab, Karlsruhe, Germany)

was used to patternbasdd ayer of PDMS, which was adhered
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platinum fal was laminated onto the PDMS surface and patterned with the same laser. A second
PDMS | ayer (25 &m t h-pattdned tovapen upstipe8 electmode cantack | a s e
sites (diameter 320 & m)-ECoGAasuheinaprpozah ofth®e per ty o
Microflex interconnection to interface the silicone rubber/platinum foil electrode arrays to thick

film ceramic substrates, which provide the bonding interface for a transcutaneous connector
(Henleet al, 201). A 10 mm long stainless steel bar was also mounted on the ceramic substrate

to improve mechanical fixation to the skull.

A — B
' e 1 90 °
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Figure5.4 Fully assembled Micr&CoG array fron{Henleet al, 2013. (A) A platinum foil was

patterned by laser micromachining to guge the electrode pattern. Microflex connections were used to

interface the PDMS/platinum foil to thick film ceramic substrates, which provided the bonding interface
for a transcutaneous connector. A stainless steel fixation bar was used to improaeicaktiRation to

the skull. B) Impedance spectra wf vivorat cortex measured by Mici®CoG from(Henleet al.,

2011. The minima and maxima of impedance magnitude measurements at 1 kHz are shown over 18

weeks of implantation. Reprinted with permission frg#enleet al, 2011). Copyright 2011, Springer.

112



The MicroECoG was implanted subdurally in young adult ¥fisats such that the 8
channel SMEA covered the right parietal cortex and parts of the visual cortex. Electrical
impedance spectroscopy was conducted over an 18 week period, with accesgsitiedaaces
increasing from 6 kq kat a40 1KWHz kdz da8By wereek st af
(Figure5.4B). This increase in access resistance was typical for chronically implanted
microelectrodegWilliams et al, 1999. Histological assessments performed 25 weeks after
implantation showed minor pathological changes predominantly in the leptoreeniktid
lymphoplasmacytic, but not granulating, inflammation was found in some cases, but most tissue
damage was hypothesized to be caused by explantation and removal of thECbEaarray.
Neighboring brain tissue displayed subtle changes in reagivecytes and a few hypoxically
damaged neurons. However, most other neurons in the cortex were well preserved with little to
no significant pathological changes, indicating that the ME@wG could be successfully

utilized in longterm, subdural cortal implantation studies.

One of the limitations of this study was that electrophysiological activity was not
recorded over the 25 week implantation. Although electrical impedance spectroscopy was
performed to determine the functional state of indivigdettrodes, whether they were actually
capable of recording neuronal activity was not demonstrated. A second limitation was that the
SMEA was not used to stimulate neural activity, leaving open the question whether it could

actually perform its intendedifiction.

5.2.2 Cuff SMEAs
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Cuff SMEAs are coiled silicone arraf@ bendng and wraping around peripheral or
central nerves. The electrode contacts are on the interior of the cuff, and the mechanical design
helps to ensure good contact with the nerve in the mechanically active environment of most
nerves. Cuff electrodes may avoid some carapibns associated with penetrating MEAS, such
as sheamduced inflammation caused by micromotion of the rigid penetrating electrodes
embedded within the soft ner¢@heunget al, 2007. This repetitive micremotion can lead to
formation of an encapsulation layer around the electrodes that reduces SNR. Additionally, the
foreign body and inflammatory responses induce neurotoxicity leading to a loss of neurons
(Biranet al, 2007. Similar to theplanar SMEAS, cuff SMEAs were fabricated on PDMS

substrates. Therefore, these devices had a low E of approximately (Mid@lain et al, 201J).

The first cuff SMEA was microfabricated using a novel reactive ion etch (RIE) process in
an effort to better preserve the underlying gold that comprised the conditachanet al,
2008. A 0.5 em thick |l ayer of gold was deposit
dide backingto create a nostick layer bef ore a 70 em thick | ayer
spun on top of the gold layer. Electrodes were photolithographically patterned using standard
positiver esi st techni ques bef ore of BDMS was agplred. tVias ¢c k e n
wereopened with a patterneduminumfilm mask with a custormed reactive ion etch (RIE)
Significant effort was devoted to optimizing the custom RIE so as to maintain selectivity to
cleanly etch the PDMS without damaging tlnderlying gold or appreciably etching the
aluminum mask. The aluminum mask was then stripped and the complete SMEA was removed

from the glass carrier.

Two configurations of the RIE SMEAwere evaluated for electrical and mechanical
integrity under conitions pertinent to experimental electrophysiological recordings. One
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configuration contained straight conductors while the other contained serpentine conductors
(Figure5.5). The impedance of the RIE SMEA electrodes in conducting meaasn
approximately 100 kq at 0 wérecéniparabla to thos8of hgig at
MEAs (Heuschkekt al, 2003. The RIE SMEA with serpentine conductors was able to

withstand uniaxial strains of up to 8% while continuing to conduct at impedances similar to rigid
MEA electrodes. In contrast, the configuration with straight conductors lostaammat 3%

uniaxial strain.
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Figure5.5 Serpentine and straight conductor patterns in the RIE cuff SMEA(eachanet al,
2008. (A) The intersecting, serpentine electrode trace pattern was able to withstand uniaxial strains of up

to 8% while continuingo function as an electrical conductoB) (The straight electrode trace pattern lost
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electrical conductivity at only 3% uniaxial strain. Reprinted with permission fkd@achanet al,

2008. Copyright 2008, Springer.

The mechanism by which serpentine conductors withstand stretch has been examined in
detailand is fundamentally different than the mechanism for cracked, metalGlneset al,
2004 Sheikoet al, 2007 Sun and Wang, 200.7 The key design goal was to identify a path
shape for the conductor that avoids strain concentrations above the failure limit of the conducting
material. Optimization studies have identified a horseshoe shaped path edropnsultiple
small conductors which was capable of uniaxial strains ft8%0(Sheikoet al, 2007 Sun and
Wang, 200). This serpentine pathway strategy worked with bothfihimand relatively thick

(4 e m) méShakoetal, a0pESursand Wang, 2007

Using this cuff SMEA, electrophysiological viability was demonstrated iim aitro,
isolated spinal cord preparation from juvenile SpraDae/ley rat§Meachanet al, 200§.
Bipolar, chargebalanced, constantrent stimuli were applied to the spinal cord surface
through two RIE SMEA electrodes, and evoked compound action potentials were recorded with
aglasssuctioe| ectrode placed 11.5 mm distal. Thres
appl i ed whahcorbparéd favmably to the threshold for a penetrating tungsten
electrode at 300 €A applied for 100 ¢s. One
neural activity was not recorded. Because the gold electrodes were not coated with platinum
black, the charge transfer resistance between the gold and the electrolyte solution and tissue may
have been excessive. High electrode impedance would result in substantial noise that could

easily obscure neuronal activity, preventing successful recarding
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One challenge of working with PDMStise openingof vias to expose electrode
recording sites without damaging the underlying conduddosecondcuff SMEA employed a
alternative to the customized RIE proces®Bfdescribed aboveln this designaliftoff resist
was used tprevent coverage at the electrode locations by the subsequently applied
encapsulation layer of PDMS. Removal of the resist resulted irfeveled circular vias with
di amet er s(Figufe5.6L Fdbrication of these cuff SMEAs was accomplished by first
spincoating PDMS (Sylgard 184) on a glass slide and then using a positive photoresist to define
conducting traces. et al stack of 30 nm titanium and 0.
beam evaporation, and theetalpattern developed. A negative photoresist was used as the
liftoff resist layethatdefined thevias for the electrode contacts before a second &iRDMS
(~10 em) was applied. After removal of the s

SMEA was renoved from the rigid backing.

WD34 .0mm 15.0kV x120
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Figure5.6 SEM image of the conicatell microelectrodes frorfGuoet al, 2019. Removal of the
sacrificial posts exposed the underlying electrode contacts with a ceimégee with top and bottom
di ameters of ~120 and ~100 em, r sqeeat201lQvel y. Repi

Copyright 2010, IEEE.

The impedance of the resultiogff SMEA electrodes was depemd®n the spin speed at
which theliftoff resist was appliedSlow spin speeds led to a thicker resist layer, more tapered
liftoff posts, smaller eletrode openings, and deeper electrode wells, all of which contributed to
higher impedancedmpedancemeasured at 1 kHanged from 100/ at 400 rpm to 60W/ at
1000rpm, which wrecomparable to othen vitro andin vivoMEAs. The ability to use this &u
SMEA as a neural interface was demonstrated in &itro spinal cord preparatiofGuoet al,
201Q Meachanet al, 2011). The SMEA was wrapped around the excised spinal cord, and
evokedrespnses were elicited by bipolar, monophasi
¢ s(Guoet al, 201Q. Inafollowup study to further characteri z
responses, the threshold to evoke a response
versus 47 €A), wusing bi pol(Fgure57)fMeachaaetal,c, const
2017). The ability to stimulate specific populations of neurons was also similar to that of
tungsten electrodes. In both studies, neural activity was not recorded with the SMEA, instead,

evoked responses were recordethwtandard metal electrodes.
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Figure5.7 Recording of a compound action potential (CAP) inrawitro spinal cord preparation evoked

by an SMEA from(Meachanet al, 201). Arrow indicates the stimulus artifact, and the vertical lines
surrounding the response indicate the onset and offset of the evoked CAP. This cuff SMEA utilized the
sacrificial post scheme of exposing electrode recording sites without damaging the ogridyeti.

Reprinted with permission frofMeachanet al, 2011). Copyright 2011, Meacham, Guo, DeWeerth and

Hochman.

The final cuff SMEA considered here was comprised of a combination of PDMS and
thin-film gold (30 nm), which was designed to wrap around small features (diameter ~ 1 mm)
(Figure5.8) (McClainet al, 201). PDMS was micremoldedin an SU8 photoresistaste
mold followed by thermagvaporatiorof the metal conductors to form electrode contacts on long
flexible PDMS cables. The SBmold was patterned by standard photolithography on a silicon
wafer and was filled by spin casting a mixture of Sylgard 184Sytghrd 186. The authors
found that the mixture improved the mechanical durability of the array without negatively

affecting itsability to spircast Usinga shadow mask of brass faietal films, 5 nm chromium
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