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Foreword

Recognizing that the modern history of the study of traumatic brain and spinal cord

injury has spanned less than 50 years, it is not surprising that our current under-

standing of the pathobiology and treatment of these devastating neurological

disorders remains incomplete and in some cases, controversial. When first

addressed in the early 1970s, the focus of neurotrauma research took a distinct

vascular focus, with many believing that the most important mechanism underlying

the morbidity associated with CNS injury was the occurrence of traumatically

induced vasogenic edema. It was assumed that the mechanical forces of injury

disrupted the blood–brain barrier leading to the extravasation of serum proteins and

other damaging agents capable of recruiting increased water within the central

nervous system thereby elevating intra-parenchymal/intracranial pressure. Further,

it was assumed that this elevated pressure alone triggered all the damaging cascades

of injury associated with tissue compression and subsequent CNS tissue damage.

Others suggested that the same forces of injury altered vascular function leading to

impaired autoregulation and/or impaired vasoreactivity to normal physiological

challenges, predisposing the CNS to further injury when a secondary insult, such

as hypoxia or hypotension ensued. This early vascular focus was solidified by the

recognition that the same forces of injury, particularly those on the more severe end

of the spectrum, invariably caused overt vascular damage reflected in local spinal

cord hemorrhage followed by tissue cavitation or the occurrence of hemorrhagic

contusional change within the cerebral cortex. In part, because of the failure of early

clinical trials targeting vascular mechanisms to achieve therapeutic benefit and

in part, due to the frustration of some over this vascular-dominated approach

to neurotrauma research, the subsequent 2–3 decades of neurotrauma discovery

took a decidedly neuronal centric focus. During this period, there was a dramatic

shift in neurotrauma research to the considerations of altered neurotransmission/

neuroexcitation, neuronal cell death framed in the context of apoptosis versus

necrosis, axonal dysfunction and disconnection, and the sequelae of such discon-

nection in terms of CNS tissue deafferentation and neuroplastic change. These

neuronal focused studies were interfaced with parallel metabolic, behavioral, and

targeted therapeutic studies conducted both in animals and humans who had
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sustained traumatic injury to either the brain or spinal cord. Unfortunately,

as appreciated by all, this period of discovery, although highly significant, also

failed to generate a full understanding of the pathobiology of CNS injury and/or

lead to the development of more rational therapeutic approaches to improve

outcome in those who have sustained traumatic injury to either the brain or spinal

cord. In light of these limitations and clinical trial failures, the last decade has

witnessed a more integrative approach, coupling the interaction of the CNS and

its intrinsic vasculature, to better understand the overall pathogenesis of CNS injury

and its potential therapeutic targeting. Now framed in the context of the

neurovascular unit, contemporary research has begun to focus on the cell-specific

responses therein while also exploring the various complex interactions between

these neuronal vascular and their related glial pathways. In this context, renewed

emphasis has been placed on the understanding of the blood–brain/blood-spinal

cord barrier, not only in terms of its alteration following traumatic insult but also

in the context of its ability to modulate nutrient transport as well as the passage of

various purported neuroprotective agents.

Against this backdrop of discovery, the current text edited by Lo and colleagues

frames our contemporary understanding of the vascular sequelae of traumatic injury

to the CNS in an effort to achieve a more comprehensive understanding of

CNS/neuronal responses to injury. The 29 chapters contained therein provide

important insight into the complex and diverse vascular changes associated with

traumatic CNS injury, with a good mix of both basic science and clinical discovery.

The authors who have participated in the generation of this book provide detailed

insight into virtually all of the important components of the vascular sequelae

of injury and their CNS/neuronal interactions. The chapters in this text focus

on important themes considering traumatically altered cerebral blood flow,

autoregulation, vasoreactivity, coagulation, and blood–brain barrier status, while

also addressing the importance of the neuronal/glial vascular unit. These studies are

complemented by parallel considerations of more contemporary diagnostic and

therapeutic approaches ranging from the use of proteomics and advanced imaging

to the modern tools of electrophysiology and microdialysis-based assessment.

Collectively, the editors and authors are to be congratulated on their success in

producing this important text. It will serve as an invaluable reference for those first

entering the field as well as the seasoned investigator who wishes to update his or

her understanding of the complex vascular sequelae associated with traumatic

injury to the central nervous system.

Richmond, VA John T. Povlishock, PhD
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Preface

The vasculature of the central nervous system performs the vital tasks of perfusing

the brain and spinal cord, and maintaining barrier functions that ensure a proper

environment for neuronal activity. Additionally, the vasculature participates in

other key functions, including the production of vasoconstricting and vasodilating

substances, the provision of trophic support to the neuronal and glial parenchyma,

the response to inflammatory stimuli, and the regulation of tissue remodeling and

repair after injury. Hence, a rigorous understanding of vascular mechanisms is

essential for the development of therapeutic strategies for brain and spinal cord

trauma.

It is now an opportune time to incorporate the study of the vasculature in the field

of CNS trauma science. Our hope in putting together this book is to provide a

reference for clinicians and researchers who are undertaking further explorations of

the CNS vasculature within the complex pathophysiology of injury and disease. We

dedicate this book to investigators who are studying ways to treat patients and to

improve the lives of survivors of brain and spinal cord trauma. And most impor-

tantly, we thank the many patients and families whose efforts to reclaim their lives

after CNS trauma provide the inspiration for our work.

Boston, MA Eng H. Lo

Boston, MA Josephine Lok

Boston, MA MingMing Ning

Boston, MA Michael J. Whalen
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Chapter 1

CNS Barriers in Neurotrauma

Adam Chodobski, Brian J. Zink, and Joanna Szmydynger-Chodobska

Abstract Despite significant advances in designing neuroprotective therapies,

multiple clinical trials in head trauma and spinal cord injury have produced

mixed results. A better understanding of the pathophysiology of central nervous

system (CNS) barriers may improve clinical translation of therapies for injury of the

CNS. The blood–brain barrier and blood-spinal cord barrier are formed by

specialized CNS endothelial cells. These barriers play a fundamental role in

restricting the entry of blood-borne factors into the CNS. However, they also

function as the gateway for the delivery of neuroprotective drugs. Neurotrauma

changes the properties of CNS barriers, which may significantly affect the efficacy

of neuroprotective therapies. The endothelial barriers of the CNS together with the

blood-cerebrospinal fluid barrier, which is predominantly formed by the epithelial

cells of the choroid plexus, also restrict the influx of circulating leukocytes into the

CNS. Dysfunction of these barriers resulting from injury plays a key role in the

initiation and progression of inflammation that accompanies neurotrauma.

1.1 Introduction

Traumatic brain injury (TBI) and spinal cord injury (SCI) represent a considerable

public health problem. The complexity and interdependent nature of pathophysio-

logical mechanisms underlying secondary injury—a constellation of pathophysio-

logical processes triggered by primary injury, which include the formation of

edema, excitotoxicity, ischemia, oxidative stress, and neuroinflammation—create
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formidable therapeutic challenges. Despite significant advances in designing

neuroprotective therapies and encouraging preclinical data, multiple clinical trials

in TBI and SCI have produced mixed results [1–4]. A better understanding of the

pathophysiology of central nervous system (CNS) barriers may improve clinical

translation of therapies for injury of the CNS. The blood–brain barrier (BBB) and

blood-spinal cord barrier (BSCB) are formed by specialized CNS endothelial cells.

They play a fundamental role in restricting the entry of blood-borne factors into the

CNS. However, the close distance between the CNS endothelium and neuronal

perikarya (on average 10–12 μm and no further than 28–36 μm apart in various

regions of the rat brain; Fenstermacher, personal communication) makes the BBB

and BSCB the most effective routes for the delivery of neuroprotective drugs.

Neurotrauma significantly changes the properties of CNS barriers, which may

have an important effect on the efficacy of neuroprotective therapies. As we will

discuss in detail below, neurotrauma is associated with increased permeability of

CNS barriers, augmented production of proteolytic enzymes, and altered transport

activities at the CNS endothelium, all of which may affect the CNS concentrations

and biological activities of neuroprotectants. The endothelial barriers of the CNS

not only selectively control the movement of molecules but they also restrict the

influx of circulating immune cells. Injury may trigger the invasion of leukocytes

across CNS barriers. Invading inflammatory cells, such as neutrophils and

monocytes, carry powerful proteases [5, 6] that may reduce the biological activity

of peptide- or protein-based neuroprotective drugs.

It is important to note that the CNS endothelium is closely associated with other

types of cells, such as pericytes, astrocytes, and microglia [7–9], which functionally

interact with endothelial cells in a paracrine manner (Fig. 1.1). Both pericytes and

astroglia play critical roles in inducing and maintaining the “tight” phenotype of

CNS endothelium [10, 11]. Astrocytes and microglia are particularly responsive to

blood-borne proteins that may leak through disrupted endothelial barrier and to

various factors released from parenchymal cells after injury [12]. This has a

significant effect on function of CNS endothelium and may play an important

role in initiating the inflammatory cascade in the injured neural tissue. To empha-

size the intimate anatomical and functional relationship between pericytes, glia, and

the endothelial cells, and their association with nearby neurons, a more general

term—the neurovascular unit—is now frequently used [10]. The analysis of CNS

barriers in neurotrauma should also include the discussion on the blood-

cerebrospinal fluid (CSF) barrier (BCSFB). Unlike the BBB and BSCB, the

BCSFB is predominantly formed by the epithelial cells of the choroid plexus

(Fig. 1.1). Increasing evidence indicates that the choroid plexus has the ability to

produce proinflammatory mediators and that the BCSFB plays an important role in

posttraumatic invasion of leukocytes. Accordingly, in this chapter, we will review

the available literature on how neurotrauma changes the function of these three

barriers.
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1.2 Differences Between the BSCB and BBB, and

Characteristic Features of the BCSFB

Although both the BBB and BSCB are similarly formed by the CNS endothelium,

with adjacent endothelial cells connected by tight junctions, there are some distinct

differences in the properties of these two barriers. As mentioned above, pericytes

play a key role in inducing and maintaining the integrity of CNS barriers [13,

14]. Accordingly, the smaller number of pericytes covering the capillaries of the

spinal cord compared to those found in the brain is probably responsible for reduced

expression of tight junction protein occludin and the tight junction-associated

protein zonula occludens (ZO)-1 at the BSCB versus BBB [15, 16]. The pericyte

coverage varies among spinal cord regions, and an inverse correlation between the

Fig. 1.1 (a) Schematic representation of the blood–brain barrier (BBB) and blood-spinal cord

barrier (BSCB). Both the BBB and BSCB are formed by specialized CNS endothelial cells

connected by tight junctions. Endothelial cells are closely associated with pericytes and astrocytes,

which play critical roles in inducing and maintaining the “tight” phenotype of CNS endothelium.

The BBB differs from the BSCB with regard to pericyte coverage and the level of expression of

tight junction proteins, which results in the higher paracellular permeability of the BSCB com-

pared to the BBB. Microglial processes are also closely associated with endothelial cells in 4–13 %

of microvessels. A broader term—the neurovascular unit—is now commonly used to reflect an

intimate anatomical and functional relationship between the endothelium and glia, and to empha-

size a close distance between the endothelial cells and neurons. (b) Schematic representation of the

blood-cerebrospinal fluid (CSF) barrier (BCSFB). The BCSFB primarily resides in the choroid

plexus, a highly vascularized tissue located in all four cerebral ventricles. The BCSFB is formed

by tight junctions connecting cuboidal epithelial cells, which enclose fenestrated blood

microvessels. Although there are some similarities in the composition of the tight junction

complexes between the BBB and BCSFB, there are also some distinctive differences between

these two barriers. These differences may be responsible for the less “tight” phenotype of the

BCSFB compared to the BBB. The BBB and BCSFB appear to complement each other function-

ally with regard to their ability to clear drugs and drug metabolites from the brain
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regional pericyte coverage in the spinal cord and the capillary permeability has

been found. The differences in the pericyte number and in the level of expression of

tight junction proteins between the BSCB and BBB appear to be responsible for the

higher paracellular permeability of the BSCB to both the low and high molecular

weight markers [15, 17].

The efficacy of small-molecule neuroprotective drugs may depend, sometimes

considerably, on the activity of xenobiotic efflux transporters expressed at CNS

barriers. A recent preliminary report [18] has demonstrated that the expression

levels and the activity of multidrug resistance protein 1 (MDR1/ABCB1), also

known as P-glycoprotein, multidrug resistance-associated protein (MRP)-

2 (ABCC2), and breast cancer resistance protein (ABCG2), the members of the

superfamily of ATP-binding cassette transporters, are similar at the BBB and

BSCB, although another study [16] has shown the reduction in MDR1 expression

at the BSCB compared to the BBB. The effect of neurotrauma on the activity of

transporters and their therapeutic targeting will be discussed later in this review.

The BCSFB primarily resides in the choroid plexus, a highly vascularized tissue

located in all four cerebral ventricles. The BCSFB is formed by tight junctions

connecting cuboidal epithelial cells, which enclose the leaky choroidal blood

microvessels [19]. Although there are some similarities in the composition of the

tight junction complexes between the BBB and BCSFB, there are also some

distinctive differences between these two barriers. For example, tight junction

protein claudin (CLDN)-2 is only expressed at the BCSFB, whereas CLDN5 is

predominantly expressed at the BBB [20]. Claudin 2 is not only a tight junction

protein but it can also form the cation-selective channels [21], which may explain,

at least in part, why the BCSFB is less “tight” than the BBB.

The BBB and BCSFB appear to complement each other functionally with regard

to their ability to clear drugs and drug metabolites from the brain. With the total

apical (CSF-facing) surface area of the choroid plexus being comparable to that of

the cerebral capillaries [22] and the high level of blood flow [23], the choroid plexus

is well positioned to effectively clear drugs from the CSF. Although MDR1 is

predominantly expressed at the BBB, another important efflux transporter MRP1

(ABCC1) is only expressed at the BCSFB [24]. Similarly, a proton-coupled

oligopeptide transporter PEPT2 is only expressed at the BCSFB [25]. By compari-

son, MRP4 (ABCC4) is expressed at both the BBB and BCSFB [26].

1.3 Neurotrauma and Disruption of CNS Barriers

The brain is a highly heterogeneous organ. Different brain structures have distinc-

tive viscoelastic properties and a different degree of attachment to each other and to

the skull. Consequently, certain brain structures move faster than others when a

direct impact or acceleration-deceleration forces are applied to the head. This may

generate considerable shear, tensile, and compressive forces within the brain.

Common pathoanatomical consequences of head trauma, especially those found
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in patients sustaining moderate to severe TBI, include hematoma, subarachnoid

hemorrhage (SAH), contusion, and diffuse axonal injury [27]. In the lateral fluid

percussion model of moderate TBI in rats, hemorrhagic contusions at the gray-

white interfaces and isolated petechial hemorrhages scattered throughout the brain

have been shown [28]. Consistent with these histological findings, an electron

microscopic analysis has demonstrated disrupted endothelial walls and extravasa-

tion of erythrocytes. These observations indicate that impact-induced shearing

stresses in TBI may result in primary vascular damage leading to the leakage of

blood-borne proteins and extravasation of red blood cells.

The most common type of SCI in humans is contusion. Using a contusive model

of SCI in rats, Noble and Wrathall [29] have demonstrated that the impact produces

evolving hemorrhage, which at the epicenter predominantly occupies the gray

matter and, to a variable degree, the adjacent white matter (in the form of petechial

or larger hemorrhages). The initial size of the hemorrhage, which depends on the

amount of energy dissipated within the neural tissue, is maximal at the epicenter

and extends into the dorsal columns in both the rostral and caudal directions. At

sites distant from the epicenter, the hemorrhage usually occupies the central part of

the dorsal column. Over time the boundaries of hemorrhage extend markedly in

both radial and longitudinal directions. This progressive secondary hemorrhage

leads to necrosis of neural tissue. This not only occurs after SCI, but is also

observed in TBI [30, 31]. Simard, Gerzanich, and colleagues have proposed that

progressive secondary hemorrhage results from oncotic swelling and subsequent

death of endothelial cells, which involves the sulfonylurea receptor 1 (SUR1)-

regulated Ca2+-activated, ATP-sensitive, nonselective cation (NCCa-ATP) channel

[32, 33]. The pathophysiological role of this SUR1-regulated NCCa-ATP channel in

neurotrauma will be analyzed later in this review.

1.4 An Increase in the Permeability of CNS Barriers

Resulting from Injury

An immediate and delayed destruction of vascular walls caused by injury disrupts

the integrity of CNS barriers; however, an increase in the permeability of CNS

barriers observed in the pericontusional areas likely results from a combination of

some structural and predominantly functional changes occurring within the

neurovascular unit. In the controlled cortical impact model of TBI in rats, which

produces contusive CNS injury, a biphasic increase in the BBB permeability to a

high molecular weight marker albumin (MW ¼ ~70 kDa) has been shown, with

two peaks occurring at 4–6 h and 2–3 days post injury [34]. It is important to note,

however, that in a rat model of diffuse TBI uncomplicated by contusion and

hemorrhage, a transient increase in the permeability of the BBB to albumin has

also been observed [35]. The problem with the use of high molecular weight

markers, such as albumin, is that the results obtained may not only provide
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information about the paracellular permeability of endothelial barriers but may also

reflect changes in pinocytotic activity in the CNS endothelium [29]. In fact, there

is evidence for increased pinocytosis in the cerebrovascular endothelium of

TBI patients [36]. When low (sucrose; MW ¼ ~300 Da) to moderate (inulin;

MW ¼ ~5 kDa) molecular weight markers were used in a rat model of mechanical

brain injury, an increase in the permeability of the BBB was observed for at least

2 weeks after the surgery [37]. It is also worth noting that the long-term increase in

the permeability of the BBB to gadolinium-DTPA has been observed in TBI

patients [38]. Similar to TBI, in a rodent model of contusive SCI, a biphasic

opening of the BSCB to luciferase (MW ¼ ~60 kDa) has been shown [39]. The

second peak in the BSCB permeability occurred at 3–7 days after injury and was

interpreted to reflect the intrinsic adaptive angiogenesis. However, when post-SCI

changes in the permeability of the BSCB were assessed using a low molecular

weight marker α-aminoisobutyric acid (MW ¼ ~100 Da), an increase in the BCSB

permeability for at least a month after injury was observed [40]. This prolonged

increase in the paracellular permeability of CNS barriers may allow for a small but

functionally important leakage of plasma proteins into the CNS parenchyma. There

is evidence that thrombin (derived from circulating precursor prothrombin) is

neurotoxic [41, 42], and a gradual deposition of fibrin (derived from circulating

fibrinogen) accelerates neurovascular damage and promotes neuroinflammation

[43]. This may result in progressive neurodegenerative changes in the injured

CNS and, consequently, poor neurological recovery.

Data obtained from animal studies suggest the formation of vasogenic edema

early after injury. However, the significance of vasogenic edema in posttraumatic

brain swelling, especially in patients with TBI, has been questioned [44]. This may

be, at least in part, related to the relatively small and heterogeneous groups of TBI

patients studied, and it is likely that both vasogenic and cytotoxic/cellular edema

coexist in TBI. Interestingly, magnetic resonance imaging studies of SCI patients

have demonstrated that low values of apparent diffusion coefficient (ADC) for

water, which suggest cytotoxic edema, correlate with poor functional outcome,

whereas high ADC values, which are indicative of vasogenic edema, are associated

with better recovery [45].

The pathophysiological mechanisms leading to increased permeability of CNS

barriers after neurotrauma are not completely understood. An increase in endothelial

permeability may result from the loss of pericytes covering CNS capillaries [46];

however, the available data suggest that changes in expression, distribution, and/or

function of tight junction proteins are predominantly involved. There are a large

number of putative factors that may increase the permeability of CNS barriers after

injury. The possible involvement of glutamate, reactive oxygen species (ROS),

vascular endothelial growth factor A, matrix metalloproteinases (MMPs), and

proinflammatory cytokines has been recently discussed [12]. Here we will extend

our analysis of the possible role of proteases in increasing the permeability of

CNS barriers and describe how apolipoprotein E (ApoE) may affect function of

endothelial cells.
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1.5 Proteases and Dysfunction of CNS Barriers After

Injury

Increasing evidence indicates that various proteases that are produced by parenchymal

cells and/or carried by invading leukocytes, such as MMPs and neutrophil elastase,

play an important role in promoting the disruption of CNS barriers observed after

injury [12]. These proteases may represent promising targets for therapeutic interven-

tion. However, it should be kept in mind that proteases have diverse biological actions

and an indiscriminate use of protease inhibitors or inappropriate timing of intervention

may produce adverse therapeutic effects (see below). In this section, the pathophysi-

ological role ofMMPs in increasing the permeability of both the BBB and BSCBwill

be covered and we will also discuss the possible effect of tissue-type plasminogen

activator (tPA) on function of CNS barriers in the traumatized neural tissue.

1.5.1 The Mediatory Role of MMPs in Increasing
the Permeability of CNS Barriers

MMPs are a family of zinc-dependent endopeptidases with the ability to cleave not

only the components of the extracellular matrix but also a large number of other

unrelated proteins. These proteinases can disrupt the integrity of CNS barriers by

attacking basal lamina proteins and degrading the components of the tight junction

complexes, leading to the formation of vasogenic edema [47–49]. In the injured

CNS, MMPs, such as MMP2, MMP3, MMP9, and MMP12, are produced by

various types of cells, including the endothelial cells, astrocytes, microglia, and

neurons [50–52]. Pericytes can also produce MMP9 when exposed to the

proinflammatory cytokine tumor necrosis factor-α (TNF-α) [53]. They appear to

respond to TNF-α with increased synthesis of MMP9 more vigorously than other

components of the neurovascular unit, such as the endothelial cells and astrocytes.

In addition, MMPs are carried by neutrophils (predominantly MMP9) [5] and

monocytes (multiple MMPs) [6], which can invade the injured parenchyma.

These MMPs may play an important role in facilitating the migration of leukocytes

across CNS barriers [54], and may also contribute to the overall MMP activity in

the injured neural tissue. In a rat model of TBI, a rapid (within 4 h post-TBI)

increase in MMP9 activity in the traumatized brain parenchyma was observed,

whereas the activity of MMP2 increased with a 24-h delay [55]. The augmented

activity of these MMPs persisted for 5 days after injury (the longest observation

period in this study). In a mouse model of SCI, a maximum increase in MMP9

activity was observed at 24 h post injury (the earlier time points post-SCI were not

analyzed) and lasted until 3 days after SCI [56]. By comparison, the active form of

MMP2 was detected in the injured spinal cord parenchyma a week after SCI and

persisted until 3 weeks post injury. A comprehensive analysis of post-SCI changes
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in expression of MMPs has shown an increase in mRNA levels for several members

of the MMP family, but a decrease in the message for some MMPs was also

observed [52]. These data, however, do not provide information about the actual

activity of these MMPs.

The deletion of the Mmp9 or Mmp12 gene, or the pharmacological inhibition of

MMP activity limited to the first 3 days after injury was found to significantly

decrease the permeability of CNS barriers, reduce the extent of neural tissue

damage, and improve functional recovery in murine models of neurotrauma and

ischemic brain injury [51, 52, 57, 58]. However, it is important to note that MMPs

may also play significant roles in repair processes in the injured CNS. For example,

diminished white matter sparing, more extensive astrocytic scar, and reduced

functional recovery was observed in MMP2-deficient mice compared to wild-type

animals [59]. Because of their putative role in neuronal repair after CNS injury,

delayed inhibition of activity of MMPs may have adverse rather than beneficial

therapeutic effects [60].

Clinical observations and laboratory studies have demonstrated that advanced

age is associated with a higher mortality rate and worse functional outcome after

TBI [61–64]. The pathophysiological mechanisms involved are not fully under-

stood, but may be related to the exacerbation of brain inflammatory response to

injury, which is observed in aged rodents [65]. A recent study [66] suggests that

MMPs may also play a part in age-dependent increase in mortality and morbidity

after neurotrauma. Aged mice have higher basal levels of activity of MMP2 and

MMP9 in their brains, and a much larger increase in the activity of MMP9 in aged

versus young adult animals was observed after injury. These differences in MMP

activity between aged and young mice may be responsible, at least in part, for a

significantly larger increase in the permeability of the BBB in aged rodents

sustaining TBI.

1.5.2 tPA and Dysfunction of CNS Barriers After Injury

Tissue plasminogen activator encoded by the PLAT gene is a serine protease best

known for its ability to convert the circulating plasminogen to plasmin. Recombi-

nant tPA has been successfully used for treatment of acute ischemic stroke, but not

without side effects, such as the opening of the BBB [67]. The multiple biological

effects of tPA on the CNS may or may not be related to proteolytic processing of

plasminogen or other tPA protein substrates, and include its involvement in

excitotoxic neuronal death, as well as its role as a modulator of neurotransmission

and synaptic plasticity [68, 69]. Although tPA can cross the intact BBB, a process

mediated by the low-density lipoprotein receptor-related protein (LRP) [70], its

major source in the CNS appears to be the CNS endothelium [71]. Interestingly,

under normal conditions, both pericytes and astrocytes through their close contact

with CNS endothelium significantly inhibit endothelial production of tPA [72,

73]. Acting in a paracrine manner, astrocytes concomitantly decrease the
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endothelial level of mRNA for tPA and increase that for the endogenous inhibitor of

tPA plasminogen activator inhibitor-1 (PAI-1), which results in diminished tPA

activity. Astrocytes themselves are the source of tPA, and proinflammatory

cytokines TNF-α and interleukin (IL)-1β have been shown to dramatically reduce

the astrocytic tPA activity, possibly by upregulating the synthesis of PAI-1 [74]. An

astrocytic uptake of tPA from the extracellular space mediated by LRP1 was also

described [75]. Part of this endocytosed tPA could be released, which is modulated

by glutamate through its kainate receptor. Tissue plasminogen activator is also

produced by other components of the neurovascular unit, such as neurons and

microglia [76].

The intracerebroventricular administration of tPA in mice has been shown to

increase the permeability of the BBB [77, 78], and studies of rodent models of

neurotrauma and cerebral ischemia have provided evidence for an important medi-

atory role of tPA in increasing the permeability of the BBB in the injured brain

[77–80]. This protease may disrupt the integrity of CNS barriers through multiple

pathophysiological mechanisms that may be unrelated to its proteolytic activity and

may involve various components of the neurovascular unit. Tissue plasminogen

activator can augment the production of MMPs by astrocytes and the cerebrovas-

cular endothelium [81–83]. The induction of synthesis of MMPs by tPA appears to

be independent of its proteolytic activity [84], even though this protease has the

ability to shed the ectodomain of LRPs expressed on astrocytes [79]. Instead, tPA

acts by binding to LRP1, followed by a rapid tyrosine phosphorylation of its β
subunit and the activation of extracellular signal-regulated kinase (ERK) 1 and 2. It

has been proposed that it is the tPA-PAI-1 complex, which through its binding to

LRP and the resulting increase in production of MMP3, increases the permeability

of endothelial barriers in the injured CNS [80]. This hypothesis was supported by

observation that CSF levels of tPA-PAI-1 complex and MMP3 are increased in

patients with TBI. Another pathophysiological mechanism by which tPA may

increase the permeability of CNS barriers could involve its interaction with

platelet-derived growth factor-CC (PDGF-CC) [78]. Tissue plasminogen activator

can activate a latent dimeric PDGF-CC [85], which is then able to bind to its

receptor PDGFR-α [86]. Both tPA and PDGF-CC bind to LRP, which facilitates

activation of PDGF-CC by tPA [78]. It has been demonstrated that PDGFR-α is

expressed on astrocyte processes closely associated with cerebral microvessels. By

binding to its receptor, PDGF-CC increases the permeability of the BBB, but the

molecular mechanisms underlying this increase in endothelial permeability remain

to be established. Although this may not directly affect the permeability of CNS

barriers, it is also important to note that tPA, acting synergistically with lipopoly-

saccharide (LPS), a ligand for toll-like receptor (TLR)-4, causes significant activa-

tion of microglia [87]. This tPA action is unrelated to its proteolytic activity and

involves the interaction of its finger domain with annexin II expressed on microglial

cells.

Tissue plasminogen activator may play a role in facilitating leukocyte invasion

observed after injury. It has been demonstrated that a direct contact of monocytes

with brain endothelium results in a ROS-dependent release of tPA from endothelial
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cells [88]. This tPA then acts on brain endothelium, causing the activation of the

ERK signaling cascade and degradation of tight junction protein occludin, which

facilitates the migration of monocytes across the endothelial barrier. In addition,

thanks to its ability to generate plasmin, tPA may enhance the chemotactic activity

of the major monocyte chemoattractant CCL2 [89]. This chemokine can also

increase the permeability of the BBB by inducing the formation of actin stress

fibers and causing the redistribution of tight junction proteins occludin and CLDN5

and the tight junction-associated proteins ZO1 and ZO2 [90]. Importantly, the

plasmin-cleaved fragment of CCL2 is more potent in increasing the permeability

of endothelial barrier than the full-length CCL2 [91].

A rapid (within 1 h after injury), but short-lasting (24 h post injury), increase in

tPA activity has been observed in mice sustaining TBI [92]. By comparison, in a

rodent model of SCI, a significant increase in tPA activity in the injured spinal cord

tissue was not seen until 2 weeks after injury [93]. These results are, however,

inconsistent with immunohistochemical findings in a similar model of contusive

SCI [94]. Sashindranath et al. [80] have shown a larger posttraumatic increase in the

permeability of the BBB in transgenic mice overexpressing tPA when compared to

wild-type controls. These transgenic mice also had larger volumes of posttraumatic

lesion and worse functional outcome than control animals. In contrast, Plat�/�mice

were protected from posttraumatic disruption of the BBB. Somewhat different

results were reported by another group [95]. These investigators have shown a

similar posttraumatic increase in the permeability of the BBB in Plat�/� and wild-

type mice. However, control animals had a larger magnitude of posttraumatic brain

edema and increased loss of neural tissue when compared to tPA-deficient mice. No

difference in functional outcome between Plat�/� and wild-type mice was found. In

a contusive model of SCI, Plat�/�mice have been shown to have a better functional

recovery than wild-type animals, which correlated with a smaller damage of the

spinal cord tissue observed in the former experimental group [94]. However,

another study [93] has suggested that tPA may also play a role in neuronal repair

processes after SCI and its deficiency may adversely affect functional recovery.

1.6 Apolipoprotein E, CNS Barriers, and Neurotrauma

Apolipoprotein E, which binds to the members of the family of low-density

lipoprotein receptors, plays an essential role in regulating the metabolism of lipids.

It is synthesized by multiple organs, with the highest expression found in the liver

and CNS [96]. Astrocytes and neurons appear to be the major source of ApoE in the

brain [97]. Compared to rodents, which carry one form of ApoE, the human APOE
gene is polymorphic and three isoforms of ApoE—ApoE2, ApoE3, and ApoE4—

exist in humans. The E3 allele of the APOE gene is most commonly represented,

with 9–98 % frequency worldwide [98]. Several epidemiological studies have

demonstrated that the carriers of the E4 allele of the APOE gene (0–49 % frequency

worldwide) have poorer outcome after mild and severe TBI than those without the
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E4 allele [99–101]. In SCI, the presence of the E4 allele has also been associated

with worse recovery of motor function [102, 103]. However, other studies involving

both children and adults with mild TBI, and a large study conducted on a population

of adult patients with severe TBI did not confirm these findings [104–106]. Further

work is clearly needed to resolve this issue. The presence of the E4 allele is one of

the major risk factors for the late onset or sporadic Alzheimer’s disease [107]. An

increased deposition of amyloid-β (Aβ)—a common feature of Alzheimer’s

disease—may play a pathophysiological role in TBI [108, 109]. To determine

whether there is a link between the presence of ApoE4, the deposition of Aβ, and
outcome after TBI, transgenic mice carrying the APOE4 or APOE3 gene, and

ApoE-deficient mice were subjected to a controlled cortical impact injury

[110]. These studies showed increased deposition of Aβ in APOE4 transgenic

mice; however no differences in the extent of neuronal loss were found among

the experimental groups studied. There is evidence suggesting that other patho-

physiological mechanisms may be responsible for an adverse effect of ApoE4 on

outcome after neurotrauma. These mechanisms could be related to anti-

inflammatory properties of ApoE and to its role in maintaining the proper function

of endothelial barrier.

In a rat model of TBI, a delayed (at 4 days post-TBI) increase in ApoE mRNA in

the cerebral cortex and subcortical structures was observed [97]. This increase in

ApoE synthesis lasted for up to 1 month after injury. At the protein level, ApoE was

found to be predominantly expressed in astroglia and neurons. Similarly, in a mouse

model of SCI, an increase in ApoE mRNA in the injured spinal cord tissue was not

observed until 4 days post-SCI, and lasted for at least 3 weeks after injury

[111]. Early on, ApoE was localized to invading neutrophils and macrophages,

and later was localized to astroglia and white matter tracks. Laboratory studies

involving Apoe�/� mice have demonstrated that ApoE-deficiency exacerbates

motor and cognitive deficits occurring after TBI [112], suggesting that ApoE may

play a part in mitigating secondary injury and/or in promoting neuronal repair after

neurotrauma. These findings inspired the idea of using mimetic peptides derived

from the receptor-binding region of ApoE for treatment in neurotrauma. In rodent

models of TBI, these mimetic peptides reduced the loss of neural tissue and

improved functional recovery after injury [113–115]. These peptides have also

been found to decrease the posttraumatic production of TNF-α [113], which was

consistent with previous observation that ApoE deficiency is accompanied by

increased TNF-α synthesis in the injured brain [116]. Further studies, in which

mice with targeted replacement of the murine Apoe gene with human APOE
isoforms (TR-APOE) were used, have demonstrated that, when compared with

ApoE3, ApoE4 is associated with a more vigorous brain inflammatory response

to the peripheral challenge with LPS [117]. This suggests that ApoE3 has an anti-

inflammatory effect, whereas ApoE4 does not. Given the potentially detrimental

role of neuroinflammation in CNS injury, this may explain, at least in part, why the

presence of the E4 allele of the APOE gene increases the risk of poorer outcome

after neurotrauma. The possible link between the E4 allele and inflammation in the
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context of function of the neurovascular unit will be discussed further at the end of

this section.

An adverse affect of ApoE4 on outcome after injury may also be related to the

inability of this isoform of ApoE to support the normal function of the endothelial

barrier. An increase in the permeability of the BBB, especially in cerebellum,

has been observed in Apoe�/� mice [118]. It has also been reported that the

age-dependent leakage of the BBB is enhanced in ApoE-deficient mice

[119]. The use of an in vitro model of the neurovascular unit in which the endothe-

lial cells and pericytes were obtained from wild-type mice, and astrocytes (the

major source of ApoE in the CNS) were harvested from wild-type, Apoe�/�, or
TR-APOEmice, provided a mechanistic insight into the ApoE-dependent control of

endothelial function [120]. The reconstitution of the neurovascular unit with

astrocytes from ApoE-deficient or TR-APOE4 mice significantly increased the

permeability of endothelial monolayers, whereas when astrocytes from TR-APOE3
mice were used, the “tightness” of the endothelial barrier was similar to that

observed with wild-type astrocytes. The lack of ApoE or the presence of ApoE4

was associated with a low level of phosphorylation of occludin at its threonine

residues, suggesting the disruption of integrity of tight junctions [121]. These

findings were confirmed by in vivo studies [122] in which TR-APOE mice were

also used. Both TR-APOE2 and TR-APOE3 mice had normal BBB, whereas in

TR-APOE4 and Apoe�/� mice, the BBB was leaky. These observations indicate

that unlike ApoE4, ApoE2 and ApoE3 can effectively maintain the integrity of

CNS barriers. An increase in the permeability of the BBB observed in TR-APOE4
mice was found to be mediated by the upregulation of expression of cyclophilin

A (CyPA), the activation of nuclear factor-κB (NF-κB), and increased synthesis of

MMP9 in pericytes. Cyclophilin A could be targeted by cyclosporine A, which

binds intracellular CyPA and inhibits its biological activity [123]. When

administered to TR-APOE4 mice, cyclosporine A reversed the increased perme-

ability of the BBB observed in these animals. This suggests that under normal

conditions, ApoE2 or ApoE3 inhibits the synthesis of CyPA within the

neurovascular unit.

Cyclophilin A is not only the intracellular protein but may also behave as a

proinflammatory cytokine [124]. In addition, CyPA can play a role of chemokine

acting synergistically with the neutrophil chemoattractant CXCL2 [125]. These

findings provide further support for the link between ApoE4 and inflammation.

1.7 CNS Barriers and Neuroinflammation

Neuroinflammation is a significant part of secondary injury processes, and increasing

evidence supports an important role of neuroinflammation in delayed neuronal death

after neurotrauma. The pathophysiological mechanisms by which the inflammatory

cascade in the injured CNS is initiated are not well defined, but recent investigations

suggest that CNS barriers are involved in this process. The disruption of integrity of
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vascular walls caused by injury forces allows plasma proteins, such as albumin,

fibrinogen, and thrombin (cleaved from circulating prothrombin by Factor Xa), to

enter CNS parenchyma. These proteins have the ability to activate astrocytes and

microglia—the integral components of the neurovascular unit—causing an increase

in synthesis of proinflammatory cytokines, including TNF-α, IL-1β, and IL-6, CXC

and CC chemokines, and MMPs [12]. The cellular damage caused by injury results

in release of various intracellular factors, collectively called damage-associated

molecular patterns (DAMPs), such as RNA, DNA, heat shock proteins, and high

mobility group box 1 (HMGB1), which are the ligands for TLRs [126]. By binding

to TLRs, DAMPs trigger the activation of the NF-κB and mitogen-activated protein

kinase signaling cascades, leading to increased synthesis of proinflammatory

mediators. Other intracellular factors that may also play a part in initiating the

inflammatory cascade are nucleotides, such ATP, UTP, or their analogues

[126]. There has been a considerable interest in the DNA-binding protein HMGB1

because of its putative pathophysiological role in various CNS and peripheral

diseases with inflammatory component, such as neurotrauma, cerebral ischemia,

and sepsis. An increase in CSF level of HMGB1 has been observed in TBI patients

[127]. Although HMGB1 is known to be released after the cellular damage, it has

been demonstrated that this protein could be secreted by macrophages in response to

the TLR4 ligand LPS [128]. Further studies have shown that HMGB1 functionally

interacts with TLR2 and TLR4, which are expressed on CNS endothelium,

astrocytes, and microglia [129, 130]. Toll-like receptors may play an important

role in posttraumatic increase in the permeability of endothelial barriers. Sumi

et al. [131] have demonstrated that in co-cultures of brain endothelial cells and

microglia from the rat, the activation of microglial LTR4 results in significant

increase in the permeability of endothelial monolayers. The pathophysiological

role of TLRs in brain injury is supported by studies in which TLR4-mutant or

TLR4-null and TLR2-deficient mice were subjected to TBI or cerebral ischemia.

These studies have demonstrated a significant reduction in the magnitude of post-

ischemic neuroinflammation and a considerable neuroprotection in these two types

of brain injury [132–136]. In contrast, TLR4-mutant and TRL2-deficient mice

subjected to SCI showed increased demyelination, astrogliosis, and macrophage

activation, and worse recovery of motor function when compared to wild-type

animals [137]. Further studies will be needed to determine the therapeutic potential

of targeting TLRs in neurotrauma.

Both TBI and SCI are associated with a rapid increase in synthesis of

proinflammatory cytokines, such as TNF-α, IL-1β, and IL-6, [12, 138]. These

cytokines exert multiple important biological effects on function of the

neurovascular unit, including an increase in endothelial permeability, production

of chemokines, and expression of cell adhesion molecules on the luminal surface of

endothelial cells. These actions of proinflammatory cytokines, as well as the role of

the BBB in the influx of leukocytes occurring after TBI, have recently been

reviewed [12]. Here we will extend our discussion on the pathophysiological

consequences of invasion of leukocytes to cover both TBI and SCI, and describe

the role of the BCSFB in posttraumatic neuroinflammation.
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1.7.1 Invasion of Leukocytes After Neurotrauma

In rodent models of TBI, neutrophil invasion is observed within hours after injury,

whereas monocytes infiltrate the traumatized parenchyma within days after TBI

[139, 140]. In mice sustaining SCI, there is also an early influx of neutrophils

peaking at 24 h after injury, which is followed by a secondary gradual increase in

the number of infiltrating neutrophils during the subacute/chronic stage of SCI

[141]. The magnitude of post-SCI influx of monocytes initially peaks at 1 week

after injury, but a much greater secondary peak in the influx of these inflammatory

cells is observed between 2 and 3 months after SCI. Laboratory studies of TBI have

shown that there is an association between the magnitude of posttraumatic influx of

neutrophils and monocytes, and the formation of cerebral edema, the extent of loss

of neural tissue, and functional outcome after injury [142–147]. Similarly, in rodent

models of SCI, the depletion of circulating neutrophils and/or monocytes or pre-

vention of their recruitment has been shown to result in the reduction in BSCB

permeability, a better sparing of white matter tracks, and improved functional

outcome after injury [148–151]. Some controversy has arisen, however, regarding

the pathophysiological role of neutrophils in SCI [152]. It is also important to note

that the indiscriminate targeting of circulating monocytes may not be the most

optimal therapeutic approach in neurotrauma. Monocytes entering the injured CNS

parenchyma are thought to differentiate into macrophages. Macrophages could be

generally classified as classically activated M1 type and alternatively activated M2

type with significantly different physiological functions [153]. Kigerl et al. [154]

have demonstrated that M1 macrophages dominate over M2 macrophages in the

injured spinal cord tissue, especially at later time points after SCI. These

investigators have also shown that M1 macrophages are neurotoxic, whereas

M2 macrophages promote regeneration, suggesting that the high M1/M2 macro-

phage ratio observed in the injured tissue has a negative impact on neuronal repair

processes.

In contrast to neutrophils and monocytes, T- and B-lymphocytes do not appear to

play any significant pathophysiological roles in TBI [155]. In SCI, a delayed

gradual increase in the number of T cells accumulating in the injured spinal cord

tissue is observed [141]. There is evidence that SCI may be associated with the

production of autoreactive T-lymphocytes directed against CNS-specific antigens,

such as myelin basic protein (MBP) [156]. In transgenic mice in which the majority

of CD4+ T-lymphocytes were reactive against MBP, a poorer preservation of

myelinated axons and worse recovery of locomotor function after SCI were

observed when compared to control animals [157]. However, the opposite effects

of autoreactive T cells have also been shown. Hauben et al. [158, 159] have

demonstrated a better tissue preservation and an improved functional outcome

after SCI in rats that were either immunized with MBP or injected systemically

with MBP-reactive T cells. Further studies may provide an explanation for these

discrepant results.
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1.7.2 The Role of the BCSFB in Posttraumatic
Neuroinflammation

Increasing evidence indicates that the BCSFB plays an important role in posttrau-

matic neuroinflammation. Studies of a rat model of TBI have shown that injury

results in a rapid increase in production of proinflammatory cytokines TNF-α and

IL-1β in the choroid plexus in a manner similar to that observed in the injured

cerebral cortex and hippocampus [160]. Proinflammatory cytokines are strong

inducers of epithelial synthesis of chemokines. Consequently, a gradual increase

in the choroidal expression of CXC and CC chemokines is observed after TBI [160,

161]. The immunohistochemical analysis of the choroidal tissue has demonstrated

that these chemokines are produced by the choroidal epithelium and do not appear

to be synthesized by any other type of cells normally present in the choroid plexus,

such as the endothelial and epiplexus cells or stromal macrophages. CXC and CC

chemokines are secreted across both the apical (CSF-facing) and basolateral

(stroma/blood-facing) membranes of the choroidal epithelium [160, 161], and

studies of other epithelia have demonstrated that bidirectional secretion of

chemokines by the epithelial cells is a prerequisite for leukocyte migration across

the epithelial barrier [162, 163].

The time course of migration of neutrophils across the BCSFB differs slightly

from that found for the BBB [160]. In the traumatized brain parenchyma, significant

numbers of invading neutrophils are observed between 6 and 8 h post-TBI, whereas

these inflammatory cells are only sporadically found to accumulate in the choroid

plexus during this time period. The magnitude of influx of neutrophils across the

BCSFB peaks at 24 h after injury, and no neutrophils could be found to accumulate

in the choroid plexus at 2 days post-TBI. Monocytes cross the BBB and BCSFB in

large numbers at 1 day after injury [142, 161]. However, unlike neutrophils,

monocytes continue to migrate across the BCSFB for at least 2 weeks after injury

(the longest observation period; Szmydynger-Chodobska and Chodobski, unpub-

lished data). The analysis of CSF samples serially collected from TBI patients

indicates that CSF levels of CCL2 decrease quite rapidly within 3 days after injury

[145]. Therefore, it is rather unlikely that CCL2 would drive the monocyte influx

across the BCSFB beyond 3 days post-TBI. Further studies will be needed to

identify the potential chemokine(s) that would promote monocyte invasion across

the BCSFB during the subacute/chronic stage of injury.

Electron microscopic studies [160, 161] have provided evidence for the migra-

tion of neutrophils and monocytes across the BCSFB. The movement of monocytes

is frequently associated with the widening of space between invading inflammatory

cells and the adjacent epithelial cells, which is not observed when neutrophils

migrate across the choroidal epithelial barrier. Invading neutrophils sometimes

move in tandem with monocytes. After crossing the BCSFB, leukocytes enter the

CSF space. This raises the question as to how they then invade the brain paren-

chyma. One possible mechanism may involve their movement along the

perivascular Virchow-Robin space. Indeed, both neutrophils and monocytes were
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found to move along the Virchow-Robin space entering from the subarachnoid CSF

space near the injury site and from the cistern of velum interpositum located

ipsilateral to the injury (Szmydynger-Chodobska and Chodobski, unpublished

observations).

1.8 Neurotrauma and ATP-Binding Cassette Transporters

We have recently discussed the therapeutic targeting of ion transporters, such as the

Na+-K+-2Cl– cotransporter and Na+/H+ exchanger—both expressed at CNS

barriers—in neurotrauma [12]. We have also recently reviewed the role of selected

ATP-binding cassette transporters expressed in CNS endothelium in the context of

brain injury [12]. Here we will update this review to include the most recent

information pertinent to ATP-binding cassette transporters and neurotrauma.

1.8.1 ABCB1

The presence of xenobiotic efflux transporters at CNS barriers creates a major

obstacle for delivery of neuroprotective drugs to the CNS. One of the most

extensively studied xenobiotic efflux transporters is ABCB1 (MDR1 or

P-glycoprotein). It has recently been shown that the expression of ABCB1 at the

BSCB is significantly upregulated during both acute and chronic phases of SCI

[164]. Using the anti-inflammatory agent licofelone, which targets both

cyclooxygenases and 5-lipoxygenase, these investigators were able to reduce the

level of endothelial expression of ABCB1, consequently increasing the concentra-

tion of systemically administered neuroprotective drug riluzole in the injured spinal

cord tissue. These results are in line with previously reported upregulation of

ABCB1 expression at the BBB in mice subjected to ischemic brain injury

[165]. In contrast to those findings, rats sustaining TBI at postnatal day 17 had

reduced levels of ABCB1 expression at the BBB 2 months after injury [166]. Simi-

larly, a significant decrease in ABCB1 mRNA in the injured cerebral cortex and

hippocampus was found in adult rats as early as 6 h after TBI (Szmydynger-

Chodobska and Chodobski, unpublished observations). Given the fact that both

neurotrauma and cerebral ischemia are accompanied by increased release of gluta-

mate and augmented production of proinflammatory mediators and ROS, which are

known to upregulate the expression/activity of ABCB1 [167, 168], it is unclear why

discrepant results in different models of CNS injury were obtained. It is also not

known what would cause long-term changes in expression of ABCB1 at CNS

barriers observed after injury.
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1.8.2 ABCC8

Sulfonylurea receptor 1 or ABCC8 is an atypical ATP-binding cassette protein,

which acts as a regulatory subunit of NCCa-ATP channel. It has been proposed that a

member of the mammalian transient receptor potential superfamily of nonselective

cation channels—transient receptor potential melastatin 4 (TRPM4)—represents

the SUR1-regulated NCCa-ATP channel [169]. This has recently been confirmed by

co-expression of SUR1 and TRPM4, combined with the fluorescence resonance

energy transfer and co-immunoprecipitation assays [170]. However, other

investigators did not corroborate these findings [171]. An increase in expression

of both ABCC8 and TRPM4 in CNS endothelium has been demonstrated in SCI,

cerebral ischemia, and SAH [32, 172–174]. It has been hypothesized that uncon-

trolled activation of SUR1-regulated TRPM4 channel occurring after injury results

in oncotic death of CNS endothelium, leading to ischemia and disintegration of

neural tissue. This suggested that this channel could be therapeutically targeted in

neurotrauma. Consistent with this hypothesis, an antidiabetic drug glibenclamide, a

potent blocker of SUR1-regulated TRPM4 channel, has been shown to reduce

edema and the loss of neural tissue, and to improve functional outcome in diverse

forms of CNS injury, such as SCI, TBI, ischemic stroke, and SAH [32, 33, 172, 173,

175, 176].

1.9 Future Directions

Significant progress in our understanding of the role and function of CNS barriers in

neurotrauma has been made in the last decades. However, further research into this

area is needed to develop therapeutic tools to effectively target these barriers.

Although this review has provided some explanation for the observed phenomena,

it also raises several unanswered questions. Among them is the question about the

nature of the pathophysiological processes underlying the long-term increase in the

permeability of CNS barriers observed after neurotrauma, the possible adverse

effects of this increased endothelial permeability on neuronal repair, and how to

therapeutically approach this problem. As we described above, various proteases

can disrupt the integrity of CNS barriers, especially at the early stage of injury, but

it has also been shown that some proteases may play an important role in neuronal

regeneration. This suggests that for therapies involving protease inhibitors, the

timing of intervention may be one of the key issues. This also emphasizes the

importance of designing the inhibitors that are sufficiently selective.

Barriers of the CNS also play a key role in initiating and propagating

neuroinflammation, which frequently accompanies injury. Since this secondary

injury process progresses at a relatively slow pace, there is an extended window

of opportunity for anti-inflammatory intervention in neurotrauma. However, more

research into the pathophysiological role of leukocytes invading neural tissue after
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injury is needed. For example, the development of therapeutic tools to selectively

target different monocyte/macrophage populations may allow us to reduce the

damage of neural tissue and, at the same time, enhance regenerative processes.

Additional investigations are also required to clarify the discrepant results

concerning the T cell-dependent damage of spinal cord tissue after SCI. Increasing

evidence supports the pathophysiological role of the choroid plexus in neurological

disease [177], which warrants further studies of function of the BCSFB in

neurotrauma.

CNS barriers themselves may represent important targets for therapeutic interven-

tion. As described above, promising data were obtained in preclinical studies of

neurotrauma in which ABCC8 transporter was targeted. Of concern are the discrepant

results on expression/activity of xenobiotic efflux transporters in various forms of

CNS injury. These transporters play a critical role in regulating the parenchymal

levels of many neuroprotective drugs. Therefore, more effort is needed to enhance

our understanding of how the expression/activity of these transporters is regulated

and how to utilize this knowledge to increase the efficacy of neuroprotectants. It may

also be possible to engage CNS barriers in neuronal repair processes by stimulating

the endothelial production of neuroprotective growth factors [178, 179]. These

growth factors could then act on closely located neurons. With this therapeutic

approach, potential problems associated with delivering neuroprotective drugs across

CNS barriers could be avoided.
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Chapter 2

Mechanisms of Cerebral Edema Leading to

Early Seizures After Traumatic Brain Injury

Philip H. Iffland II, Gerald A. Grant, and Damir Janigro

Abstract Epidemiological data support a link between traumatic brain injury

(TBI) and seizures. TBI accounts for approximately 16 % of acute symptomatic

seizures which usually occur in the first week after trauma. Children are at higher

risk for posttraumatic seizures than adults and experience greater morbidity and

mortality from cerebral edema (CE). CE is responsible for half of the mortality

associated with TBI. A recent book chapter summarizes the most important features

of posttraumatic seizure. In this chapter we will summarize features relevant to the

link between cerebral edema, cerebrovascular events and seizures after TBI. In

addition, we will discuss the potential autoimmune implications of TBI.

2.1 Introduction

Epidemiological data support a link between traumatic brain injury (TBI) and

seizures. TBI accounts for approximately 16 % of acute symptomatic seizures

which usually occur in the first week after trauma [1]. Children are at higher risk

for posttraumatic seizures than adults and experience greater morbidity and mortal-

ity from cerebral edema (CE) [2]. CE is responsible for half of the mortality

associated with TBI [3]. A recent book chapter summarizes the most important

features of posttraumatic seizures [4]. In this chapter we will summarize features

relevant to the link between cerebral edema, cerebrovascular events and seizures

after TBI. In addition, we will discuss the potential autoimmune implications

of TBI.

The mechanisms of early posttraumatic seizures and epilepsy following TBI are

poorly understood. It is known that TBI causes both primary and secondary injury
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to the brain. Furthermore, the epileptogenic process may start with the initial insult

to the brain which involves ionic, molecular, and cellular alterations resulting in

cerebral edema and blood–brain barrier breakdown that may, or may not, lead to

early seizures, late seizures, and/or epilepsy months to years following the initial

trauma.

2.2 Posttraumatic Seizures

To study how TBI leads to changes in neuronal excitability, in human studies, one

needs to focus on the fact that posttraumatic seizures refer only to seizures that

occur after TBI and are caused by TBI. Exacerbation of preexisting seizures is not a
good clinical example of post-TBI seizures. Another important preamble to this

chapter is the acknowledgement that the temporal relationship between the trau-

matic event and seizures is a key factor in the underlying mechanisms of

ictogenesis. Early posttraumatic seizures (hours after TBI; 2–5 % of all cases in

mild TBI (mTBI); 10–15 % in severe TBI [2, 4, 5]) are likely different in mecha-

nism from late seizures and are defined as occurring within 1 week of trauma.

Late seizures are most common after penetrating war-related events (53 % in

Vietnam vets with penetrating TBI [5]). Additionally, 82 % of individuals who

experience a late posttraumatic seizure will have another seizure within a year. This

would suggest that patients be treated aggressively with anticonvulsant medication

after a first unprovoked late seizure [6]. However, factors unrelated to TBI are at

play in this population; these include infection, presence of foreign material in brain

parenchyma, uncontrolled bleeding, etc. Recurrent seizures are chronic events that

occur many months or years after TBI; whether these events are due to or conse-

quence of late or early seizures remains unclear [7]. Use of acute prophylaxis to

prevent conversion of early seizures into chronic epilepsy was suggested but the

results were not conclusive [8].

Guidelines in the management of closed severe head injury recommend 1 week

of anticonvulsants to prevent early seizures, though there is no effect on the risk of

late seizures [9]. The prophylactic use of antiepileptic drugs should be short-lasting

and therefore limited to the prevention of immediate and early seizures [10]. How-

ever, the routine use of antiepileptic drugs to prevent late posttraumatic seizures

following severe TBI is not recommended.

2.3 The Blood–Brain Barrier

Prior to a discussion of edema etiology and its related pathologies, one must

understand the homeostatic nature of cerebral ion gradients and how the

blood–brain barrier (BBB) maintains optimal conditions in the brain. The BBB

lines the cerebral microvasculature and is composed of, among other cellular
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components, differentiated endothelial cells and the tight junctions (TJs) that link

them together [11]. Endothelial cells of the BBB are differentiated in that they

display less pinocytic activity, lack fenestrations, and have an increased number of

mitochondria compared to endothelial cells in the peripheral vasculature. Exposure

to luminal flow is a key factor in endothelial cell differentiation [12]. This func-

tional differentiation is most likely due to the tight regulation of transcellular

tansport into the brain. While there are a number of molecules that can freely

cross the BBB (e.g., ethanol), most substances, particularly those that are large

and/or hydrophilic, must cross the BBB via primary or secondary active transport

(transport requiring ATP) or by virtue of existing concentration gradients. Energy-

dependent transport across the BBB provides a mechanism by which movement of

substances into the brain can be regulated based on the requirements of the cerebral

environment. For instance, glucose transporters are upregulated on the luminal side

of the membrane when cerebral nutrient supply becomes low [13].

Of particular importance to the maintenance of ion homeostasis and integral to

any discussion of the blood–brain barrier are tight junctions. These structures

provide a means by which endothelial cells can be physically linked together

creating a continuous impermeable barrier and forcing the movement of ions and

macromolecules to occur across the endothelial membrane or, in instances of TBI,

across a disrupted BBB. TJs are comprised of a number of proteins including the

integral membrane proteins occludin and claudins�3,�5, and�12. These proteins

serve to form the characteristic paracellular seal of the BBB. In the cytoplasmic

compartment, occludin and claudins are linked to the zonula occludens (ZO) family

of adaptor proteins. ZO�1, �2, and �3 bind to claudins and ZO-1 binds to

occludin. Adaptor proteins are bound to secondary adaptor proteins that anchor

the junctional complex to the cytoskeleton. In addition to TJs, a secondary barrier,

the adherens junction, is located below the TJ in the paracellular space. Adherens

junctions serve to further limit vascular permeability [14]. There are a number of

detailed reviews regarding the cellular and molecular biology of tight junctions and

related BBB junctional complexes [15, 16].

2.4 Ion and Water Homeostasis

The BBB maintains ion gradients that are specific to the cerebral environment. Of

particular importance to the discussion that follows are those that, when increased

due to disruption of the BBB, lead to neuronal excitability. BBB disruption and the

accompanying neuronal hyperexcitability promote seizures [17]. Further, directly

increasing potassium levels in the brain has also been shown to cause seizures

[18]. A summary of the concentration gradients that exist on either side of the BBB

and their effect on neuronal excitability are shown in Fig. 2.1b. What follows is a

brief discussion of the regulation of ions and molecules relevant to TBI and seizure

in the context of brain edema.
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Fig. 2.1 (a) Mechanisms of homeostatic failure in the CNS. See text for details. (b) Quantitative

gradients across the BBB and their predicted effect on neuronal excitability after TBI. The font

sizes on the left and rights side of the idealized BBB are roughly proportional to their trans-BBB

concentrations under homeostatic conditions. The brain concentration changes indicated by arrows

are a semiquantitative means of showing what is expected after TBI induced BBB disruption
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Potassium (K+) regulation is key to the proper function of all excitable cells,

including neurons [19]. K+ in the brain extracellular space (ECS) is maintained at

approximately 3 mM irrespective of serum potassium levels, though serum potas-

sium is typically around 5 mM. Intracellular K+ levels are kept high compared to

the extracellular compartment (approximately 6 mM). There are therefore two

distinct K+ gradients: the gradient across cell membranes and the gradient across

the BBB. This dramatic difference in concentration allows for the rapid repolariza-

tion required of CNS neurons after depolarization. However, neurons are unable to

bring about such rapid changes in K+ concentration alone. K+ homeostasis is

achieved via a glial buffering system in addition to the energy-dependent neuronal

mechanism [20].

Neurons contribute to K+ homeostasis through the Na+/K+ ATPase antiporter

and sodium-potassium-chloride (Na+/K+/Cl�) transporters. The Na+/K+ ATPase

shuttles three Na+ from the intracellular compartment and imports two K+ into

the cell per cycle of the pump. The Na+/K+/Cl� transporter moves ions in a 1:1:2

ratio, respectively, and will move ions in or out of the cell in order to maintain

electroneutrality [21]. Glia, and in particular astroglia, play the largest role in K+

buffering by two mechanisms: K+ uptake and spatial buffering. In the K+ uptake

mechanism, astroglia remove K+ in the ECS through a glial-specific Na+/K+

ATPase better suited for K+ buffering than the neuronal isotype [22, 23]. Astrocytes

also possess a Na+/K+/Cl� cotransporter (NKCC1) that has recently been

implicated in potassium buffering [24]. Using these channels, astrocytes are able

to temporarily sequester excess extracellular K+ and release it back into the ECS

when K+ levels drop.

The second mechanism, spatial buffering, is a means by which astrocytes can

remove K+ from areas of high concentration and release it in areas of comparably

lower concentration. This is achieved by a syncytium of astroglia connected by gap

junctions that directly link neighboring cells [25]. In areas of high K+ concentration,

K+ enters the cell primarily through potassium inward rectifier (Kir) channels,

specifically Kir 4.1 [26]. Kir 4.1 channels localize at astrocyte foot processes

[27]. These channels move K+ into astrocytes and are unique in having a higher

conductance at negative membrane potentials [28]. K+ entry triggers a depolariza-

tion that travels through the astroglial network resulting in net outward movement

of K+. In this way, astrocytes are able to spread K+ across a large area while causing

only a transient increase in local intracellular K+ concentrations [20].

The movement of water across the BBB and within the brain parenchyma

follows osmotic gradients. In the brain, water moves through aquaporin channels,

specifically aquaporin 1 and aquaporin 4 (AQP4). For the purposes of this discus-

sion we will focus on the role of AQP4 as it is the primary water channel expressed

on astrocytes and co-localizes with Kir 4.1 channels [29].

⁄�

Fig. 2.1 (continued) (BBBD). Additionally, the predicted effect of altered BBB permeability on

neuronal excitability is shown
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Astrocytes express high levels of AQP4 on end-feet processes surrounding

barrier capillaries; their proximity suggests a role in the regulation of water

movement into and out of the brain parenchyma [29]. However, AQP4 can be

found on end processes of astrocytes at synapses, suggesting an additional role in

neuronal water uptake. It is interesting to note that immunocytochemical

experiments do not detect the presence of the same aquaporin on neurons,

indicating that astrocytes may be responsible for water homeostasis in the brain.

AQP4 co-localization with Kir 4.1 channels suggests the coupling of K+ and water

movement within the brain as well as across the BBB [30]. The juxtaposition of

these channels has led to the hypothesis that the astroglial syncytium may, in

addition to the spatial buffering of potassium, redistribute water throughout the

cortex and, in particular, perivascular areas thought to be sinks for excess water and

K+ [31]. Experiments have shown that an increase in extracellular K+ leads to a

decrease in ECS suggesting a link between K+ and water movement [32]. Addition-

ally, it has been demonstrated that Kir 4.1 channels and AQP4 channels may be

associated, extracellularly, by the dystrophin-glycoprotein complex [33, 34].

Glutamate is an excitatory neurotransmitter whose concentration is tightly

controlled across the BBB and in the ECS of the brain [35]. Concentrations of

glutamate are considerably higher in blood than in the brain. Extracellular cerebral

glutamate levels are maintained at approximately 1 μM while plasma glutamate

levels are approximately 50 μM [36]. Similar to K+, extracellular glutamate

concentrations are regulated by astrocytes. Released at the synaptic cleft, excess

glutamate is taken up by astrocytic processes that surround the synaptic cleft and

are enriched with high affinity glutamate transporter 1 (GLT1) and glutamate

aspartate transporter 1 (GLAST) receptors [37, 38]. Both transporters require the

co-transport of Na+ with H+ and the movement of one K+ and one bicarbonate

(HCO3
�) or OH� out of the cell. Once in the cytoplasmic compartment of astroglia,

glutamine synthase catalyzes the condensation of glutamate with ammonia to form

glutamine. Glutamine is then released by the astrocyte and taken up by neurons that

convert it back to glutamate.

2.5 Cerebral Edema

In general, CE is defined as an increase in total cerebral water volume leading to an

increase in brain tissue volume and intracranial pressure (ICP) [39]. However,

advances in basic and clinical science have shown this seemingly straightforward

pathology to be a multifaceted process involving dramatic changes to intra/extra-

cellular ion and water balance as well as changes in vascular permeability. Two

broad categories of edema have been characterized and termed “cytotoxic” and

“vasogenic” to refer to cellular swelling and increased vascular permeability,

respectively. It must be noted that these two classifications of edema refer to events

that rarely appear independently and are only useful to describe varying stages of a

complex process. Additionally, there are a number of subclasses of cytotoxic and
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vasogenic edemas that appear as either part of the edema process or occur under

specific pathological circumstances. In clinical situations, patients will present with

varying degrees of the different types of edema depending on the time course and

severity of the injury [40].

2.6 Vasogenic Edema

As mentioned previously, the BBB is essential to maintain appropriate ion, protein,

and water levels in the brain. After TBI the integrity of the BBB is compromised

due to mechanical disruption of the endothelial cells and their associated TJs. It has

been widely stated that BBB disruption alone will lead to an increase in water entry

into the brain [41, 42]. However, the total osmolarity of blood and cerebrospinal

fluid is equal (289 mOsm/L) [43] which could not produce the dramatic movement

of water into the brain that is characteristic of vasogenic edema. There are two

plausible mechanisms by which water moves into the brain parenchyma after BBB

disruption. (1) K+ moves down its concentration gradient from blood into the brain

resulting in a K+ concentration that is sufficient to depolarize neurons, trigger action

potentials, and drive repolarization further elevating cerebral K+ levels. This high

K+ may lead to disruption of the osmotic homeostasis between brain and blood

causing water to move into the brain. (2) Cellular damage from traumatic insult

results in intracellular protein release into the brain parenchyma. As extracellular

protein levels are normally kept low in the brain, the addition of such a large

amount of protein would perturb the osmotic balance between the brain and blood

resulting in water influx into the brain.

Mechanical injury to the BBB is not the only cause of increased vascular

permeability leading to vasogenic edema. A number of molecules released after

TBI have been found to play an active role in either BBB disruption and/or

increases in vascular permeability. Matrix metalloproteinases (MMP) are a family

of endopeptidases that have been shown to degrade the TJs of the BBB after TBI.

Specifically, MMP-2 and �9 have been associated with the degradation of Z0-1,

claudin-5, and occludin [44–46]. MMP-2, -3, and �9 expression is increased after

TBI. Increased MMP-9 activity, in particular, has been observed in areas of BBB

disruption and edema. MMP-9 knockout mice have supported this hypothesis,

showing a decrease in BBB breakdown, edema, and inflammation [47].

Two members of the kinin family of proteins, bradykinin and tachykinin have

been linked to increased BBB disruption after TBI [48, 49]. Bradykinin acts

through two G-protein-coupled receptors, B1 and B2, linked to phospholipase

C. After TBI, both receptors are highly upregulated for approximately 24 h, but it

appears that binding of bradykinin to the B2 receptor most dramatically affects

edema. B2 receptor knockout mice show less edema after TBI [50]. Further,

administration of B2 receptor antagonists to mice after TBI has been shown to

reduce ICP [51]. It should be noted, however, that the same result was not observed

in human clinical trials [52].
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Tachykinins are neuropeptides that have been linked to neurogenic inflammation

[49]. A specific tachykinin, substance P, is a mediator of vascular permeability and

has been linked to increased BBB permeability after TBI [53]. In the brain,

substance P binds to a G-protein-coupled receptor, neurokinin-1, that acts through

phospholipase C. Human studies have shown an increase in immunoreactivity to

substance P after TBI and elevated immunoreactivity to substance P in cortical

microvasculature [54]. Substance P is co-released from neurons with calcitonin-

gene-related peptide (CGRP), a vasodilator known to enhance edema in the pres-

ence of molecules similar to substance P [55]. While the link between substance P

and vasogenic edema has not been directly established, evidence does suggest a

potential role for substance P in the process.

Irrespective of the mediators or mechanism, the result of increased vascular

permeability associated with BBB disruption is the paracellular leakage of protein-

and ion-rich fluid into the brain. This can lead to a number of complications. (1) The

increase in ICP from fluid accumulation. Eventually ICP will cause the ICP to

become greater than that of vascular pressure causing blood vessels to collapse and

nutrient flow to stop [56]. (2) Excess extracellular ions and neurotransmitter will

disrupt the delicate neuronal and glial homeostatic mechanisms which may result in

seizure. (3) Immunoglobulins, immune cells, and inflammatory mediators normally

kept out of the immunologically privileged brain now have access to nervous tissue

[57]. Conversely, proteins normally sequestered in the brain will then have access

to peripheral circulation and tissues [58]. (4) The BBB disruption following TBI

may prohibit adequate treatment of elevated ICPs with osmotic agents (e.g.,

mannitol or hypertonic saline) as the gradient which would normally drive water

out of the brain might be impaired. There are some recent preclinical studies

indicating that modulation of the BBB using small inhibitory RNA directed against

claudin-5 may markedly improve the outcome of patients with cerebral edema [59].

2.7 Cytotoxic Edema

Ischemic, hypoxic, and impact injuries that coincide with TBI have been shown to

induce the initial signs (cellular swelling) of cytotoxic edema in as little as 30 min

[60]. Cytotoxic edema is characterized by changes in osmotic balance between the

intracellular compartment and the ECS. This osmotic perturbation leads to an

increase in cell volume and a 16 % [61] decrease in the volume of the ECS.

However, this process does not directly lead to swelling of the brain, rather a net

movement of water from the ECS to the intracellular compartment. Swelling of the

brain may occur as a consequence of the ion gradient setup between the ECS and

cerebral microvasculature in the absence of BBB disruption (Fig. 2.2). This gradi-

ent, caused by depletion of Na+, water, and Cl�, promotes the movement of ions

and water across the BBB into the ECS leading to an increase in ICP [62]. This

secondary movement of ions has been termed “ionic edema.”
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A number of interacting mechanisms can produce cytotoxic edema after trau-

matic insult. However, it is chiefly the lack of nutrient (i.e., oxygen and glucose)

supply to the brain and the accompanying loss of adenosine triphosphate (ATP)

production that leads to a failure of neurons and glia to maintain proper ion

gradients. Without ATP, the Na+/K+ ATPase antiporter shuts down. This results

in an inadequate mechanism to rectify the passive efflux of K+ though potassium

leak channels and passive influx of Na+ down its concentration gradient through

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. Fol-

lowing Na+, Cl� enters the cell via chloride channels (e.g., Cl�/HCO3� antiporter).

As the intracellular compartment has now become hyperosmotic, water flows into

the cell through aquaporins causing an increase in cell volume and decrease in ECS.

Swelling can lead to lysis of the cell that further exacerbates the ionic disruption

and leads to necrosis [63].

Astrocytes are particularly sensitive to changes in the cerebral environment and

experience greater swelling than neurons after TBI [64]. High levels of extracellular

K+ cause glutamate transporters (GLT-1 and GLAST) to reverse direction and

pump K+ into the cell and glutamate, H+ and Na+ out. Additionally, rat models

suggest that GLT-1 and GLAST-1 are down regulated after TBI [65]. In similar

fashion, high extracellular K+ leads to upregulation of Kir 4.1 channels leading to a

number of downstream effects [66]. (1) High levels of glutamate in the ECS triggers

overstimulation of glutamate receptors on neurons leading to excitotoxicity

Fig. 2.2 Altered homeostasis leads to different types of edema. Note that water movements are a

consequence of increased brain osmolarity due to either increased concentration of ions (BBB

leakage) or loss of metabolic substrates (anoxia/ischemia)
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[67]. (2) Calcium entry leads to the activation of a number of enzymes (e.g.,

phospholipases) that cause neuronal damage or death [68]. (3) The substantial

influx of K+ via the Kir 4.1 channel on astrocytes depolarizes the cell causing

entry of water [69]. The resultant cell swelling can lead to lysis of the astrocyte,

which releases more glutamate and K+ into the ECS serving to drive the cytotoxic

cycle [63].

Despite the destructive environment cytotoxic edema creates for neurons and

glia, the movement of water from the ECS to the intracellular compartment does not

directly lead to an increase in ICP. The extracellular fluid has merely shifted into the

intracellular compartment. This water uptake into cells is mediated by aquaporins.

AQP4 null mice show decreased susceptibility to cytotoxic edema compared to

wild-type mice [70]. However, due to ECS water loss, the fluid in the ECS has

become hypertonic compared to blood. The hypertonicity of the ECS will cause the

net movement of water across the BBB into the brain parenchyma [62] causing the

increase in ICP.

As mentioned previously, cytotoxic and vasogenic edema rarely appear alone.

The presence of both creates a cycle that serves to enhance and spread edema from

the site of injury into previously unaffected areas of the brain. Cytotoxic edema,

which usually appears first after TBI, will eventually cause the movement of water

out of the vasculature and into the brain. Excess water increases ICP, which lowers

cerebral perfusion pressure and potentiates greater cytotoxic edema. Cytotoxic

edema coupled with BBB disruption (vasogenic edema) causes an influx of an

even greater amount of water leading to a spreading of the edema and further

decreasing perfusion leading to more cytotoxic edema.

2.8 Early Seizure After TBI

TBI produces a number of changes that lead to early seizure after TBI. Acceleration

and shearing forces rupture blood vessels, sever nerve fibers and lyse cells resulting

in the dysregulation of normal homeostatic processes that manifests as edema and

leads to seizure. Leakage of the BBB, irrespective of mechanism, results in an

increase in extracellular potassium and an increase in extracellular glutamate

[16]. The increase in glutamate will cause neurons to depolarize causing a further

increase in extracellular potassium.

The combined effect of BBB leakage and depolarization will lead to extracellu-

lar K+ levels higher than the glial buffering mechanisms can compensate for. High

extracellular K+ has been shown to increase neuronal hyperexcitability by increas-

ing the membrane potential of neurons (i.e., bringing them closer to threshold) and

potentiating the influx of Na+ [71]. As one astrocyte can regulate the environment

of multiple neurons, loss of a single cell can have widespread effects. Due to this

large area of dysregulation at and around the site of injury, neurons can depolarize

in a synchronous manner leading to seizure.
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2.9 Autoimmune Implications of BBB Disruption

After TBI

One of the obstacles in clinical research on the BBB was the lack of easy to adopt

and sensitive measures of its integrity. A recently developed blood test allows for

the measurement of BBB function by detection of serum “reporters” of BBB

function; thus, a sudden opening of the cerebrovasculature causes a rapid elevation

of serum S100B level [72–75]. A number of studies have shown that S100B

increase is associated with TBI. A prospective, multicenter study showed that

patients with mTBI with a serum S100B measurement of 0.12 ng/mL or lower

did not have intracerebral lesions and did not require cranial computer tomography

[76–79]. An ironic twist in the saga related to markers of BBB dysfunction is the

fact that the use of S100B has not only helped diagnose BBBD but also made it

possible to elucidate one of the mechanisms that can lead to autoimmune CNS

diseases. In fact, studies have shown that S100B is a powerful autoantigen upon

release in systemic circulation (see below) [58].

Evidence suggests that TBI with accompanying BBB disruption leads to the

formation of autoantibodies against specific neuronal antigens. The brain, similar to

other barrier organs, is an immunologically privileged site [80, 81]. Accordingly,

breaking the BBB and allowing what the immune system perceives as foreign

antigen into the systemic environment could lead to the formation of an autoim-

mune response. One known example of this is sympathetic opthalmia. After

traumatic insult to the eye, proteins from the eye are exposed to the immune system.

As the immune system is not tolerized to eye specific proteins, an immune response

can be initiated. Blindness may result in the eye affected by trauma and the

unaffected eye [82]. A similar mechanism may underlie autoimmune diseases of

the CNS.

There are a number of proposed mechanisms for the formation of anti-CNS

antibodies. After injury, BBB leakage causes potential CNS antigens to enter the

systemic circulation where they enter immune organs and activate autoreactive B

cells. These B cells differentiate into plasma cells that begin producing the autoan-

tibody [83]. The proinflammatory and/or necrotic events that often persist after TBI

lead to drainage of potential antigens into lymphoid follicles near the area of injury.

This leads to a localized production of autoantibodies [84]. Additionally, previous

infection may have lead to the formation of memory B cells producing antibodies

that cross react with CNS proteins. Once the BBB is breached, these antibodies are

able to enter the brain and bind their target. This process has been termed “molecu-

lar mimicry” [85, 86].

TBI-associated autoantibodies have been detected against myelin-associated

glycoproteins, gangliosides, and ß-tubulin III [87–89]. While no direct evidence

exists to support the development of chronic autoimmune disease after TBI, it is of

interest to note that a recent study has shown that the development of an autoim-

mune response due to frequent “openings” of the BBB and extravasation of CNS

antigen is sufficient to trigger a B cell response leading to serum autoantibodies
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[58]. Interestingly, the authors also reported that the presence of these

autoantibodies correlated with imaging and behavioral changes consistent with

long-term sequelae of mTBI. Whether these autoantibodies gain entry into the

CNS is yet to be demonstrated but results in epileptics show that this is a viable

hypothesis (see below).

A number of anti-CNS autoantibodies are also linked to seizure (e.g.,

Rasmussen’s encephalitis) [90]. A recently published article demonstrated that

BBB disruption with seizure results in the accumulation of immunoglobulin in

the cytoplasm and nuclei of neurons [91]. Whether or not this is a pathological

autoimmune response, a neuroprotective response or some unknown phenomenon

has yet to be determined. Animal studies and clinical data [92] have shown that a

protein used as a marker of BBB disruption, astrocytic S100B, is perceived as

nonself by the immune system after extravasation in blood. This protein triggers

production of anti-S100B autoantibodies which may assume pathological signifi-

cance. The sequelae of events linking blood–brain barrier disruption to immune

dysregulation are shown in Fig. 2.3.

2.10 Conclusions

The discovery that non-neuronal mechanisms and systemic events are involved in

the pathogenesis of CNS diseases is not novel. However, there is increasing

evidence that this acquired knowledge may have a significant impact on how we

Fig. 2.3 Autoimmunity and TBI: example from football-related sub-concussive injuries

[58]. Data have shown that sub-concussive head hits are accompanied by BBBD as measured by

serum S100B. After release in systemic circulation, S100B is taken up by dendritic cells [92]; this

leads to production of autoantibodies which may become pathogenic upon entry into the CNS
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treat and diagnose clinical consequences of, for example, TBI. This is in particular

true for seizures occurring as a consequence of TBI. A multidisciplinary

(e.g., immunology-neurology), and multimodal (laboratory-preclinical-clinical)

approach is necessary to bring full fruition to this research and to distribute clinical

dividends of translational research in the field.
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Chapter 3

Human Cerebral Blood Flow and Traumatic

Brain Injury

David A. Hovda and Thomas C. Glenn

Abstract The measurement of cerebral blood flow (CBF) in the clinical setting

first began in earnest during the 1940s by Kety and Schmidt. By utilizing an inert

diffusible gas (nitrous oxide), measuring it in arterial and jugular venous blood, and

applying the Fick principle of blood flow determination they were able to calculate

a global rate of CBF of mL/100 g/min. Kety–Schmidt-based CBF measurements

evolved over the next 2 decades by the substitution of radioactive gases for nitrous

oxide.

3.1 History of Cerebral Blood Flow

The measurement of cerebral blood flow (CBF) in the clinical setting first began in

earnest during the 1940s by Kety and Schmidt [1]. By utilizing an inert diffusible

gas (nitrous oxide), measuring it in arterial and jugular venous blood, and applying

the Fick principle of blood flow determination they were able to calculate a global

rate of CBF of mL/100 g/min. Additionally, other constituents within the blood

such as oxygen and glucose could be measured and cerebral metabolic rates

calculated by utilizing arterial and jugular venous differences. Kety–Schmidt-

based CBF measurements evolved over the next 2 decades by the substitution of

radioactive gases for nitrous oxide [2, 3].

One limitation of the Kety–Schmidt-based techniques was the global nature of

CBF measurement and lack of three-dimensional tomographic reconstruction of

CBF. During the 1970s and 1980s several new tomographic techniques were

developed, which included stable xenon computed tomography (XeCT), positron

emission tomography (PET), single photon emission computed tomography
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(SPECT), and CT perfusion. Thus, these techniques could provide quantitative CBF

to morphological images such as CT and magnetic resonance imaging (MRI). More

recent CBF measurement techniques include MR perfusion, thermal diffusion, laser

Doppler flowmetry, and the indirect techniques of transcranial Doppler ultrasonog-

raphy (TCD), and near-infrared spectroscopy.

Pediatric CBF can be variable based on age or stage of development. Suzuki [4]

studied normal children with 133Xe-CBF and described a pattern of lowest CBF at

birth followed by an increase of CBF to above 100 mL/100 g/min through age

4 followed by a gradual decline with age that plateaued to adult levels of approxi-

mately 50 mL/100 g/min during postadolescence. Using arterial spin labeling MRI,

Biagi et al. [5] showed that CBF was highest at ages less than 10 years old and then

decreased until a nadir between 30 and 40 years old.

3.2 Cerebral Blood Flow in Traumatic Brain Injury

Initial clinical studies of posttraumatic CBF in patients with severe TBI showed

marked differences in the level of CBF [6]. Numerous investigators have described

the dynamic nature of posttraumatic CBF. Some studies have described the phasic

nature of CBF characterized by an acute phase of hypoperfusion relative to control

subjects, followed by a period of hyperemia, which is then followed by another

phase of reduced flow [7–10]. A similar pattern has been described for pediatric

TBI patients [11]. It is during the third low-flow phase that posttraumatic vaso-

spasm can occur [12, 13].

Numerous outcome studies, which have focused on CBF, have shown that the

duration and degree of reduced CBF is a predictor of poor outcome [8, 14–17]. For

example, Robertson et al. [15] reported increased mortality and poorer neurological

outcome in patients categorized as reduced CBF compared to patients with normal

or elevated flow. A recent pediatric study reported that early low CBF was

associated with poor outcome [11]. However, hyperemic CBF-associated intracra-

nial hypertension has also been linked to poor outcome [8]. A plausible explanation

for posttraumatic hyperemia is an uncoupling of metabolism and blood flow.

Pediatric hyperemia has been suggested as a cause for diffuse cerebral swelling

following TBI [18–20]. However, the definition of hyperemia and interpretation of

results in pediatric patients is problematic due to the paucity of reliable reference

values [21, 22]. As was shown above, CBF is highly variable in children.

Although oligemic CBF has been well described in many studies, few of the

clinical studies have observed CBF in the ischemic range of less than 20 mL/100 g/

min. Yet in the 1970s, postmortem evidence for ischemic CBF in as many as 55 %

of patients with TBI was shown by Graham and Hume Adams [23]. Thus, the

concept that TBI is the result of ischemic CBF is controversial. To fully understand

ischemia, CBF must be studied in conjunction with cerebral metabolism [24, 25].

Early studies of cerebral oxygen metabolism and CBF using 133Xenon indicated

that the arterial–jugular venous difference for oxygen (AVDO2) was rarely in the
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ischemic range of 9 vol.%, even when CBF was reduced [25]. Consistent with these

findings is the widely observed TBI-associated depression of cerebral metabolic

rate for oxygen (CMRO2 ¼ AVDO2 � CBF). Hyperemic flow in the setting of low

CMRO2 was named “luxury perfusion” by Lassen [24]. Criticisms of studies

showing no ischemia were that the timing of the initial CBF measurement was

not early enough to capture ischemia [26]. CBF studies within the first 4–6 h post-

injury showed a 33 % incidence of ischemia based on CBF and AVDO2 [26]. Addi-

tionally, Hlatky et al. [27] reported a 12 % incidence of CBF below 18 mL/100 g/

min in 77 patients using XeCT measurements. Clearly, it is difficult to determine if

either the early or delayed ischemic events are responsible for those who died as a

result of their TBI.

More recent studies have combined PET imaging with cerebral metabolism. As

was described above, several studies showed that even when reduced levels of CBF

were observed, the incidence of ischemia was rare. Diringer et al. [28] conducted a

combined PET CBF, CMR02, and oxygen extraction fraction (OEF) studies in TBI

patients before and during periods of brief hyperventilation. The investigators

stated that CBF was in normal range while CMRO2 was reduced. Hyperventilation

did reduce CBF and increase oxygen extraction fraction without changing CMRO2.

Thus, the important distinction between ischemia from conditions such as stroke

and TBI suggested by these authors is that low CMRO2 coupled with low CBF may

be the consequence of low substrate supply (ischemic conditions) in contrast to a

decreased CMRO2 which is caused by TBI (excitotoxic, ionic, and mitochondrial

effects) followed by a secondary coupled decrease in CBF.

In another PET-based TBI study, Vespa et al. [29] reported a low incidence of

cerebral ischemia and a mean ischemic brain volume of only 1.5 cm3. Additionally,

cerebral microdialysis results in this study revealed an increased lactate-to-pyruvate

ratio corresponding to nonischemic reduction of CMRO2. However, Coles

et al. [30, 31] reported larger ischemic burden volumes of 67 cm3. Thus, the degree

of ischemic tissue within the brain appears to be variable.

Posttraumatic cerebral vasospasm is a secondary injury that has the potential to

reduce regional CBF. Posttraumatic cerebral vasospasm has been confirmed by

TCD and angiography [13, 32–34]. Using both 133Xe-CBF and TCD-based criteria

to determine vasospasm, Oertel et al. [13] observed that vasospasm occurred in a

third of all severely injured TBI patients. Moreover, Lee et al. [12] reported that the

multimodal approach of concurrent TCD and CBF measurements could better

define hemodynamically significant (TCD velocity/CBF ¼ Spasm Index) vaso-

spasm. Additionally, the investigators demonstrated that hemodynamically signifi-

cant, a Spasm Index greater than 3.4, was associated with poor outcome.
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3.3 Cerebral Autoregulation

Cerebral vasculature has the ability to respond to physiological changes such as a

drop in mean arterial pressure (MAP) through a process called autoregulation.

Autoregulation, which is a combination of intrinsic myogenic, neurogenic, and

metabolic factors, is a hemostatic process that maintains CBF as a result of a variety

of stimuli be they physical, chemical, or metabolic [35, 36]. Posttraumatic cerebral

autoregulation has been widely studied in adults and children, and numerous

reviews have been published [35–37]. Some of the first studies of posttraumatic

autoregulation showed that impaired autoregulation occurred in both low- and high-

flow states [6, 38]. By manipulating MAP these investigators found abnormal

autoregulation in over half of the patients studied. Generally, impaired pressure

autoregulation has been observed within the acute phase after injury and may begin

to normalize after 5 days [39, 40]. The deleterious consequences of impaired

autoregulation include low or ischemic flow at low arterial pressures and hyperemia

at high pressure, which may lead to increased cerebral blood volume, intracranial

pressure (ICP), and cerebral edema [41].

The advent of TCD has significantly developed the area of bedside

autoregulation studies in the intensive care unit. Two methods of study exist; static

or dynamic. The static method involves concurrent measurements of physiological

factors such as MAP, CBF (velocity in the case of TCD), and ICP. Dynamic

autoregulation studies measure physiological factors and then alter specific

variables such as MAP, carbon dioxide levels (CO2), or cerebral metabolism by

means of metabolic agents such as anesthetics. From these techniques, indices of

autoregulation can be calculated. Two well-described indices are the PRx and

Mx. The PRx is the correlation coefficient between the slow waves in ICP and

MAP, while the MRx is the Pearson correlation between cerebral perfusion pres-

sure (CPP) and blood flow velocity measured by TCD [36, 42]. When either the

PRx or Mx is positive, autoregulation is dysfunctional, thus showing pressure

passive effects on ICP and blood flow, respectively.

In addition to pressure autoregulation, cerebrovascular reactivity to carbon

dioxide (CO2) has been studied. In contrast to pressure autoregulation, CO2 cere-

brovascular reactivity is relatively more robust. For example, Cold et al. [43]

reported that CO2 cerebral vascular reactivity were lower primarily in patients

who were more deeply in a comatose state. Using the regional Xe-CT method,

Marion et al. [10] reported that global or hemispheric measures of CO2 cerebrovas-

cular reactivity did not account for regions of disturbed vasoreactivity. Lee

et al. [40] showed with TCD that CO2 reactivity was below normal in 55 % of

patients in the acute period (post-injury day 4 and below) while improving to only

25 % abnormal after day 4.

Prediction of clinical outcome, based on autoregulation studies, has shown

varied results. Early studies reported that autoregulation was unrelated to outcome

in patients who underwent 133Xe-CBF studies both before and after MAP was

increased (Cold and Jensen [39]; Overgaard and Tweed [38]). However, other
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investigators have shown that indices of impaired pressure autoregulation are

predictors of poor outcome [42, 44]. Studies conducted in pediatric patients also

associated impaired CO2 vasoreactivity [11] and autoregulation [45] with poor

outcome.

3.4 Blood–Brain Barrier

The blood–brain barrier (BBB) is a complex of brain capillary endothelial, astro-

cytic glial cells, and other brain cellular components which selectively regulate the

passage of molecules into and out of the brain parenchyma [46–48]. With the

exception of the choroid plexus, there are few fenestrations and a high presence

of continuous tight junctions between the cells. Following TBI, the cascade of

events, including glutamate release and ionic disturbances, lead to a catabolic

process which initiate BBB breakdown [49–51]. Furthermore, immune system

activation, neutrophil recruitment, macrophage infiltration, activation of matrix

metalloproteinase, microglial activation, and other inflammatory processes lead to

reactive oxygen species (ROS) generation which can impact BBB permeability

[51–55]. One possible consequence of disrupted BBB function is the genesis of

posttraumatic vasogenic cerebral edema [53, 56–59]. Vasogenic edema can cause

an increase in ICP, thus CBF and autoregulation may be negatively impacted [59,

60].

3.5 Summary

Traumatic brain injury in humans results in dynamic changes in CBF. Periods of

oligemic perfusion are frequently followed by hyperemia and then a return to

reduced or oligemic levels. During this acute period, a definitive consensus on the

existence of cerebral ischemia seems elusive. Additionally, uncoupling of CBF and

cerebral metabolism can occur as well as impaired autoregulation and

vasoreactivity. Normal pediatric CBF varies with age and must be taken into

consideration when studying this group of patients. Furthermore, the BBB can be

undergoing dramatic posttraumatic changes which will affect cerebral metabolism,

edema formation, and inflammation. Thus, CBF and its influence on brain function

and recovery remains an area of intense interest and importance.
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Chapter 4

Gliovascular Targets in Traumatic CNS

Injury

Arjun Khanna, Brian P. Walcott, Kristopher T. Kahle,

Volodymyr Gerzanich, and J. Marc Simard

Abstract The modern understanding of the cellular and molecular mechanisms

responsible for cerebral edema and microvascular failure has given rise to the

notion that the blood–brain barrier and its support cells, including endothelium,

astrocytes, microglia, and pericytes, comprise a functional ensemble, termed the

gliovascular unit, that plays a crucial role in secondary injury responses following

traumatic injury to the central nervous system. This chapter provides an overview

of the gliovascular unit as it relates to the pathological states encountered following

trauma. In addition, this chapter briefly reviews a number of gliovascular molecules

that have been identified as playing important roles in the response to trauma and

that hold promise as therapeutic targets.

4.1 Introduction

The blood–brain barrier (BBB) restricts paracellular diffusion of compounds across

the endothelium, thereby providing the specialized environment crucial for proper

neural function, and protecting neural cells from potentially injurious circulating

substances and pathogens. The BBB is formed by brain endothelial cells that are

joined by tight junctions [1–3]. However, the integrity and normal functioning of

the BBB requires more than endothelium—it requires complex interactions with

other cells. Astrocytes, which maintain close contact with the microvascular endo-

thelial basement membrane via foot processes, are critical for maintaining the BBB

phenotype of brain endothelial cells and for normal functioning of the

BBB [4–6]. In addition, microglia [7] and pericytes [8, 9] play important roles in

BBB function. The complex functional interrelationships between these various

cells and neurons is coordinated by paracrine signaling [4]. These anatomical and
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functional interrelationships have given rise to the concept that the actual functional
unit of the BBB encompasses the larger ensemble of cells types—the “gliovascular

unit” [4, 5]. The term gliovascular unit emphasizes the important role of glial and

other cells in the control of the local vasculature and the larger role of these cells in

maintaining normal function of the BBB.

The gliovascular unit is disrupted following traumatic injury, and this disruption

can have important effects on secondary injury progression, recovery, and functional

outcome [10, 11]. Following injury, glial cells become activated and orchestrate

numerous local responses, many of which can be detrimental. Injury to the endothe-

lium can lead to a rearrangement of the cytoskeleton and cell retraction, with

subsequent loss of integrity of tight junctions and the formation of intercellular

gaps [12–14]. This allows for the paracellular flow of protein-rich plasma directly

from the cerebral circulation, resulting in the pathological entity termed vasogenic

cerebral edema. Additionally, traumatic insults leading to oncotic dysfunction or

death of endothelial cells in the microvasculature can result in capillary fragmenta-

tion and secondary hemorrhage [15]. This phenomenon is frequently observed

clinically in central nervous system (CNS) trauma involving both the brain and spinal

cord and is characterized by a progressive enlargement of the lesion with fragmenta-

tion of capillaries, hemorrhagic expansion, and tissue necrosis, resulting in severe

neurological dysfunction. In addition, the BBB plays a crucial role in regulating the

innate inflammatory response to traumatic injury which, if unrestrained, can lead to

bystander injury of otherwise uninjured neural cells. In combination, these

phenomena—edema, secondary hemorrhage, and innate inflammation—are major

determinants of secondary injury in the days and weeks following primary trauma. A

better understanding of the gliovascular unit that regulates these processes, and the

identification of potential targets in gliovascular signaling that are activated by

trauma, promises to advance therapies to limit secondary injury.

Herein, we discuss several molecular targets that have been found to play

important roles in gliovascular function following traumatic brain and spinal cord

injury (TBI and SCI, respectively). Although the majority of the studies reviewed

have been preclinical, a limited number of human investigations are underway that

underscore the increasing emphasis on manipulating gliovascular molecular targets

to improve outcomes following trauma.

4.1.1 Membrane Transporters

4.1.1.1 Aquaporin-4

Aquaporins are a class of water channels that serve as key regulators of transmem-

brane water conductance in cell types throughout the body, including those in the

gliovascular unit. Of the six aquaporins identified in the rodent brain, aquaporin-4

(AQP-4) is the most abundant. It is expressed on capillary-facing astrocyte foot

processes and in ependymal cells. The distribution of AQP-4 on fluid interfaces of
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the CNS correlates with its significant role in regulating the influx of cellular water

associated with edema formation.

Following focal cortical contusion in rats, AQP-4 mRNA levels rise near the site

of the injury, correlating with the edema that forms as a result of the trauma

[16]. mRNA levels rise in the immediate area of injury, but fall in areas adjacent

to the injury [16]. It is hypothesized that this pattern of up- and downregulation of

AQP-4 may act to protect against the propagation of edema outside of the site of

primary injury [16].

AQP-4 facilitates cytotoxic edema by allowing for transcellular water conduc-

tance, particularly in astrocytes. AQP-4-null mice appear to have less cytotoxic

edema but more vasogenic edema following freeze-injury, suggesting different

roles of AQP-4 in these pathological processes [17]. Reductions in overall edema

following CNS trauma have been reported with both inhibition and over-expression

of AQP-4. For example, inhibition of AQP-4 channel function with an anti-AQP-4

antibody significantly reduces edema formation in a rat model of TBI [18]. Con-

versely, sulforaphane enhances AQP-4 expression in the lesion site and penumbral

region, which also results in less brain edema following injury [19]. These results

suggest that AQP-4 is spatially regulated in a complex way surrounding the

injury site.

In SCI, there is an early decrease in levels of AQP-4 that is followed by

persistent upregulation [20].

At present there is no specific pharmacological way to inhibit AQP-4, but levels

of this channel can be downregulated by manipulating upstream transcriptional

mechanisms induced by trauma. The pro-inflammatory cytokine IL-1β, acting via

nuclear factor κB (NF-κB), is a positive regulator of AQP-4 [21] and thus inhibiting
NF-κB is expected to reduce AQP-4 expression. Similarly, inhibition of hypoxia-

inducible factor 1α (Hif-1α) with 2-methoxyestradiol suppresses the expression of

AQP-4 [18].

4.1.1.2 Sur1-Trpm4 Channel

The sulfonylurea receptor 1-transient receptor potential melastatin 4 (Sur1-Trpm4)

channel recently was characterized molecularly in SCI [22]. Previously known as

the Sur1-regulated NCCa-ATP channel, it is not constitutively expressed but is

transcriptionally upregulated de novo in neurons, astrocytes, oligodendrocytes,

and microvascular endothelium within several hours of traumatic injury to the

brain or spinal cord. In the context of ATP depletion inside the cell, the Sur1-

Trpm4 channel opens, allowing the influx of monovalent cations which, if

unchecked, results in cell depolarization, oncotic cell swelling (cytotoxic edema),

and necrotic cell death [23].

De novo expression and activation of the channel in microvascular endothelium

can lead to microvascular failure. In SCI, the Sur1-Trpm4 channel has been shown

to play an obligatory role in the development of “progressive hemorrhagic necro-

sis,” the autodestructive process initiated by trauma that is responsible for
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secondary hemorrhage and lesion expansion [23, 24]. In TBI, a similar pathological

process ensues, which is termed “hemorrhagic progression of contusion” [15,

25]. In both cases, channel expression in microvascular endothelium is followed

by necrotic death of endothelial cells, which leads to capillary fragmentation,

extravasation of blood, and formation of petechial hemorrhages. Petechial

hemorrhages coalesce to form larger hemorrhages surrounding the original site of

the trauma, expanding the primary hemorrhagic contusion twofold.

Capillary fragmentation, secondary hemorrhage, and lesion expansion in TBI

and in SCI have been shown to be blocked by pharmacological inhibition of Sur1

with glibenclamide or repaglinide, pharmacological inhibition of Trpm4 with

flufenamic acid or riluzole, as well as by gene suppression of Abcc8 (Sur1) or

Trpm4 [23–28]. As with AQP-4 (see above), NF-κB and Hif-1α are positive

regulators of Sur1-Trpm4 and thus inhibiting these transcription factors reduces

Sur1-Trpm4 expression.

A prospective, multicenter, placebo-controlled, double-blind, phase IIa trial of

RP-1127 (glibenclamide for injection) is underway to test its effect in patients with

moderate-to-severe TBI to reduce cerebral edema and hemorrhage (ClinicalTrials.

gov Identifier: NCT01454154).

4.1.1.3 EAATs

Extracellular glutamate concentration in the CNS is typically regulated through

reuptake of glutamate by excitatory amino acid transporters (EAATs) in the

surrounding glia. Of the five different EAAT types that are known, EAAT-1 and

EAAT-2 are expressed by glial cells, particularly astrocytes. Following traumatic

injury, there is a significant increase in extracellular glutamate levels that is caused

at least in part by a rapid decrease in EAAT-1 and EAAT-2 expression in the lesion

and surrounding tissue, due to loss of EAAT-expressing glial cells and disrupted

protein synthesis [29, 30]. Glutamate levels have been shown to be elevated 1.5–2-

fold after injury, a condition that persists for weeks. This increase is detectable in

perilesional areas remote from the primary site and represents a significant cause of

excitotoxicity contributing to secondary neuronal damage.

It is hypothesized that, although early hyperactivity at the NMDA receptor

causes excitotoxicity, glutamate signaling begins to facilitate recovery several

hours after injury and becomes an important part of repair [30, 31]. Modulating

the expression of EAAT-1 and EAAT-2 has been explored with some success as an

alternative method of alleviating early excitotoxicity without NMDA receptor

blockade. In animal models of spinal cord and traumatic brain injury, upregulation

of EAAT-1 and EAAT-2 by pituitary andenylate cyclase-activating polypeptide

(PACAP) or citicoline reduced apoptosis, edema, and axonal damage and improved

neurological outcomes [32, 33]. Other compounds, including MS-153 [34],

dibutyryl cyclic AMP [35], arundic acid [36], and β-lactam antibiotics [37], also

are capable of modulating EAAT-1 and EAAT-2 expression levels in vivo.
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4.1.1.4 P2X Receptors

Purinergic P2X4 and P2X7 receptors play a large role in initiating an inflammatory

response to extracellular ATP that is released from the intracellular compartment by

necrosis or mechanical rupture of nearby cells. Upon the detection of high extra-

cellular ATP, P2X4- or P2X7-expressing neural and glial cells synthesize and

release the potent pro-inflammatory cytokine IL-1β which, in turn, causes tissue

edema, secondary CNS injury, and is associated with poorer outcomes. Expression

of P2X4 increases in injured tissue after SCI, TBI, and ischemia. P2X7 expression,

on the other hand, does not change significantly following injury. It co-localizes

with AQP-4 to the foot processes of astrocytes in the gliovascular unit, suggesting a

critical role for the astrocyte in the detection and response to extracellular ATP.

P2X4 knockout mice have an inhibited inflammatory response following SCI,

reduced infiltration of neutrophils and macrophages to the injury site, and signifi-

cantly improved neuromotor outcomes [38]. Similarly, P2X7 knockout mice have

significantly attenuated expression of IL-1β, less edema, and improved

neurobehavioral outcomes following TBI [39]. Pharmacological blockade of

P2X7 with brilliant blue G (BBG) achieves similar results. There is no change in

basal expression of IL-1β following BBG administration without TBI. Given their

important effects on IL-1β expression and resulting edema, P2X4 and P2X7 may be

attractive targets for reducing secondary injury from edema following injury.

4.1.1.5 Connexin43

The extracellular ATP that activates P2X7 receptors is in part released by

surrounding astrocytes via connexin43 (Cx43) hemichannels. Although Cx43

hemichannels usually form gap junctions by docking to Cx43 hemichannels on

neighboring cells, unopposed hemichannels are a potential pathway for the release

of cytosolic compounds, including glutamate and ATP. It has been observed that

Cx43-null mice have significantly less post-trauma ATP release, exhibit smaller

lesions, and have improved motor recovery [40]. Attenuation of post-trauma ATP

release by perilesional astrocytes by blockade of Cx43 is therefore a potential target

for reducing the extracellular ATP-induced inflammatory response.

4.1.2 Other Transmembrane Proteins

4.1.2.1 EGFR/MAPK

The epidermal growth factor receptor (EGFR) is a potent regulator of microglial

cell activation. EGFR ligands like epidermal growth factor (EGF) and TNFα
transactivate mitogen-activated protein kinase (MAPK) and its associated signaling
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pathways. There exist three subtypes of MAPKs, namely, extracellular signal-

regulated protein kinase (ERK), c-Jun NH2-terminal kinase (JNK), and p38, which

exert somewhat different cellular effects upon activation. MAPK activation

generally produces other cytokines, such as IL-1β, TNFα, and IL-6, and so

contributes to posttraumatic edema. EGFR is expressed in all members of the

neurovascular unit, including microglial cells.

Consistent with the fact that EGFR/MAPK signaling mediates microglial acti-

vation and neuroinflammation, blockade of EGFR significantly reduces microglial

activation and brain edema and improves functional outcomes compared to controls

as early as 7 days after SCI [41]. Interestingly, MAPK signaling through the JNK

pathway is stimulated by hyperthermia, which often accompanies injury. JNK

signaling can be attenuated with hypothermia, suggesting a therapeutic role for

hypothermia in CNS trauma [42]. However, the clinical evidence for this practice

does not reveal any benefit in humans [43].

4.1.2.2 GPR17

A P2Y-like receptor, G-protein receptor 17 (GPR17), can be activated by uracil

nucleotides as well as cysteinyl-leukotrienes. Cysteinyl-leukotrienes are

arachidonic acid (AA)-derived, pro-inflammatory molecules, whose levels increase

following CNS injury [44–46]. Interestingly, GPR17 is expressed in adult, but not

fetal, neuroprogenitor cells, suggesting that GPR17 may be implicated in post-

injury repair and that cells in the neurovascular unit may have differential responses

to GPR17 ligands depending on their pre-injury expression of GPR17

[47]. Ependymal cells, which are now known to be true neural stem cells, constitu-

tively express GPR17, as do some neurons and oligodendrocytes; astrocytes do not

express any GPR17.

There is a biphasic GPR17-mediated response to trauma. Upon injury-induced

release of uracil nucleotides and cysteinyl-leukotrienes, an initial increase of

expression of GPR17 by neurons in the lesion site is quickly followed by cell

death in the first, acute phase of the GPR17-mediated response. Next, proliferating

GPR17-positive microglia/macrophages infiltrate the lesion site, and GPR17-

positive ependymal cells begin to proliferate and express GFAP, which may

indicate de-differentiation into progenitor cells. Thus, GPR17 is involved in an

acute, cell-death response and a slower, progressive infiltration of cells for tissue

repair. In vivo knockdown of GPR17 by an antisense oligonucleotide reduces

initial tissue damage and improves histological and motor deficits following

SCI [45]. Pharmacological inhibitors of GPR17 signaling, such as Montelukast

(a cysteinyl-leukotriene receptor antagonist) and Zileuton (a 5-lipooxygenase

inhibitor), have also shown benefit in SCI recovery [48].
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4.1.2.3 PV-1

Plasmalemmal vesicle protein-1 (PV-1) encodes a transmembrane protein that is a

major component in stomatal diaphragms of caveolae found in fenestrated micro-

vascular endothelial cells. It is expressed in organs throughout the body but is

normally silenced in the mature endothelium of the BBB, where transendothelial

transport is limited. In pathological breakdown of the BBB, including SCI, PV-1

levels rise in activated endothelial cells and is associated with progressive inflam-

matory cell invasion [49]. PV-1 is considered a marker for BBB pathology, but

given its impact on endothelial permeability, there is interest in targeting PV-1 to

reduce BBB breakdown following CNS injury and subsequently reduce vasogenic

edema. There is in vitro evidence that PV-1 targeted siRNA blocks Matrigel-

induced tubulogenesis and inhibits cell migration induced by angiogenic growth

factors in primary human endothelial cells [50], but this strategy has yet to be

explored in CNS injury.

4.1.2.4 ADAM

A disintegrin and metalloprotease domain family (ADAMs) are transmembrane

proteins with disintegrin domains that bind integrins and metalloprotease domains

that are mainly responsible for activating cleavage-dependent transmembrane

proteins. Among these cleavage-dependent proteins are factors that promote angio-

genesis, such as Notch, Tie1, and TNFα, and factors that mediate inflammation,

such as ICAM. There are a number of different ADAMs that are suspected of

playing various roles in developing vasculature and pathological angiogenesis. Of

particular interest is ADAM8, which has almost no CNS expression at baseline but

is highly increased following SCI in mice [51]. Although there is no acute ADAM8

response to injury, expression begins increasing in the lesion epicenter about 3 days

following contusion and steadily increases thereafter. ADAM8 localizes on the

luminal side of blood vessels within endothelial cells that are actively undergoing

angiogenesis. Although it is likely that ADAM8 plays an important role in

modulating the inflammatory and angiogenic responses to injury, ADAM8 inhibi-

tion in CNS injury has yet to be thoroughly explored.

4.1.3 Intracellular Signaling Molecules

4.1.3.1 Calponin

Calponin (CP) is a regulator of contraction in vascular smooth muscle and may also

play a role in vasospasm following TBI. In its non-phosphorylated form, CP

inhibits smooth muscle contractility by binding to actin and inhibiting actomyosin

cross-bridging. Phosphorylation of CP causes it to dissociate from the actomyosin
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complex, which disinhibits contraction. In vitro, CP can inhibit magnesium adeno-

sine triphosphatase, which may also contribute to sustained contractility in smooth

muscle.

CP is upregulated in smooth muscle cells within 4 h of injury, when it migrates

from a diffuse cytosolic distribution toward localization at the cell membrane,

suggesting phosphorylation and disinhibition of contraction [52]. Presence of

phosphorylated CP seems to temporally correspond with vasospasm around the

primary lesion site in CNS trauma, which can persist for up to 48 h after injury.

Interestingly, ET-1 might be a regulator of CP, as ET-1 induces smooth muscle

contractility in vitro that is accompanied by an increase in total CP. It has been

hypothesized that ET-1 signaling through ETr activates protein kinase A (PKA),

which may phosphorylate CP and cause its dissociation from actomyosin and

migration to the cell membrane [53].

4.1.3.2 Akt and mTOR

Serine-threonine kinase, Akt, and mammalian target of rapamycin (mTOR) signal-

ing play important roles in rodent TBI, but their exact role in the functioning of the

gliovascular unit is still unclear. In models of stroke [54], nerve transection [55],

and spinal cord injury [56], Akt seems to be neuroprotective. After injury, it is

activated and localizes with uninjured neurons, where it may protect from further

damage and promote regrowth.

Both Akt and mTOR signaling pathways are activated after controlled cortical

impact in neurons, microglia, and astrocytes of mice [57]. Although inhibition of

either Akt or mTOR has no detectable effect on recovery, simultaneous inhibition

of both Akt and mTOR significantly decreased acute tissue damage in the lesion

and significantly improved motor and cognitive outcomes [57]. Interestingly,

simultaneous Akt and mTOR inhibition does not change lesion size or inflamma-

tion, and so likely affects recovery through some other mechanism that may be

related to the unexpected increase in p-GSK3β phosphorylation seen when both Akt
and mTOR are simultaneously inhibited [57]. It is suspected that Akt and mTOR

inhibition may be beneficial in glial cells, where inhibition reduces gliosis. How-

ever, Akt inhibition may be harmful in neurons, where it may promote survival.

Continued preclinical investigation is necessary to further elucidate the potential

for manipulation of this signaling pathway.

4.1.4 Extracellular/Paracrine Ligands and Cytokines

4.1.4.1 Nitric Oxide/Endothelin-1

Hemorrhage at the primary lesion site stimulates vasoconstriction in the vessels of

the surrounding penumbra. In this region, perfusion decreases by 50 % within 2 h of

experimental TBI in rats and reaches a minimum at about 3 h, after which it begins
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to trend toward normalization [58]. Vasoconstriction is due in part to an increase in

expression of the potent vasoconstrictor, endothelin-1 (ET-1), plus a reduction in

the vasodilator, nitric oxide (NO), in the vascular endothelium after TBI. The

balance between ET-1 and NO is thought to be an important mechanism by

which perfusion through microvasculature is autoregulated in the CNS [58].

NO diffuses rapidly through membranes and promotes the formation of cyclic

GMP. NO/cyclic guanosine monophosphate (cGMP) signaling causes dilation of

the microvasculature and, at low concentrations, promotes angiogenesis. A reduc-

tion in NO synthase activity following trauma leads to decreased release of NO,

decreased cGMP signaling in the microvascular endothelium, and contributes to

vasoconstriction. Sildenafil, a cGMP phosphodiesterase-5 inhibitor, lowers the rate

of degradation of cGMP and thereby increases NO/cGMP signaling. Following

contusive SCI, mice treated with sildenafil show improved perfusion through the

lesion epicenter, but do not show improved neuromotor outcomes [59]. While it is

not clear whether improving perfusion through the primary lesion site via

NO/cGMP signaling is capable of improving functional recovery, it may be an

effective way to facilitate drug delivery to injured tissues in the salvageable

penumbra.

In contrast to NO, ET-1 is a powerful vasoconstrictor that is associated with

vasospasm, hypoperfusion, and oxidative damage following CNS trauma. Although

there is evidence that ET-1 has a basal level of constitutive activity, levels of ET-1

and its receptors, ETrA and ETrB, increase in endothelial cells, pericytes, and

astrocytes following injury for more than 24 h [58, 60]. ETrA is thought to stimulate

pericyte contraction via signaling through the PLCβ/IP3/Ca2+ pathway. Antagonism
of ETrA, but not ETrB, lessens TBI-induced lesion hypoperfusion in rat [61], as

does blockade of ET-1 by antisense oligodeoxynucleotides administered before

injury [62]. Although blockade of ET-1 action at ETrA improves perfusion, more

study is needed to determine if this will result in improved outcomes, something

that has not been observed with the use of endothelin antagonists in the context of

subarachnoid hemorrhage [63].

4.1.4.2 VEGF

Vascular endothelial growth factors are a family of secreted glycoproteins that play

a critical role in angiogenesis. Of the five members of the VEGF family, VEGFA,

VEGFB, VEGFC, VEGFD, and VEGFE, VEGFA has clear significance in the

gliovascular response to CNS trauma. VEGFA has five isoforms (VEGFA121,

VEGFA145, VEGFA165, VEGFA189, and VEGFA206) that differ in their degree of

binding to the extracellular matrix (ECM) and their resulting endogenous bioavail-

ability. Of these, only VEGFA121, which is not sequestered by the ECM and is

freely diffusible, shows response to traumatic injury [64], although invading

neutrophils also secrete VEGFA that may be of a different isoform, since some of

it deposits in the ECM [65].
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Primarily in astrocytes, but also in vascular endothelial cells and microglia,

levels of VEGFA121 acutely rise in the 3–4 h following injury and return to baseline

levels after about 6 days [66]. Although VEGFA stimulates angiogenesis, it also

causes increased BBB permeability through a number of mechanisms. For one, it

redistributes and downregulates tight junction proteins, including occludin and

CLN-5 [67]. It also causes tyrosine phosphorylation of adherens junction proteins,

including VE-cadherin, β-catenin, plakoglobin, and p120 [68], and activates the

PI3K/Akt signaling cascade in the vascular endothelium [69]. Given intravenously,

VEGFA increases BBB permeability in experimental models [67] and therefore is

unlikely to be considered as a therapeutic agent following traumatic injury. How-

ever, VEGFA delivered intraventricularly reduces traumatic lesion size, improves

functional outcomes, and significantly increases the number of proliferating cells in

the perilesional area [69]. This suggests the possibility of a differential effect of

exogenous VEGFA on the apical and basal sides of the brain endothelium. Cur-

rently, approved indications for VEGF manipulation in the CNS of humans are

limited to neoplastic processes.

4.1.4.3 Angiopoietin

Along with VEGF, angiopoietin-1 (Ang-1) is critical for maintaining vascular

integrity. While VEGF promotes initial angiogenesis, Ang-1 plays an important

role in maintaining the integrity of mature vasculature by suppressing protein

leakage, inhibiting vascular inflammation, and preventing endothelial cell death.

Ang-1 is a ligand for the Tie-2 receptor that promotes vascular integrity by

promoting endothelial cell survival via the PI3k/Akt pathway, inhibits the break-

down of adhesions and tight junctions between endothelial cells, and modulates

vasoconstriction through eNOS. Both Ang-1 and Tie-2 are expressed in all brain

endothelial cells. Angiopoietin-2 is a natural competitive antagonist of Ang-1 at

Tie-2. Its expression is low in the normal brain. Immediately following CNS injury,

Ang-1 and Tie-2 levels fall and Ang-2 levels rise, coincident with acute post

traumatic BBB breakdown and subsequent vasogenic edema [70]. After about

2 days, the levels of these proteins begin to return to normal. Because Ang-1

signaling through Tie-2 is associated with BBB integrity, it is a potential therapeu-

tic target in the acute phase of CNS injury to protect against vasogenic edema

development subsequent tissue damage.

4.1.4.4 Thrombospondin-1

Thrombospondin-1 (TSP-1) is a potent inhibitor of developmental and adaptive

angiogenesis and is overexpressed almost 60-fold in spinal cord microvascular

endothelial cells following contusive injury [71]. TSP-1 inhibits endothelial cell

proliferation through many mechanisms, including activation of a CD36-Fyn-

Caspase-3-p38 MAPK cascade that results in apoptosis. Its receptor, CD47, is
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also targeted by the signal regulatory protein α. Activation of CD47 allows neutro-

phil diapedesis across the endothelium to sites of injury, and it antagonizes vasodi-

lation and angiogenesis by inhibiting synthesis of cGMP. Although TSP-1-null

mice show improved vascular profiles in the primary lesion, they do not have

improved microvascular perfusion or functional outcomes. CD47-null mice, how-

ever, show significantly improved perfusion, better locomotor recovery, and greater

white matter sparing. This suggests that a combination of TSP-1 and signal regu-

latory protein α effect inhibition may be required for improved recovery from

SCI [72].

4.1.4.5 Erythropoeitin

Erythropoeitin (EPO) is a cytokine that has the potential to improve recovery from

CNS injury, largely by reducing both cytotoxic and vasogenic edema that

contributes to secondary injury. Recombinant human EPO (rhEPO) reduces gluta-

mate toxicity and oxidative stress in astrocytes, reduces VEGF-induced permeabil-

ity of the BBB, and increases AQP-4 expression, leading to decreased vasogenic

edema in animal models [73]. A single administration of rhEPO following injury

also reduces gliosis and associated scarring [73]. Although the precise mechanisms

behind these effects remain elusive, rhEPO is nevertheless of interest in

ameliorating edema in secondary CNS injury.

4.1.4.6 Polyunsaturated Fatty Acids

Following injury, polyunsaturated fatty acids (PUFAs) play important roles in

orchestrating the onset and resolution of the inflammatory response. Arachadonic

acid is an ω-6 PUFA that gives rise to pro-inflammatory mediators such as

prostaglandins, thromboxanes, and leukotrienes that contribute to edema by

enhancing vascular permeability, promote the infiltration of leukocytes, and pro-

duce inflammatory cytokines like TNF-α and IL-1β. Metabolites of

docosahexaenoic acid (DHA), an ω-3 PUFA, have both anti-inflammatory and

anti-oxidant properties. Inhibition of AA metabolism (by selective inhibition of

cyclooxygenases and lipoxygenases) has been shown to improve functional recov-

ery following SCI [74]. Similarly, intravenous and dietary DHA following SCI in

rats lessened tissue loss and improved functional outcomes [75]. Fenretinide is an

analogue of retinoic acid that when taken orally simultaneously raises DHA while

reducing AA in mice with SCI, which resulted in less production of

pro-inflammatory molecules that significantly reduced tissue damage and improved

locomotor recovery [76].
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4.1.4.7 RANTES/CCL5

Regulated and normal T-cell expressed and secreted (RANTES) and chemokine

(C-C motif) ligand 5 (CCL5), a potent chemokine, are strongly expressed in spinal

cord microvascular endothelial cells [71]. Over-expression lasts for up to 21 days

after injury and stimulates T-cell activation and infiltration into damaged tissue,

resulting in neuroinflammation [77]. Increased expression of RANTES/CCL5 and

other inflammatory mediators, such as IL-3, IL-6, IL-11, and interferon-β1, in the

microvascular endothelium highlights an important mechanism by which vascular

damage to the gliovascular unit may be caused by an unrestrained inflammatory

response. Reduction of robust RANTES production in reactive astrocytes may

contribute to its neuroprotection and potential application in SCI [78].

4.1.4.8 Interleukin-16

Interleukin-16 (IL-16) is a pro-inflammatory cytokine that induces lymphocyte

migration, promotes the expression of other inflammatory cytokines including

IL-1β and IL-6, increases activity of TNF-α, and modulates apoptosis. IL-16 becomes

highly expressed by microglia/macrophages and perivascular cells around 3 days

after SCI in rats [79]. Activated microglia/macrophages contribute the most to the

post-injury increase in IL-16, but astrocytes, neurons, and granulocytes also

upregulate and secrete this cytokine. Foamy macrophages expressing IL-16 persist

for more than 30 days after injury, indicating that long-term post-injury modification

of the environment by IL-16 may contribute to secondary injury. Dexamethasone can

inhibit expression of IL-16 and does indeed reduce the numbers of IL-16-positive

cells in the first 3 days of injury [80], although there are a number of inflammatory

compounds besides IL-16 that also are modulated by dexamethasone [81].

4.1.5 Transcription Factors

4.1.5.1 NF-κB

In the CNS, astrocytes and endothelial cells, but not neurons, are the primary

cell type subject to nuclear factor κB (NF-κB) regulation [82]. In models of brain

and spinal cord injury, NF-κB and its downstream targets are highly expressed

following trauma. Although it is a key regulator of neuroinflammation in secondary

injury processes, downstream targets of NF-κB also serve neuroprotective roles,

such as the synthesis of nerve growth factor, brain-derived neurotrophic factor,

and calbindin.

Despite this mix of beneficial and detrimental effects, selective suppression

of NF-κB in astrocytes improves outcomes following SCI in mice. In mice with
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astrocyte-specific NF-κB knockdown, functional recovery is improved, white mat-

ter is better preserved, and lesion volume is reduced following contusion [83]. The

astrocytes in these mice also produce less pro-inflammatory cytokines and glial

scarring. Conversely, in mice deficient in brain IκBα, which ordinarily sequesters

NF-κB in the cytoplasm and prevents its migration into the nucleus, IκBα defi-

ciency leads to elevated basal neuroinflammation, resulting in a failure to mount

proper inflammatory responses following TBI and worsened brain damage [82]. In

both of these studies with knockout mice, normal brain function was seemingly

unaffected outside of the injury site, suggesting that the effects of NF-κB are

relevant primarily in injured tissues.

These data suggest that the net effect of astrocyte NF-κB expression, which

constitutes a large majority of the total expression of NF-κB following injury,

serves to worsen secondary injury in SCI. Inhibition of NF-κB or its targets in

astrocytes has the potential to protect against NF-κB-mediated secondary injury.

4.1.5.2 FOXO3a

Forkhead Class box O3a (FOXO3a) is a member of the forkhead transcription

factor of the forkhead box class O subfamily, which is downstream of the PI3K/Akt

pathway. Phosphorylation by activated Akt causes FOXO3a release of DNA and

translocation into the cytoplasm, thereby decreasing the expression of FOXO3a

target genes. Activity of FOXO3a and expression of its targets, which include

p27kip1 and Bim, is associated with regulation of the cell cycle at the G1/S

transition. Cell cycle activation has been found to contribute to post-mitotic cell

death, glial cell activation, and scarring following SCI [84], while inhibition has

been found to reduce glial proliferation and scar formation [85], indicating that

regulation of cell cycle progression is critical in the recovery process. FOXO3a

levels decrease significantly about 3 days after SCI, particularly in astrocytes

[86]. Inhibition of PI3K ablates this effect. Modulating FOXO3a levels in the

gliovascular unit following injury is a possible method to improve cell cycle

regulation, but current understanding of the effect of FOXO3a phosphorylation

on neurofunctional outcomes is limited.

4.1.5.3 Stat3 and Socs3

Reactive astrocytes have conflicting effects on recovery from CNS trauma. In the

acute phase, astrocyte migration within the lesion site, compaction of inflammatory

cells, and maintenance of BBB integrity minimize lesion size and preserve

prenumbral tissue. In the chronic phase, the resulting glial scar prevents axonal

regrowth. Signal transducer and activator of transcription 3 (Stat3) is an important

mediator of activation in the acute astrocyte response. Knockdown of Stat3 in mice

inhibits astrocyte activation and migration, which results in wider infiltration of

inflammatory cells around the lesion site, neural disruption, and poorer motor
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outcomes, whereas knockdown of the protein suppressor of cytokine signaling

3 (Socs3), the negative regulator of Stat3, improves outcomes [87]. These

regulators of astrocyte activity are potential targets for intervention, particularly

in the acute response, when astrocyte activation appears to be beneficial.

4.2 Conclusion

Multiple molecular pathways mediate various types of secondary injury and various

stages of secondary injury following TBI and SCI. However, one common denomi-

nator in many acute CNS injury pathways involves microvascular failure, resulting

in cerebral edema, secondary hemorrhage, and inflammation, that is brought about

by gliovascular dysregulation.

All of the molecular mechanisms discussed here must be considered to be

adaptive, including not only those that are evidently beneficial but also those that

are seemingly harmful, for if they were not adaptive, they would not have advanced

evolutionarily. However, an adaptive response, if unrestrained or ill-timed, can

become maladaptive, leading to morbidity. In this light, it is perhaps not surprising

that several gliovascular targets have been shown to have seemingly ambiguous

roles, at times protective, at other times detrimental. It is clear that a thorough

understanding of the specific role of each molecule at each stage of the response

after injury is mandatory to prevent inadvertent inhibition of a protective or

otherwise desirable effect.

Among the many targets briefly reviewed above, arguably the most promising

ones are those for which a specific small molecule inhibitor is available. Inhibition

at a molecular level, e.g., using mRNA interference, is still not practical in acute

injury because, with the exception of endothelium, it suffers from the problem that

it is difficult to deliver agent to the cells involved. Similarly, inhibition of transcrip-

tion factors typically is not desirable because of too many potential off-target

effects. At present, small molecule pharmacological inhibitors remain the most

promising agents for inhibiting gliovascular targets, especially if their specificity is

such as to minimize undesirable off-target effects.

Progress in understanding the molecular mechanisms of gliovascular regulation

and dysregulation continues to generate a rich, ever enlarging repertoire of potential

therapeutic targets in CNS trauma that warrant further investigation.
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Chapter 5

Neurovascular Responses to Traumatic Brain

Injury
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Abstract The coordinated action of cells within the neurovascular unit is critical

for proper brain functioning. Traumatic brain injury causes cell injury and death,

resulting in disruptions of the intricate interactions among the surviving cells.

Neurons, oligodendrocytes, astrocytes, microglia, endothelial cells, and pericytes

exhibit specific responses to injury. An examination of these responses is important

in understanding the pathology after brain trauma, and will be reviewed in this

chapter.

5.1 Introduction

The neurovascular unit consists of the neuron and the astrocytes, oligodendrocytes,

endothelial cells, pericytes, and microglia that interact with the neuron [1–4]. Trau-

matic brain injury elicits many cell-type specific responses as well as complex

interactions between various cellular pathways. An understanding of the intricate

connections within the neurovascular unit is essential in the development of

effective neuroprotective strategies. In this chapter the responses of the different

cell types to brain trauma will be reviewed.
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5.2 Neurons

While the neuron is classically seen as the most important type of neural cell, it is

now clear that the complete ensemble of cells in the brain, centered around the

neurovascular unit, is essential for functional activity. Nonetheless, the neuron

remains a major focus of brain injury studies, as neuron survival is fundamental

to brain function. Neuronal injury determines immediate and long-term cognitive

function. This is the case even in patients without direct severe brain injury. In

athletes with repeated concussions and in military personnel exposed to repeat blast

injury, brain pathology reveals increased cytoplasmic aggregates of proteins asso-

ciated with neuronal degeneration, such as transactive response-DNA binding

protein (TDP-43), tau, and β-amyloid [5].

5.2.1 Neuronal Cell Death Pathways After Brain Trauma

Neuronal death occurs through many different pathways, based on reports using

different models of trauma. Fas-receptor-related caspase activation has been shown

in mice after controlled cortical impact (CCI), as well as in humans after brain

trauma [6]. The pro-apoptotic protein Bid contributes to early cell death after CCI

in mice [7]. Early cytochrome c release suggests the importance of mitochondrial

damage, which may be related to necrosis or apoptosis [8]. Rats subjected to fluid

percussion injury show an inflammatory response, characterized by activation of

the inflammasome [9]. Stretch injury in cultured cortical neurons leads to secretion

of caspase-1, a pro-inflammatory agent, and activation of caspase-3, an executor of

apoptotic processes. Lipid peroxidation and related oxidative stress appear to be

important mechanisms, although this has been studied mainly in CSF or brain

homogenates, and may thus not be limited to neurons [9, 10]. Cell death by

necroptosis may be important, and the inhibitor necrostatin-1 is protective in the

mouse CCI model [11]. In a mouse model of closed-head injury, the autophagic

marker beclin-1 is increased in neurons and activated astrocytes [12]. Treatment

with rapamycin, an activator of autophagy, reduced injury, suggesting that

autophagy may be a protective mechanism [13]. Excitotoxicity has been considered

to be an important component of traumatic injury to the brain [14]. Disappointingly,

NMDA receptor antagonists, which were tested in clinical trials in the 1990s/early

2000s, did not show efficacy in the treatment of traumatic brain injury [15, 16].

5.2.2 Traumatic Penumbra

Neuronal pathology is not confined only to the area of direct impact. In focal brain

injury, the peri-contusional area features ischemia, which leads to secondary
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damage. Reduced cerebral blood flow was found in the peri-contusional area in

mice by 14C-iodoantipyrine autoradiography [17], and clinical studies have

suggested that intravascular coagulation may contribute to the reduction in blood

flow [18, 19]. Analogous to the ischemic penumbra in stroke, it is likely that a

traumatic penumbra exists [19–21], representing a site with potentially salvageable

cells. Diffuse axonal injury has been observed in the peri-contusional area in

humans after severe head injury. Presumably related to shear stress, it also com-

promises surviving neurons in the penumbra [22].

5.2.3 Selective Neuronal Vulnerability in Brain Trauma

Neurons from different brain regions appear to differ in their susceptibility to injury

following brain trauma. In different types of experimental trauma models, the

hippocampus, especially the CA3 region and the dentate gyrus, appear to be

particularly susceptible to delayed neuronal damage [23–25], Etiologies proposed

for this increased vulnerability include a higher concentration of NMDA receptors

in hippocampal neurons [26]. Consistent with this hypothesis, hippocampal neurons

exhibit higher intracellular calcium levels and increased cell death in an in vitro

mechanical stretch model, compared to cultured cortical neurons, suggesting

increased excitotoxic cell death [26]. However, the NMDA receptor antagonist

MK-801 was not protective in this study or in clinical trials [15, 16, 26]. Other

observations include a higher level of glia and macrophages in the hippocampus of

rats after fluid percussion injury [27]. Using another approach with gene expression

analysis, FluoroJade-positive and negative hippocampal CA3 neurons were isolated

by laser capture microdissection and the transcriptional profile was examined.

Compared to uninjured neurons, the transcriptional profile in FluoroJade-positive

neurons was found to be different, with mRNAs encoding neuroprotective mole-

cules such as glutathione peroxidase 1, heme oxygenase 1, and brain-derived

neurotrophic factor (BDNF) expressed at lower levels in the injured neurons [28].

In addition to hippocampal neurons, Purkinje cells of the cerebellum are also

very vulnerable to delayed cell death following TBI [29]. AMPA receptor-mediated

calcium overload was found to be a possible factor in an in vitro stretch injury

model [30]. Several studies have examined whether myelination state affects

neuronal sensitivity to brain trauma. In a fluid percussion model in rats, unmyelin-

ated axons in the corpus callosum appear to be especially susceptible [31]. In an

in vitro correlate, myelinated axons are more resistant to axonal stretch injury in an

oligodendrocyte–neuron co-culture system [32].

The fact that myelinated axons are more resilient suggests that oligodendrocytes

have a protective effect on neurons under TBI conditions [32]. Similarly,

endothelial-neuron co-cultures suggest that endothelial-secreted BDNF enhances

survival of neurons in an in vitro model of hypoxia and re-oxygenation [33]. These

examples of the interdependency between neurons and other types of cells highlight

the need for neuroprotective strategies that target the many cells that interact with

the neurons.

5 Neurovascular Responses to Traumatic Brain Injury 77



5.3 Oligodendrocytes

Oligodendrocytes constitute one of the major glial cell types in the white matter of

the brain. Oligodendrocytes produce a lipid-rich membrane called myelin, which

wraps around the axons of neurons and facilitates fast saltatory nerve impulse

conduction [34].

5.3.1 Physiological Functions of Oligodendrocytes

Most myelination occurs during early postnatal life, but somemyelination continues

at least into late adolescence, contributing to the maturation of the functional

circuits. In selected regions of the CNS, myelination actually increases throughout

adult life [35], thereby conferring some degree of plasticity to the adult neural

circuitry. For instance, successful learning of juggling is associated with an increase

in fractional anisotropy in the white matter underlying the intraparietal sulcus,

suggesting an increase in myelination even in adult brain [36]. Increases in

myelination have been detected in the adult animals under environmental enrich-

ment [37]. Adult oligodendrocyte precursor cells (OPCs) are abundant in both

grey and white matter areas, comprising 5–8 % of all the cells in the adult brain,

and can be stimulated to proliferate, migrate and differentiate to provide new

oligodendrocytes [38].

5.3.2 Interdependency of Oligodendrocytes with Neurons
and Endothelial Cells

Oligodendrocyte–neuron interactions are important in normal brain function. Oli-

godendrocytes signal to neurons and metabolically support axons via myelin–axon

interactions [39, 40]. Acting through the monocarboxylate transporter 1 (MCT1),

oligodendrocytes supply lactate, which is integral for axonal energy support [41]. In

addition, oligodendrocyte-derived trophic factors, such as insulin-like growth fac-

tor (IGF-1) and glial cell-derived neurotrophic factor (GDNF), promote neuron

survival, and axon outgrowth in vitro [42]. On the other hand, neurons can enhance

or inhibit oligodendrocyte differentiation and maturation through axon-generated

signals [40, 43–45]. Furthermore, there is evidence that axonal electrical activity

affects myelination. During development, OPCs can generate postsynaptic poten-

tials in response to synaptic input [46]; and in the mature mouse, OPCs from the

subventricular zone (SVZ) receive synaptic input during remyelination [46].

Endothelial–oligodendrocyte interactions in the “oligovascular niche” may con-

tribute to ongoing angiogenesis and oligodendrogenesis in adult white matter after
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brain injury [47, 48]. Cerebral endothelium enhances OPC proliferation and migra-

tion in cell culture [49]. Conversely, matrix metalloproteinase (MMP)-9 from

oligodendrocytes may promote vascular remodeling after white matter injury

[47]. Hence, strategies targeting oligovascular signaling may help promote

remyelination along with vascular remodeling after white matter injury in the

context of brain trauma.

5.3.3 Pathophysiology of Oligodendrocytes After Brain
Trauma

White matter disruption due to loss of oligodendrocytes occurs across the spectrum

of mild to severe TBI, both in animal models and in humans [48, 50–54]. Significant

white matter atrophy occurs months to years after injury in a rat TBI model [52, 54,

55]. Recent studies have reported that activation of microglia, macrophages, and

astrocytes, along with an increase in the number of OPCs, are found in white matter

lesions after fluid percussion injury in a rat TBI model [50]. In human studies,

atrophy of white matter tracts and subsequent demyelination [52, 56–59] is often

seen along with chronic reductions in cerebral blood flow in white matter regions

[60, 61]; whereas cognitive recovery is associated with improvements in white

matter blood flow [62]. Most often, the degree of atrophy has a direct correlation

with the degree of neuropsychological impairment, such as cognitive dysfunction

[52, 54, 56–59].

Recent progress in MRI technique, including diffusion tensor imaging (DTI) and

DTI tractography, has resulted in improved detection of subtle white matter injury

which was not visualized with prior imaging techniques. For instance, it is now

possible to detect diffuse axonal injury after mild TBI, even when the key identi-

fying feature of microbleeds is not present [63–67]. Recent clinical studies using

DTI have shown a relationship between white matter injury and the extent of

impairment in functional connectivity within important brain networks

[63–67]. Tractography measurements predicted learning and memory performance

in patients during the acute phase of TBI, as well as their processing speed and

executive function during the chronic phase [65].

Cell survival, inflammatory, and hemodynamic processes in white matter play a

pivotal role in progressive pathophysiology of TBI. The loss or dysfunction of

oligodendrocytes could also have devastating effects on the function of neurons and

of axonal connectivity. On the other hand, endogenous regeneration of injured

white matter can be induced after TBI [50]. Therapies to restore oligodendrocyte

and myelin integrity and to promote oligodendrogenesis should be an important

consideration in the therapeutic approach to TBI.
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5.4 Astrocytes

Astrocytes play an essential role in neurovascular functioning. They constitute

nearly half of all brain cells and outnumber neurons in the human brain. Astrocyte

interaction with other cells is facilitated by its extensive network of fine membra-

nous processes that ensheath synapses and microvessel. Astrocyte regulation of

extracellular ionic balance is essential in maintaining an environment for normal

brain function. Additionally, astrocytes play many other pivotal roles in NVU

regulation, which will be discussed in this section.

5.4.1 Physiological Functions of Astrocytes

First, astrocytes affect the formation, function, and elimination of neuronal synap-

ses [68]. Astrocytes secrete thrombospondins (TSP) [69], cholesterol [70], and

glypicans 4 and 6 [71], which promote synaptic formation, presynaptic function,

and postsynaptic function. When co-cultured with astrocytes, retinal ganglion cells

form functional synapses whose activity increases by nearby100-fold [72]. Con-

versely, astrocytes are affected by neurons through their response to neurotrans-

mitters, which activate signaling cascades in astrocytes. This process often results

in a feedback loop in which astrocyte release of chemicals, such as ATP, in turn

modulating neuronal activity.

Second, astrocytes couple the level of synaptic activity with cerebral blood flow

through their effect on cerebral vascular tone. This process is accomplished by

coordinated interactions between astrocytes, neurons, and endothelial cells, and

facilitated by the numerous fine astrocytic processes which are closely associated

with both blood vessels and synapses [73, 74]. In response to increases or decreases

in synaptic activity, astrocytes modulate regional vascular tone to regulate the

amount of regional blood flow, matching enhanced delivery of oxygen and glucose

to metabolic needs in the active brain region.

Third, astrocytes constitute a key element of the blood–brain barrier (BBB).

Scar-forming reactive astrocytes help seal injuries to the BBB [75]. Conversely,

vascular endothelial growth factor (VEGF)-A, derived from reactive astrocytes,

enhances pathological BBB breakdown accompanied with lymphocyte infiltration,

tissue damage, and clinical deficit [76].

Fourth, astrocytes are highly secretory cells that release various substances

including soluble trophic factors, that act on other types of cells. For example,

astrocytes secrete a host of trophic factors which target oligodendrocyte lineage

cells, including platelet-derived growth factor (PDGF), fibroblast growth factor-2

(FGF-2), leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF),

IGF-1, BDNF, bone morphogenic proteins (BMPs), and ECM-related molecules

[77, 78]. Astrocytes also have trophic effects on neurons [79] and on endothelial

progenitor cells (EPCs), actions which may mediate neurovascular remodeling after

stroke [80].

80 J. Lok et al.



Fifth, astrocytes communicate with neighboring cells through gap junction

channels that are regulated by extra- and intracellular signals [81]. For instance,

connexin-43 (CX43) and CX30 hemichannels mediate astrocyte-endothelial and

astrocyte-neuronal cell–cell transfer of nutrients, metabolite, secondary messengers

and ions [82].

5.4.2 Pathophysiology of Astrocytes After Brain Trauma

Astrocytes play significant roles in brain function after brain trauma. Following

experimental TBI in rodents [83–85] or neurotrauma in humans [86], astrocytes

undergo a phenotypic change called “reactive astrocytosis.” The morphology of

these reactive astrocytes consists of cellular hypertrophy and hyperplasia, cytoplas-

mic enlargement, elongation of cytoplasmic processes, and increased expression of

glial fibrillary acidic protein (GFAP) [87, 88].

Reactive astrocytosis after brain injury is generally regarded as detrimental.

S100β, a marker of reactive astrocytosis, is elevated in the serum [89, 90] and

CSF [91] of TBI patients and correlate with clinical outcome. Higher serum

concentrations of GFAP are also associated with worse clinical outcome in patients

with significant TBI [92]. Reactive astrocytes may be harmful by producing

pro-inflammatory cytokines [93] and by inhibiting axon regeneration [94]. Down-

regulation or dysfunction of the astrocytic glutamate transporters GLT-1 and

GLAST is seen following CCI in rats [95] and in humans following severe brain

trauma [96] and may exacerbate neuronal excitotoxicty following head trauma.

Suppression of reactive astrocytes by simvastatin attenuated brain injury in a rat

traumatic injury model [97], suggesting that reactive astrocytes may be a therapeu-

tic target after brain trauma. However, reactive astrocytes can be beneficial under

some conditions. For instance, they may upregulate synaptogenesis-inducing genes,

such as TSP [69], and secrete trophic factors, including GDNF, BDNF, IGF1, and

VEGF [98]. Additionally, reactive astrocytes may release tPA, which can enhance

neuronal dendrite formation [99].

5.4.3 Dichotomous Effects of Reactive Astrocytosis

The divergent effects of reactive astrocytes after brain trauma are illustrated by

experiments involving transgenic mice that lack reactive astrocytes. They have

reduced glial scar formation after forebrain stab injury or spinal cord injury (SCI),

but they exhibit increased inflammation and prolonged leukocyte infiltration [75,

100]. Likewise, conditional astrocyte ablation exacerbated neural tissue damage

and increased the inflammatory response following moderate CCI in mice [101,

102].

It is intriguing that reactive astrocytosis may lead to beneficial or harmful results.

Astrocytes appear to be a heterogenous group [68, 103, 104] in terms of morphology,

antigenic phonotype, location, translational profile, electrophysiological properties
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and Ca2+ activity [105]. After brain injury, gene profiles of reactive astrocytes are

differentially expressed in different brain regions, or at different time points in the

same brain region. Whether each astrocyte can transform its phenotype or whether

there are inherently different astrocyte populations in specific brain regions is an area

of investigation [103]. Furthermore, alterations in gene expression of reactive astro-

cytes appears to differ by injury type, as was shown by the astrocyte transcriptome of

mice after middle cerebral artery occlusion (MCAO) and systemic LPS injection

[106]. Hence, the diversity of astrocytes may contribute to their dual roles in NVU

functioning after brain injury.

5.5 Microglia

Microglia are resident immune cells of the CNS and serve as sensors and effectors

of the immune system in the normal and pathologic brain [107, 108]. Microglia

constantly monitor the microenvironment and respond to many types of pathologic

events with typical macrophagic functions, such as phagocytosis, secretion of

proinflammatory cytokines, and antigen presentation.

5.5.1 Physiological Functions of Microglia

Microglia are immunological sentinels of the brain and even in the “resting” state in

the healthy CNS, they are not functionally silent [107, 109]. Microglial processes

are highly dynamic in the intact cortex [110, 111], in which microglial processes

constantly survey and respond to the functional status of synapses [112]. Further-

more, it appears that microglia contribute to the subsequent increased turnover of

synaptic connections, based on the finding that some synapses in ischemic areas

disappear after prolonged microglial contact [112]. Recent research has revealed

many additional microglial functions beyond that of the microglia “immune net-

work” [113]. Microglia may interact with axons of visual neurons, with a phenotype

that is influenced by the postnatal visual experience [114]. Microglia are implicated

in retinal blood vessel formation in humans and rodents [115]. Microglia act as

phagocytes for the removal of dying cells during the process of programmed cell

death [116]. In the adult brain, microglia participate in synapse remodeling and

neurogenesis [117–120].

5.5.2 Microglial Activation

Microglial reactivity is a transition from the highly active surveillance state towards

an even more reactive state, in which microglia respond to a pathological event with
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morphological and functional changes. Any insult to the CNS, including infection,

trauma, or metabolic dysfunction, may cause microglial activation. Upon activa-

tion, microglia develop thicker processes, produce cytokines, chemokines, and

growth factors, and generate reactive oxygen and nitrogen species. They may also

increase the expression of immunomodulatory surface markers and acquire antigen-

presenting ability [121, 122]. Activated microglia can exhibit phenotypic and

functional diversity depending on the nature, strength, and duration of the stimulus

[121, 123]. At least two activated phenotypes, “classically activated” (also called

M1) or an “alternatively activated” (also called M2), have been identified

[124–127]. M1 microglia are pro-inflammatory and release TNFα, IL-1β, nitric
oxide, and reactive oxygen species (ROS). M2 microglia, in comparison to M1

microglia, have decreased production of nitric oxide and increased production of

anti-inflammatory cytokines and neurotrophic factors such as GDNF, BDNF,

bFGF, IGF-1, TGF-β, and VEGF [118, 128–131].

Whether microglial activation is neurotoxic is a long-standing debate. On the

one hand, microglial over-activation or dysfunction may exacerbate a preexisting

neuropathology or cause neurodegenerative diseases [132]. On the other hand,

activated microglia can support neuronal survival [133, 134] by release of

neurotrophic and anti-inflammatory molecules, clearance of toxic products or

invading pathogens, as well as by guidance of stem cells to inflammatory lesion

sites to promote neurogenesis [119, 120, 135].

5.5.3 Pathophysiology of Microglia After Brain Trauma

In rat models of experimental SCI, activated microglia appear between 12 and 24 h

post-injury, with maximal infiltration 4–8 days post-injury [136, 137]. There is a

second peak at 60 days and continued elevation through 180 days after SCI [138]. In

animal models of experimental brain trauma, microglia react within minutes, and

microglial processes rapidly converge at the injury site. Activated microglia sur-

round the lesion and remain activated for weeks and months after the initial injury

[139–143].

In humans with brain trauma from traffic accidents and falls, microglial activa-

tion has been reported as early as 72 h after injury [144], and can remain elevated

for months after blunt injury [145, 146]. Sites of activation often coincide with

those of neuronal degeneration and axonal abnormality [147]. Increased microglial

activation has been reported as long as 17 years after moderate to severe brain

trauma in a patient study [148]. This finding suggests that microglia may perpetuate

a chronic inflammatory cycle after TBI. It also highlights the possibility that the

brain’s response to trauma may evolve over years or even decades [148].
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5.5.4 Dichotomous Effects of Microglial Activation

Microglial activation may have harmful and beneficial effects. It is widely accepted

that neuro-inflammation after TBI plays opposing roles. Many pathological

changes of TBI are mediated through an inflammatory cascade characterized by

activation of microglia [149] and an increase of pro-inflammatory cytokines [150,

151], both of which can exacerbate brain injury and increases the risk of delayed

dementia [152]. A recent study showed that microglia alone, without the inflam-

matory effects of circulating monocytes or macrophages, can impair functional

recovery in the injured spinal cord [153]. Activated microglia may also induce

extensive retraction of dystrophic axons through direct physical interactions

[154]. In humans, the long-term microglial activation and chronic inflammation

may cause post-traumatic neurodegeneration that may underlie the cognitive

decline seen in many long term survivors of TBI [146].

However, not all microglial activation is deleterious. There is evidence that

microglia is involved in focal neurogenesis in the dentate gyrus of the hippocampus

after TBI [155]. Interestingly, inflammation-activated microglia can attenuate

neurogenesis, while microglia activated by certain T cell cytokines can promote

neurogenesis [156]. Similarly, microglia may be protective after SCI, in which the

M2 phenotype of activated microglia expresses growth factors that promote neu-

ronal recovery and limit inflammation-mediated injury [157]. Thus, activated

microglia may be important in promoting functional recovery after CNS trauma.

5.6 Endothelial Cells

Endothelial cells line the entire vasculature of the brain. The endothelium is

extensive in its physical dimensions and in its interactions with other cells in the

brain. Endothelial responses to traumatic brain injury, ranging from altered signal-

ing pathways to physical breakdown of blood vessels, have far-reaching conse-

quences for brain function and neurological outcome.

5.6.1 Pathophysiology of Endothelial Cells After Brain
Trauma

Dysfunctional endothelial signaling can lead to vasospasm, vasoconstriction,

microthrombi formation, oxidative stress, and amplification of inflammatory cas-

cades [158–165]. Physical breakdown of blood vessels impose the burdens of

ischemia, hemorrhage, and the toxic effects of extravasated iron and blood stream

components [166–169]. Leukocyte–endothelium interactions are important after

brain trauma and constitute an area of active research. Increased leukocyte adhesion
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to endothelial cells and migration into the brain parenchyma have been observed

after brain trauma and may exacerbate pathological processes, but may not con-

tribute directly to expansion of the primary lesion [170–175].

Endothelial dysfunction is detrimental to brain homeostasis and function, and

pathological events in the microvasculature have great potential to contribute to

secondary brain injury and impact neurological outcome. Of the myriad endothelial

reactions to brain trauma, compromised BBB function and progressive secondary

hemorrhage (PSH) are two of the most significant, and will be discussed in further

detail in this section. Although some variations exist based on the modality of

injury—concussion, contusion, blast injury, shear injury, and mixed models—the

major elements of the pathways will be highlighted.

5.6.2 Compromised Blood–Brain Barrier Function

The blood–brain barrier (BBB), also known as the blood–brain interface, is a

selective diffusion barrier, formed by endothelial cells which are closely apposed

by astocytic end feet and pericyte processes [98]. The endothelial cells of the

central nervous system are connected with specialized junctional complexes, gen-

erating a higher transendothelial resistance (~1,500 Ω/cm2) than peripheral endo-

thelial cells [176]. Additional transport proteins and solute carriers located on

endothelial surfaces mediate the regulated transfer of substances in and out of the

brain [177]. The maintenance of the barrier properties is crucial to proper neuronal

functioning. In clinical series, patients who have disrupted BBB appear to have an

increased risk of developing acute seizures, delayed epilepsy, cognitive impair-

ment, and Alzheimer’s disease [178–181].

The BBB is especially vulnerable to downstream effects of ROS which are

generated by many pathological processes after TBI. These processes include

excitotoxicity, neutrophil recruitment, mitochondrial energetic failure, and macro-

phage/microglial activation [182]. BBB breakdown after experimental brain injury

is typically biphasic in nature, reaching a maximum within a few hours and

subsequently declines, with a delayed smaller peak 3–7 days following injury

[183–185]. Compromise of BBB integrity disrupts the precise ionic gradients

necessary for proper neuronal function. Additionally, cerebral edema increases

the total intracranial volume, which may increase intracranial pressure, leading to

compromised perfusion, ischemia, brain herniation, and death. The increase in BBB

permeability is often associated with a local immune response, including the

activation of astrocytes and microglia [186, 187]. Some reports suggest that BBB

opening alone, even without traumatic damage, may induce astrocyte activation

[188]. In addition, activation and upregulation of MMPs degrade the endothelial

and further increase vascular permeability [189].
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5.6.3 Cerebral Edema Formation—Etiologic Considerations

A number of different pathways have been described in association with the

increase in endothelial permeability and the development of cerebral edema.

Several groups have examined the permeability increases provoked by IL-1β as it

is an inflammatory cytokine which is upregulated and plays an important role after

brain trauma. The pathophysiological processes include signaling through various

isoforms of protein C kinase, resulting in phosphorylation of ZO-1 and a decrease in

transendothelial electrical resistance [190]. Induction of tissue factor activity was

reported to facilitate IL-1β effects on endothelial permeability [191]. In an in vitro

model of hypoxia and re-perfusion, conditions which are often present in the brain

after trauma, endothelial barrier function was found to be highly dependent on actin

dynamics, mediated by complex interactions involving several Rho-GTPases such

as Rho A and Rac1[192]. In another in vitro model of inflammation-induced

permeability, VEGF-mediated disruption of claudin-5 was reported [193]. Data

from tPA knockout mice subjected to CCI suggest that tPA may amplify edema and

cortical brain damage [194].

A novel mechanism has been proposed by the Simard, based on research

involving two ion transport proteins expressed in brain endothelial cells—

NKCC1 (the Na+–K+–2Cl� cotransporter), and SUR1/TRPM4 (the SUR1-

regulated NCCa-ATP channel) [169, 195]. NKCC1, an intrinsic membrane protein

which is constitutively expressed on the luminal side of brain endothelial cells,

transports chloride ions, along with sodium and potassium ions, across plasma

membranes. Brain trauma and the concomitant ischemia increases the expression

and activity of NKCC1, which leads to excess sodium transport into the cells,

resulting in cell swelling and increased capillary permeability [195–198]. The

excess sodium inside endothelial cells is pumped out into the extracellular space

by the Na+–K+ ATPase, which is expressed on the abluminal membrane, contrib-

uting to brain edema formation. NKCC1 activity is inhibited by a low dose of the

diuretic bumetanide, which significantly reduces cerebral edema and neuronal

injury following traumatic and ischemic brain injury [199, 200].

The SUR1-regulated NCCa-ATP channel, also called SUR1/TRPM4, is another

ion channel implicated in the development of cerebral edema [169, 195]. It consists

of two subunits—SUR1, the regulatory subunit; and TRPM4, the pore-forming

subunit. Expressed mostly during conditions of hypoxia or injury [201, 202],

including brain trauma [195, 203] and intracranial hemorrhage [200], it is activated

by Ca2+ and inhibited by intracellular ATP and transports inorganic monovalent

cations across plasma membranes. Under conditions of ATP depletion, the SUR1/

TRPM4 channel opens, depolarizing the cell and allowing excess sodium influx.

These events contribute to cytoskeletal rearrangement, tight junction disruption,

cell retraction, and the development of intercellular gaps, which promote the

formation of vasogenic edema. The cell may also undergo oncotic swelling, leading

to cytotoxic edema and necrotic cell death.
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Because of their opposite relationships to ATP availability—NKCC1 function

requires the presence of ATP and SUR1/TRPM4 requires the depletion of ATP—at

least one of these proteins is likely to be active as ATP concentrations fluctuate in

the aftermath of brain trauma [169]. Bumetanide and glibenclamide, two

FDA-approved drugs in clinical use, can inhibit NKCC1 and SUR/TMRP4, respec-

tively, and were found to decrease cerebral edema in in vivo TBI experiments [195,

200]. A recent analysis of patients who were taking a sulfonylurea drug (such as

glibenclamide) for diabetes mellitus showed that a greater percentage of the

patients (36 % vs. 7 %) who were on sulfonylureas had improved neurological

status at discharge, compared to patients with similar characteristics but not taking a

sulfonylurea drug [204].

Aquaporin-4 (APQ4), a major water channel located predominantly in the

perivascular end feet of astrocytes, is also believed to be a participant in the tapestry

of pathways involved in cerebral edema formation [205]. However, the relationship

between APQ4 expression and edema formation is complex. In a focal cortical

contusion model in rats, AQP4 was upregulated at the site of traumatic brain injury,

but down-regulated adjacent to the site of injury [206]. In another rat CCI model,

AQP4 expression was decreased in both hemispheres—maximally in the injured

hemisphere at 48 h after injury, coinciding with edema development [207]. Primary

cultures of astrocytes from AQP4-null mice had greatly reduced osmotic water

permeability compared with wild-type astrocytes, consistent with the role of AQP4

as a principal water channel in these cells. Curiously, the absence of AQP-4

ameliorated cytotoxic brain edema, but worsened vasogenic brain edema [208]. In

yet another series of experiments, inhibition of AQP-4 significantly decreased brain

edema but did not affect BBB permeability [209]. In recent studies with a closed-

skull model of TBI in mice, AQP4 expression was found to be generally increased;

but the most prominent effect was the loss of polarized localization at end foot

processes of reactive astrocytes. This alteration in AQP4 peaked at 7 days after

injury, when cerebral edema and ICP had largely normalized. These temporal

profiles suggest that changes in AQP4 expression and localization may be compen-

satory mechanisms rather than causative factors in the formation and resolution of

cerebral edema [210]. The divergent data summarized here are likely manifestations

of multiple complex actions of AQP-4 in the brain after trauma.

Experiments that incorporate the effects of secondary insults—hypoxia and

hypotension—suggest that secondary insults blunt AQP4 upregulation after trauma

[211]. However, in similar experiments which examined early cytotoxic edema

after brain trauma and secondary insult or focal ischemia, an antagonist to the

vasopressin V1A receptor reduced AQP4 upregulation and attenuated brain edema

formation [212]. Since V1A receptors regulate AQP4-dependent brain water move-

ment, the modulation of V1A receptor function may offer new insights into the role

of APQ4 and vasopressin in brain edema formation.

The degree of cerebral edema after TBI is highly correlated with neurological

outcome after brain trauma. There is also increasing evidence that microvascular

injury may result in long-term abnormalities in the BBB and may contribute to

chronic pathology, including post-trauma epilepsy and Alzheimer’s disease
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[178–181]. To investigate the delayed complications of BBB damage, Pop

et al. [213] evaluated the effect of juvenile TBI (jTBI) on cognitive decline over

time. 17-day-old rats were subjected to CCI. Sixty days after injury, jTBI mice had

decreased P-glycoprotein (P-gp) on cortical blood vessels, indicating alterations in

BBB properties. They also exhibited higher levels of endogenous β-amyloid in

several brain regions compared to sham, along with impaired cognitive perfor-

mance, raising the possibility that there is an association between BBB dysfunction

and chronic cognitive decline.

5.6.4 Hemorrhagic Progression of a Contusion

Cerebral contusions are commonly seen in patients with severe brain injuries, and a

significant proportion of these patients develop a progression in the size of the

contusion [214]. Often associated with multiple micro-hemorrhages from ruptures

of capillaries, the microvessels may undergo further breakdown in the hours after

the initial trauma, resulting in expansion of the contusion or formation of additional

non-contiguous hemorrhagic lesions [215]. Termed “hemorrhagic progression of a

contusion (HPC)” or “PSH” by the Simard laboratory [169, 201], it is detrimental to

brain tissue on several fronts. The capillary breakdown leads to decreased perfusion

and tissue ischemia, and the extravasated heme and iron is extremely toxic to the

surrounding cells and to the myelin of white matter tracts [166–168].

Historically, HPC has been attributed to continued extravasation of blood from

damaged microvessels, along with exacerbation by a coagulopathy. A novel mech-

anism is being investigated, again involving the SUR1/TRPM4 channel [169]. Pro-

posed to be a central agent in the development of cerebral edema, SUR1/TRPM4

appears to be integral to HPC as well. As previously described, opening of SUR1/

TRPM4 allows excessive sodium influx, leading to oncotic cell swelling [195]. In

the extreme case of critical ATP deletion, SUR1/TRPM4 opening is sustained, and

oncotic swelling progresses to endothelial cell death; capillary fragmentation, and

PSH. The microenvironment in the contused brain region promotes SUR1 activity

because the kinetic energy of the impact activates mechano-sensitive transcrip-

tional regulators of SUR1 [216, 217]. Two such transcription factors are protein

1 (Sp1) and nuclear factor-jB (NF-jB), both of which are involved in the transcrip-

tional regulation of Sur1 [218–222]. Once activated, these proteins rapidly undergo

nuclear translocation and lead to increased SUR1 expression in the microvessels.

Transcriptional upregulation of SUR1 followed by opening of the channel after TBI

sets the stage for progression of secondary bleeding and has been linked to oncotic

cell swelling and death of neurons, astrocytes, and endothelial cells [202, 203,

223]. Treatment with the Sur1 inhibitor glibenclamide prevents the progression of

hemorrhage and limits the final lesion volume [200, 217].

BBB dysfunction and progressive hemorrhage are two events at the endothelial

level that significantly affect neurological outcome. Anatomical considerations and

the temporal progression of these events add to their potential as targets for
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neuroprotective interventions—anatomically, the vasculature is more accessible

than other brain compartments; temporally, these complications often occur with

some time delay after the initial brain trauma. The incorporation of these therapeu-

tic targets should be important considerations in the development of

neuroprotective strategies.

5.7 Pericytes

Pericytes are cells that surround the endothelial cell layers of the capillary network

in the brain. They have multiple functions, including the regulation of BBB

integrity, regulation of cerebral blood flow, clearance of cellular debris, and being

a source of pluripotent stem cell [224–228]. The pericyte density varies among

different organs and vascular beds. Pericyte coverage in CNS is higher than in other

organs, with approximately 30 % coverage of the endothelial abluminal surface

[229], suggesting that pericyte functions are especially important in the brain

vasculature. In this section we will focus on the key actions of pericytes on the

cerebral microvasculature.

5.7.1 Physiological Functions of Pericytes

First, pericytes engage in functional coupling with endothelial cells. This is facil-

itated by elongated pericyte processes which ensheath the capillary wall

[229]. Interdigitations of pericyte and endothelial cell membrane make direct

contact containing cell–cell junction proteins, such as N-cadherin and connexin

[227, 229]. Several transduction cascades, including PDGF-B, transforming growth

factor-β (TGF-β), Notch, sphingosine-1 phosphate and angiopoietin signaling are

involved [224, 226].

Second, pericytes have angiogenic actions [230]. Pericytes express MMPs,

which enhance extracellular matrix degradation early in angiogenesis, thereby

promoting endothelial migration and facilitating the release of matrix-sequestered

angiogenic factors. Furthermore, pericytes directly contribute to the synthesis of

extracellular matrix proteins, including laminin, nidogen, and fibronectin

[231]. They also secrete tissue inhibitor of metalloproteinase 3 (TIMP3), a potent

inhibitor of several MMPs, which inhibits degradation of basement membrane

proteins during the vessel stabilization phase [231]. Pericyte-derived VEGF-A

may also stimulate endothelial survival, proliferation, and sprout formation [232].

Third, pericytes play essential roles in maintaining BBB integrity. BBB forms

early in embryogenesis, during a time period that coincides with initial pericyte

recruitment, preceding astrocyte generation [233]. However, the role of pericytes in

BBB function extends beyond the perinatal period to the adult and aging brain [225,

226]. Pericyte-deficient mice demonstrate both BBB breakdown and reductions in

5 Neurovascular Responses to Traumatic Brain Injury 89



brain microcirculation, which lead to neuroinflammation and neurodegeneration in

the adult and aging brain [226]. Loss of brain pericytes and the resulting BBB

breakdown have been shown to impair neurovascular function through leakage and

deposition of vasculotoxic or neurotoxic macromolecules, such as fibrin, thrombin,

plasmin, and hemosiderin [226, 231].

5.7.2 Pathophysiology of Pericytes After Brain Trauma

The multiple functions of pericytes all come into play after brain trauma [234,

235]. Studies focusing on the role of pericyte in human trauma have been sparse;

however, emergent studies demonstrate that pericytes play multiple functions in

restoration of homeostasis in the neurovascular unit after trauma.

Pericytes are instrumental in the regulation of blood flow after TBI. Pericytes

have been reported to be involved in endothelin-1-mediated hypoperfusion after

TBI. Increased pericyte expression of alpha-SMA and endothelin-1 correlate with

reductions in both arteriolar and capillary diameter after trauma [236]. ETrB

immunolabeling was elevated in pericytes 24 h post-trauma, suggesting that

pericytes could be involved in microvascular autoregulation and reduction of

blood flow [237].

Pericytes are involved in adaptive cerebrovascular responses after TBI. The

detachment and migration of brain pericytes after trauma is thought to trigger

BBB disruption and edema formation, and to affect angiogenesis during the repair

phase. In a model of TBI in the rat, pericytes close to the impact area started

migrating as early as an hour after injury [238]. Approximately 40 % of brain

microvascular pericytes are reported to migrate out to perivascular locations, often

to adjacent neuropils. Coincident ultrastructural changes in the neurovascular unit

are seen, such as thinning of abluminal basal laminar surfaces and increased

protease activities at the leading tip of the migrating pericyte. A marked increase

in the expression of urokinase plasminogen activator receptor and/or MMPs at the

leading tip of the migratory pericyte has been reported [238, 239]. The migration is

thought to be crucial for pericyte retention in the tissue as most cerebrovascular-

embedded pericytes perish through apoptotic mechanisms following trauma

[238]. However, in human brain edema, degenerative changes in pericytes have

been reported without evidence of pericytic migration to perivascular spaces [235].

The presence or loss of pericytes from cerebrovascular plexus after trauma is

thought to modulate VEGF expression which affects post-traumatic angiogenic

responses [240]. Heat shock response in a TBI model, as demonstrated by a

ubiquitous increase in HSP-70 staining of brain capillaries 48 h post-trauma, was

preceded by a marked pericyte cell death [241]. Pericyte activity after trauma may

contribute to BBB disruption. In several models of focal brain compression and

ischemia, extensive morphological changes in the basal lamina, such as basement

membrane thickening, are attributed to the proteolytic activities of the migrating

pericyte [234, 235, 238–240]. In human traumatic brain edema, resident pericytes
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are reported to play a direct role in brain barrier dysfunction and edema resolution

by phagocytic activities. Ultrastructural modifications, such as increased vacuolar

and vesicular transport, transient transpericytal channels, and morphological vari-

ations point to altered pericyte function in the BBB [242].

Several submicroscopic changes have been documented in cortical capillary

pericytes in human perifocal brain edema. Phagocytic pericytes were observed with

ingested erythrocytes [243]. Hypertrophic pericytes with ruptured basement mem-

brane were found as well. Resident-degenerated pericytes were found with lacunar

enlargement of endoplasmic reticulum, vacuolization, and micropinocytotic vesicles

orientated to multivesicular bodies, suggesting that pericytes may have phagocytic

functions [242].

Apart from the well-characterized function of cerebrovascular regulation, brain

pericytes are likely to have pleiotropic functions in repair and regeneration after

brain trauma. Pericyte plasticity after trauma offers opportunities for therapeutic

intervention. The current scientific evidence on pericytes is housed in different

animal models and different injury paradigms. Research efforts to clarify the roles

played by pericytes in acute brain trauma will add a great deal to the understanding

of brain pathophysiology after trauma.

5.8 Conclusion

Each of the different types of cells in the neurovascular unit exhibits unique

responses to brain trauma. Additionally, there are many intricate interactions

between these cells, often with dichotomous manifestations at different time points.

An understanding of these complex interactions within the neurovascular unit is a

starting point for addressing the pathophysiology after brain trauma.
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Chapter 6

The Effects of Intravascular Coagulation

and Microthrombosis on Cerebral Perfusion

After Brain Trauma

Monisha A. Kumar, Douglas H. Smith, and Sherman C. Stein

Abstract Derangements in coagulation occur frequently after traumatic brain

injury (TBI) and are associated with an increased risk of mortality or poor outcome.

The coagulopathy after TBI is likely a variant of disseminated intravascular coagu-

lation (DIC), composed of both hypocoagulable and hypercoagulable states with

resultant hemorrhagic and thrombotic phenotypes. Much attention has been paid to

the hemorrhagic phenotype of intravascular coagulation (IC) due to its association

with progression of hemorrhagic injury. However, the coagulopathy after TBI also

results in thrombosis, which may be responsible for compromised cerebral perfu-

sion and thromboembolic phenomena as well as progression of injury. This chapter

reviews the literature on intravascular coagulation after TBI, examines the effects

of intravascular coagulation on microthrombosis, cerebral blood flow (CBF), and

progression of injury, and reviews putative pathogenetic mechanisms.

6.1 Introduction

Derangements in coagulation occur frequently after traumatic brain injury (TBI)

and are associated with an increased risk of mortality or poor outcome. The

coagulopathy after TBI is likely a variant of disseminated intravascular coagulation

(DIC), composed of both hypocoagulable and hypercoagulable states with resultant

hemorrhagic and thrombotic phenotypes. Much attention has been paid to the

hemorrhagic phenotype of intravascular coagulation (IC) due to its association

with progression of hemorrhagic injury. However, the coagulopathy after TBI

also results in thrombosis, which may be responsible for compromised cerebral

perfusion and thromboembolic phenomena as well as progression of injury. This

chapter reviews the literature on intravascular coagulation after TBI, examines the
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effects of intravascular coagulation on microthrombosis, cerebral blood flow

(CBF), and progression of injury, and reviews putative pathogenetic mechanisms.

6.2 Intravascular Coagulation in TBI

Abnormalities of coagulation are commonly observed after TBI. The reported

incidence varies widely in the literature, from 10 to 87.5 % [1–17]. The wide

range primarily represents the lack of a standard definition of coagulopathy.

Furthermore, studies have enrolled diverse patient populations, sampled blood at

different time points, and used various coagulation assays; these factors have

contributed to the diversity in reported incidence. Even when the same coagulation

marker is studied, different cutoff values or sensitivity levels are employed, thereby

limiting generalizability. A meta-analysis of 34 studies reported an overall inci-

dence of coagulopathy of 32.7 % in patients with mostly moderate–severe TBI; the

odds ratio of mortality was 9.0 [95 % CI (7.3, 11.6)] and of poor outcome was 36.3

[95 % CI (18.7, 70.5)] [14]. Despite the range in incidence, it is clear that the

presence of coagulopathy after TBI significantly increases mortality [18–22] and

worsens outcome [12, 23].

The association between IC and TBI was proposed in a study published in the

New England Journal of Medicine in 1974 [24], although prior case reports had

suggested it [25, 26]. Goodnight et al. compared hemostatic markers in two groups

of head injured patients, one with evidence of parenchymal damage and the other

without (e.g., skull fractures) [24]. Rates of defibrination, defined as hypofibri-

nogenemia, elevated fibrin degradation products, and low levels of coagulation

factors or platelets, and DIC, defined as a positive protamine sulfate test, were

assessed. Nine of 13 patients with parenchymal brain injury demonstrated defibrin-

ation, whereas none of the patients without gross evidence of brain injury did.

Furthermore, 12/13 patients with brain tissue damage had evidence of DIC, whereas

only 3/13 patients with skull fractures did. The patients with brain injury and

resultant coagulopathy fared poorly; therefore, the authors advocated early empiric

blood component replacement, including cryoprecipitate, FFP, and platelets.

Although this was the first study to link intravascular coagulation to poor outcome

after brain injury, this study had significant limitations. A small sample size,

disparate levels of injury severity, and need for surgical intervention confounded

the effect of DIC on outcome. Interestingly, the coagulation abnormalities noted in

the study normalized within hours. The transient nature of the observed

derangements may possibly explain the varied and incongruent results of prior

studies.

Subsequent studies of coagulopathy after TBI have suffered from the lack of a

standard definition of DIC. No single clinical sign or laboratory test possesses

sufficient diagnostic accuracy to confirm the diagnosis of DIC [27]. The diagnosis

of DIC relies on a combination of clinical findings and laboratory tests, including
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ones for molecular markers of thrombin generation and fibrin turnover [28]. Often,

these tests are only available in the research setting and are not routinely available.

Studies addressing DIC after TBI have therefore focused on routine and avail-

able tests of coagulation. The most consistently deranged coagulation abnormality

is the prothrombin time (PT). The PT represents the time of activation of the

extrinsic, or tissue factor, pathway based on the cascade model of hemostasis.

The International Mission on Prognosis and Analysis of Clinical Trials in TBI

(IMPACT) study, a pooled analysis of six randomized clinical trials of admission

biomarkers in TBI patients, demonstrated a positive linear relationship between PT

prolongation and mortality [18].

Other indices of coagulation, namely, the PTT and platelet count, are less often

deranged after TBI. Prolongation of the PTT is less commonly observed than PT

prolongation [3, 5, 16]; however, when present, it may correlate more strongly with

mortality [29, 30]. Thrombocytopenia complicates TBI less frequently than either

PT or PTT elevation [5, 13, 16, 18]. Older studies with small cohorts of patients

reported a normal platelet count on admission, with a nadir occurring at 48–72 h,

followed by normalization or thrombocytosis at 1 week post-injury [15, 17]. The

IMPACT study demonstrated a significant inverse linear relationship between

platelet count and mortality; thrombocytopenia was associated with a 35 %

increased risk of mortality at 6 months [18].

Although routinely available, serum coagulation tests, such as the PT, PTT, and

platelet count, demonstrate poor sensitivity to the observed derangements in coag-

ulation observed after TBI when compared to other assessments of coagulation [15,

30]. Furthermore, these routine coagulation tests are not sensitive to hypercoagula-

bility [17]. Assessment of hypercoagulability and fibrinolysis using the D-dimer,

fibrin degradation products [4, 19, 31–33], soluble fibrin levels [17], prothrombin

fragment 1 + 2 [8], antithrombin [17], and thrombin–antithrombin complex [8]

have provided useful information regarding coagulopathy after TBI.

In 2001, the International Society of Thrombosis and Haemostasis (ISTH)

created a scoring system for overt DIC which was later validated in critically ill

patients [34, 35]. The score is calculated from a five-step diagnostic algorithm.

Diagnosis of DIC requires a conditio sine qua non or presence of an underlying

disorder known to be associated with DIC, of which neurotrauma is one. In 2011,

Sun et al. performed a prospective study of 242 TBI patients using this definition to

accurately determine the incidence of DIC and to determine whether DIC was

associated with functional outcome, defined by 3-month GOS [36]. They diagnosed

overt DIC in one-third of TBI patients; this was evident within 6 h of injury. Higher

DIC scores correlated with increased progression of hemorrhagic injury, higher

mortality, and longer ICU and hospital stays.

Although the exact mechanisms that account for intravascular coagulation after

TBI have not been fully elucidated, IC is generally attributed to the high concen-

tration of tissue factor found in the central nervous system [37–40]. Tissue factor is

an integral transmembrane protein found abundantly in the central nervous system.

The extracellular domain contains two fibronectin type III domains with two
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potential disulfide bonds and can form a complex with factor VIIa. The tissue

factor/FVIIa complex initiates the extrinsic pathway of the coagulation system.

Tissue factor is not uniformly distributed in the body. High levels are found in

highly vascularized organs such as the brain, lung, and placenta [37]. Tissue factor

has been identified in the adventitia of cerebral blood vessels as well as in

astrocytes, where it is expressed constitutively [37]. However, TF is not normally

exposed to circulating blood as it contained within the subendothelium. Monocytes

and endothelial cells only express tissue factor after activation by direct injury or

inflammation.

Control systems, including tissue factor pathway inhibitor (TFPI), the protein C

system, antithrombin, and glycosaminoglycans are often overwhelmed by the

massive release of TF [14]. When severe, this results in deposition of thrombi in

the microvasculature, consumption of clotting factors, and activation of fibrinoly-

sis, with both bleeding and thrombosis potentially occurring [41–43]. These

derangements in hemostasis can lead to necrosis and hemorrhage in various organs

resulting in multiorgan failure and delayed ICH [44–47]. The degree of brain injury

appears to correlate with the severity of the coagulopathy [5, 48–51].

Whether intravascular coagulation after head injury is similar to other forms of

DIC remains unknown. Coagulopathy, using a simple but unvalidated DIC scoring

system, was studied in a cohort of 149 trauma patients with and without brain injury

[20]. DIC scores were calculated on the basis of five admission laboratory

parameters: the PT, PTT, platelet count, fibrinogen level, and D-dimer. Patients

with TBI had significantly higher PT, PTT, and D-dimer levels, and coagulopathy

was associated with a ninefold increase in the odds of death among patients with

TBI. There was a dose-dependent relationship between DIC score and mortality.

However, although two-thirds of brain-injured patients had evidence of DIC and

fibrinolysis, only one-third sustained critical deficiencies of coagulation factors.

The lack of consumption of coagulation factors is unusual in the classical definition

of DIC. Furthermore, the reduction in coagulation factors was not accompanied by

a concomitant fall in platelet counts, punctuating the difference between DIC after

TBI and other forms of DIC. Also, multiorgan failure from microvascular occlu-

sion, commonly observed in classical DIC, was not observed. An experimental

study of TBI demonstrated that urokinase-type plasminogen activator knockout

mice fared worse than wild-type mice, suggesting that fibrinolytic activity may be

protective after brain injury [52]. The question remains whether the IC after TBI is

the same as DIC observed in association with systemic illness.

One of the differences between intravascular coagulation after TBI and systemic

DIC may be the fact that it is a localized, and not truly disseminated, process.

Higher levels of procoagulant substances are found in jugular venous blood than in

central venous blood in patients after TBI. In a study of severe TBI patients, global

coagulation variables from blood samples obtained from jugular venous blood were

compared to samples taken from the superior vena cava [8]. Patients in the head

trauma group (n ¼ 20) showed increased concentrations of thrombin–antithrombin

complex ( p < 0.025) and D-dimer ( p < 0.005) in cerebrovenous and central

venous blood, as well as higher concentrations of prothrombin fragment F1 + 2
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in cerebrovenous blood ( p < 0.025) when compared to the control group. The

observed cerebrovenous—central venous gradient supports the contention that IC

after TBI may be a local, and not widespread, phenomenon.

Coagulopathy is common after TBI and likely results from IC. The diagnosis of

IC after TBI has been hampered by the lack of a standard definition of DIC. The

transient nature of the IC coupled with a region-specific effect further complicates

the diagnosis. Whether the IC observed after TBI is the same as classical definitions

of DIC remains to be determined. IC after TBI may represent one end of a spectrum

of systemic DIC. Regardless, it seems evident that coagulopathy is associated with

worse outcome in this population.

6.2.1 Microthrombosis

The etiology of secondary cerebral ischemia after TBI has been attributed to many

factors including: intracranial hypertension, cerebral hypoxia, and arterial hypoten-

sion [36, 53–55]. In 1979, Graham and Adams demonstrated pathological evidence

of cerebral ischemia in over 90 % of patients who died from TBI [56]. However,

despite improvements in intensive care management of these secondary injuries,

the incidence of autopsy-proven cerebral ischemia has not decreased over recent

decades [57]. This suggests a pathophysiological mechanism distinct from those

previously mentioned.

Microthrombi are observed in histological samples of human patients [50, 58]

and in experimental models [51, 55, 59–62] (Fig. 6.1). Autopsy studies confirm a

higher concentration of microthrombi in specimens from patients with TBI than in

those from patients with non-neurological demise [58]. Microthrombi are not only

identified more frequently in the ipsilateral injured brain but also in the contralateral

hemisphere when compared to controls [51, 58] (Fig. 6.2). The prevalence of

microthrombi increases days after injury and younger patients have a higher

concentration of microthrombi [58]. The timing of microthrombus formation

coincides with an increased concentration of fibrin degradation products,

suggesting a local hyperfibrinolytic state.

The temporal and spatial distribution of microthrombi may be indicative of

primary and secondary injury and may vary by mechanism of injury [51,

61]. Microthrombi are not only found in contused tissue and traumatic penumbra

but also in the hippocampus, striatum, and corpus callosum of both the lesioned and

contralateral hemispheres in experimental models [51, 61]. In lateral fluid percus-

sion models, microthrombi are found in high concentration in the perilesional

tissue, in moderate concentration within the contusion, and diffusely in the ipsilat-

eral hemisphere. In models of diffuse axonal injury (DAI), microthrombi are noted

diffusely and in scattered clusters. Although there are a considerable number of

microthrombi present 1 h post-trauma, the prevalence increases significantly over

the first few days [51, 61].
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The temporal distribution of microthrombi, however, differs by location. Imme-

diately after injury, many clots are identified in the injured area [51, 61]. Clot

formation peaks between 1 h and 1 day and returns to baseline by approximately

2 weeks. The immediate thrombotic response within the lesioned tissue may

represent an acute response to hemorrhage incurred by the primary traumatic insult.

A large thrombus burden is also identified in the lesion boundary zone and in region

CA3 of the hippocampus [61]. However, the appearance of microthrombi in these

locations is delayed when compared to those contained within the injured region.

The delayed thrombus formation suggests that secondary intravascular coagulation

may be occurring in these areas. Outside the perilesional area, microthrombus

burden is similar in temporal and spatial relation between the ipsilateral and

contralateral hemisphere [61].

Fig. 6.1 Photomicrographs showing immunofluorescence staining of representative brain slices

in laboratory animals. (a) Tissue obtained in an uninjured control rat; no fluorescence is seen.

(b) Tissue obtained in a rat 24 h after lateral FPI; fluorescence shows intravascular thrombi. (c, d)

Tissue obtained in a rat 48 h post-injury (c), and in a rat 1 h post-injury (d). Large vessels are seen

in a cortical sulcus bordering the contusion. (e, f) Tissue obtained in a pig 6 h after DAI.

Bar ¼ 30 μm. Permission from © American Association of Neurological Surgeons
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In animal pathology studies, microthrombus formation is linked to

coagulopathy. Animal models of cortical contusion and DAI demonstrate abundant

fibrin thrombi in small- and medium-sized arterioles and venules (10–600 μm)

[51]. The number of intravascular microthrombi per square inch correlates linearly

with the burden of coagulopathy defined by the number of abnormal serum coagu-

lation tests, including the PT, PTT, and platelet count. These findings serve to

correlate coagulation abnormalities to microthrombi deposition, thus serving as a

possible causal link between intravascular thrombosis and traumatic coagulopathy.

6.2.2 Effect of Microthrombosis on CBF

Although the aforementioned pathology studies link microthrombi to neuronal

injury and intravascular coagulation, the mechanism by which this occurs remains

unclear. Murine models reveal information on leukocyte–endothelial interactions

that may be central to microthrombus formation [63]. Intravital microscopy

demonstrates that immediately after TBI, leukocytes start to roll on the venular,

but not arteriolar, endothelium. The leukocyte–venular endothelial interactions

increase over the first few hours after injury. Although there is no significant

adhesion of leukocytes to the vascular endothelium, intravascular aggregates and

microthrombi are identified almost exclusively in the injured subjects.

Intravascular aggregates, which are round structures composed of leukocytes

and platelets that measure 15–25 μm in size, are observed primarily in post-

capillary venules. Of note, these aggregates are identified during times of endothe-

lial stress and result from an interaction of P-selectin on activated platelets and its

ligand P-selectin glycoprotein ligand-1 (PSGL-1) on leukocytes [64], but have not

Fig. 6.2 Schematic representation of IC distribution in rats with lateral FPI at various times post-

injury. Each asterisk represents a cluster of intravascular thrombi. The densities and distributions

are averaged for the animals in each time group. Arrow designates the region of contusion
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been identified in other brain injury models, such as cerebral ischemia [65]. Since

these aggregates are found predominantly in the venous microcirculation, it is

unlikely that they are involved in arteriolar or capillary occlusion in the traumatic

penumbra. However, it is possible that they are related to microthrombi identified in

the pulmonary circulation after isolated TBI [31].

In contrast to aggregates, microthrombi, defined as oblong structures >25 μm in

size, are seen in both arterioles and venules. Thirty minutes after injury,

microthrombi are visualized in 15 % of investigated venules and 25 % of

investigated arterioles [63]. Although more microthrombi are noted in arterioles

at early time points, subsequent time points reveal reversal in the prevalence with

microthrombi in up to 77 % of venules and 40% of arterioles [63]. Microthrombosis

results in demonstrable reductions in microcirculatory blood flow velocities, pre-

dominantly in the venules but also in the arterioles. Few venules demonstrate

compromised flow velocities at 30-min post-TBI; however, by 2 h post-injury,

70 % of venules reveal no flow [63]. Thirty-five percent of arterioles display

impaired flow velocities at 30 min post-injury. By 90 min post-injury, all arterioles

with any amount of compromised flow demonstrate complete cessation of flow,

indicating that 33 % of all arterioles in the traumatic penumbra have microvascular

occlusion [63]. These data document that the first step of blood flow reduction after

TBI results from platelets, adherent to the endothelial wall, that result in thrombus

formation and ultimately, complete luminal occlusion and microvascular stasis.

These data support the notion that microthrombi are responsible for compromised

perfusion in the traumatic penumbra after TBI.

Microthrombosis in the traumatic penumbra precedes regional blood flow

changes and thus may mediate secondary neuronal injury [60]. As mentioned

previously, microthrombosis is evident immediately after injury, primarily within

the core of the contusion. A number of microthrombi are identified in the peri-

contusion region at 6 h after injury, although no obvious tissue damage is yet

evident [60]. Twenty-four hours after the injury, microthrombosis and edema

formation are visualized in the periphery [60]. Regional CBF compromise follows

formation of microthrombi, suggesting that secondary ischemic injury after TBI is

mediated by microthrombus formation and resultant blood flow reduction. Micro-

vascular thrombosis is an early and major pathological event following contusion

that extends beyond the contusion and occurs prior to tissue changes, such as edema

formation.

6.2.3 Cerebral Blood Flow

The changes in CBF observed after TBI are complex. After traumatic insult, CBF

may be severely decreased or increased, depending on the type and severity of

injury, and the timing and location of measurements [63, 66].

Within minutes of traumatic injury, there is no demonstrable perfusion at the

core of a contusion [67, 68]. However, changes of CBF inside cortical contusions
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seem to depend heavily on injury severity. If the impact is strong enough to

irreversibly damage the affected tissue immediately, then the low CBF in the core

of the contusion likely represents direct tissue damage rather than secondary tissue

ischemia [68]. If the initial impact is insufficient to obstruct rCBF, then contused

tissue may survive and show normal or even elevated blood flow values [69, 70].

There may also be transient compromise of blood flow globally, not simply in

the territory of the contusion. The global reduction in CBF can be quite significant

with reduction of up to 50 % in the whole brain [67], but it depends considerably on

the severity of injury [71]. Regional CBF compromise likely lasts more than 8 h

[71] and is restored to baseline values by 24 h post-injury [72].

Profound reductions in CBF are observed in the peri-contusional region. Within

the first few hours of injury, CBF is reduced to ischemic levels in the traumatic

penumbra [67, 73]; however, if this region survives, long-term CBF may return to

pre-morbid values [74, 75]. Diffuse injury generally leads to less severe reductions

in blood flow and occasionally increased blood flow in the period immediately after

injury [67, 68].

Perilesional ischemia is often due to systemic hypotension or intracranial hyper-

tension when cerebral perfusion pressure (CPP) is compromised; however, ische-

mia in the traumatic penumbra also occurs when the CPP is normal. The mechanism

of oligemia and ischemia in this latter case has been attributed to disturbances in the

microvascular circulation from vasoconstriction, microvascular compression, or

microthrombosis [73, 74, 76].

Vasoconstriction and vasocompression are unlikely to be the mechanisms of

early reduction in CBF as vessel diameter is often increased, not decreased, after

TBI [63]. There is an immediate and sustained vasodilation in the cerebral resis-

tance vessels after injury. Arteriolar dilatation decreases slightly after 30 min, but

remains dilated by almost 20 % compared to baseline [63]. Therefore, neither

narrowing of the vessel lumen by vasoconstriction nor extrinsic compression by

swollen astrocyte foot processes appears to be the primary mechanisms responsible

for compromised CBF after TBI.

6.2.4 Secondary Contusion Expansion

Following TBI, many patients deteriorate after hospital admission due to the

progression of intracranial lesions [77–79]. Contusions are the most frequent

focal abnormalities in TBI patients and are associated with significant morbidity

and mortality [80, 81]. Secondary contusion expansion (SCE) may occur from

compromised perfusion.

Although the volume of contused tissue correlates strongly with the volume of

peri-contusional ischemia, it remains unclear whether microthrombus-related

perilesional ischemia is a significant factor in SCE [67]. In a study by Engel

et al., ischemic volume defined by microthrombus formation did not correlate
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with SCE over the first 24 h after injury [67]. Therefore, microthrombus-induced

peri-contusional ischemia may not be the only factor responsible for SCE.

6.3 Pathophysiological Mechanisms

Massive tissue factor release has long been heralded as the cause of intravascular

coagulation. Recently, other mechanisms have been suggested as the cause of

microvascular thrombosis. These include: microparticle upregulation, platelet

hyperactivity, and altered protein C homeostasis.

6.3.1 Microparticle Upregulation

The mechanism which tissue integrates factor into the membrane surface of

activated platelets remains unclear. Platelets express little, if any, tissue factor

[37]. Microparticles (MPs), or anucleoid membrane vesicles, may serve as the

conduit for tissue factor. In response to injury, cells of varied lineage, including

platelets, erythrocytes, monocytes/macrophages, and endothelial cells, shed mem-

brane fragments through microvesiculation [82, 83] or apoptosis [84–86]. Calcium

influx activates the protease calpain, which cleaves cytoskeletal proteins to disrupt

the membrane-cytoskeleton assembly and produce MPs [86].

After proinflammatory or apoptotic stimulation, there is an egress of anionic

phospholipids, which are typically located on the inner leaflet of the lipid bilayer, to

the outer leaflet of the plasma membrane on the cell surface. In contrast to anionic

phospholipids, neutral phospholipids such as phosphatidylcholine and

sphingomyelin are normally located on the outer leaflet. This results in an imbal-

ance between the internal and external leaflets, with an advantage to the external

membrane that results in membrane budding and MP release. Therefore, MPs are

portions of bilayered membranes with an antigen distribution indicative of the cell

type of origin. MPs are detectable markers of cell damage, even when their cells of

origin have been cleared or sequestered.

MPs are enriched in lipid microdomains, which are the site of concentration of

tissue factor, sphingolipids, and adhesion molecules. The adhesion molecules may

theoretically be responsible for uniting tissue factor with cells expressing its

appropriate receptor or ligand. For example, PSGL-1 expressed on monocytes

could bring tissue factor to activated platelets and endothelial cells that express

P-selectin [87–89]. After infusion into mice before vascular injury, fluorescent-

labeled tissue factor-bearing MPs from mouse monocytes have been shown to

accumulate along the leading edge of thrombus during formation. No significant

accumulation was observed in P-selectin-deficient mice [90].

The anionic phospholipid, phosphatidylserine (PS), confers the significant

procoagulant potential of MPs. PS links platelet activation to thrombin generation
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by providing a catalytic surface on which the enzyme complexes of the coagulation

cascade can assemble. This provides an alternate locus for the generation of

thrombin. Termed “blood-borne tissue factor” PS-bearing MPs allow an alternate

procoagulant surface distinct from injured endothelium [130]. Furthermore,

TF-bearing MPs may be recruited to trigger and amplify coagulation at sites of

vascular injury [37, 89]. PS also increases the catalytic efficiency of the TF/FVIIa

complex. PS is abundantly detected on the surface of MPs from ATP-stimulated

microglial cells and injured neurons [91].

Once considered debris, circulating MPs are now felt to be involved in cell–cell

cross talk [92]. MPs may fuse with other cells through endocytosis, conferring the

ability to initiate coagulation to target cells that do not normally do so, such as

neurons. The process of MP–cell fusion may also allow other cellular interactions,

such as those between neurons and leukocytes or platelets, to occur [87]. Neurons

may produce more tissue factor-bearing MPs as they are highly sensitive to

apoptosis. In vitro, the concentration of MPs correlates with degree of apoptosis

present in tissue [93].

Platelet-derived MPs are PS enriched and have 50–100-fold higher procoagulant

properties than do platelets themselves [94]. Patients with head injury have a higher

percentage of platelet-derived MPs at admission [13]. Similarly, the percentage of

platelet-derived MPs is higher upon presentation in non-survivors compared to

survivors [13, 92].

6.3.2 Platelet Hyperactivity

The composition of microthrombi consists of platelets, von Willebrand factor

(vWF), and fibrin. vWF is synthesized by endothelial cells and megakaryocytes

and stored in Weibel–Palade bodies and α-granules, respectively [95]. The stored

forms of vWF are ultra large (ULVWF) and prothrombotic [96, 97]. These

prothrombotic ULVWF multimers are rapidly cleaved by ADAMTS-13

(A Disintegrin and Metalloprotease with ThromboSpondin type 1 repeats) into

smaller multimers that are active in hemostasis, but no longer prothrombotic. In

the absence of this proteolytic cleavage, ULVWF can form rope-like strings that

tether platelets and leukocytes to endothelium [87, 98–102]. ADAMTS-13 is

upregulated after experimental spinal cord injury and is expressed by microglia

and cultured astrocytes, but not neurons [103]. The secretion of vWF may be

significantly increased in patients with severe TBI [104, 105].

vWF is one of the strongest stimuli for adhesion and activation of platelets

[63]. This protein facilitates adhesion of platelets to injured endothelium via GP Ib,

GP IIb/IIIa, and subendothelial collagen and incites formation of the platelet plug

[106]. Activation of adherent platelets leads to upregulation of αIIbβIII integrins
(glycoproteins IIb/IIIa) on the platelet membrane. This causes a conformational

change, which allows fibrinogen binding, and thus forms platelet–platelet

aggregates, ultimately resulting in thrombus formation [107]. The temporal profile
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of vWF expression after experimental brain injury matches the profile of delayed

thrombus formation [61]. Immunohistochemical staining corroborates vWF

involvement in the formation of delayed microthrombi in the traumatic penumbra

and CA3 regions of the hippocampus [61].

Platelet hyperactivity from excessive receptor activation on the membrane

surface may also promote thrombosis [13, 108]. Platelet factor-4 elevation, consis-

tent with increased activation of platelets, can persist in the systemic circulation for

up to 8 days after experimental injury [61].

Brain injury induces endothelial damage and release of platelet activating factor

(PAF), which induces further endothelial and tissue injury. PAF is a biologically

active phospholipid that participates in diverse inflammatory conditions such as

allergic reactions, shock, and ischemia–reperfusion [109]. It was originally

identified as a molecule that induced aggregation and serotonin release in rabbit

platelets [110, 111]. Various cell types including endothelial cells, platelets,

neutrophils, basophils, neurons, and glia release PAF. PAF production increases

significantly during post-ischemia–reperfusion [112] and is a potent vasoconstrictor

when applied to cerebral arterioles [113]. Additionally, it induces cytotoxicity via

blood–brain barrier breakdown, neutrophil adhesion, and thrombosis formation

[114, 115]. PAF acts via a G-protein-coupled transmembrane receptor and can

modify blood flow and cerebral metabolism [116]. It is released from neural cells

during times of cerebral ischemia [112, 117, 118] and tissue hypoxia [119]; PAF

levels have been demonstrated to increase 20-fold from baseline in experimental

models of spinal cord ischemia [120].

PAF antagonism can improve outcomes in experimental TBI. Microthrombus

formation is attenuated and rCBF is preserved when subjects are treated with PAF

antagonists [60]. Administration of etizolam immediately after injury significantly

reduces the volume of contusional necrosis compared to control subjects [60].

Although PAF is a potent platelet agonist, it should be noted that the mechanism

by which it appears to improve outcome after experimental TBI may not be through

platelet mechanisms. PAF enhances BBB permeability possibly mediated through

ICAM-1 upregulation [109]. This may result in edema formation and release of

prothrombotic mediators into the systemic circulation [87]. PAF antagonists have

been shown to attenuate cytotoxic edema and post-ischemic hyperperfusion [121,

122]. Whether the benefit conferred by PAF antagonists is due to mitigation of

direct neurotoxicity or microvascular thrombosis remains unknown. However,

pre-morbid use of aspirin or clopidogrel does not appear to confer neuroprotection

after TBI [123].

6.3.3 Activated Protein C

A maladaptive protein C response to trauma-induced shock may result in both

hypercoagulability and an increased bleeding tendency [40, 123, 124]. Protein C is

a serine protease with two primary functions, namely, coagulation and
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inflammation. Protein C is activated through a reaction with a four-part structure

composed of thrombin, thrombomodulin, and the endothelial protein C receptor

(EPRC) [125]. Activated protein C (aPC) causes coagulopathy by directly

inactivating factors Va and VIIIa and indirectly by inhibiting plasminogen activator

inhibitor-1 (PAI-1).

Normally, traumatic injury leads to extrinsic pathway activation, resulting in

thrombin generation, fibrinogen cleavage, and clot formation. A localized

prothrombotic response to trauma seems an appropriate response to repair injured

vessels. However, tissue hypoperfusion from trauma-induced shock results instead

in an anticoagulant response through expression of thrombomodulin from the

vascular endothelium [40, 124]. The thrombin–thrombomodulin complex shunts

thrombin away from fibrinogen cleavage and toward protein C activation, which

results in inhibition of factors V and VIII [124]. This may represent the mechanism

for increased bleeding tendency. Activated protein C also consumes PAI-1, which

allows rampant action of tissue plasminogen activator and thus promotes fibrinoly-

sis. Subsequently, the post-traumatic inflammatory response may lead to depletion

of activated protein C, causing inhibition of fibrinolysis, thereby promoting a

hypercoagulable state. The aPC theory may explain the observed initial

hypocoagulable phase and later hypercoagulable phase of TBI-related

coagulopathy. In support of this theory, prolongation of the PT has been identified

as a risk factor for the subsequent development of venous thromboembolism in TBI

patients [126]. Other inflammatory mediators, e.g., cytokines and complement, may

also contribute to the pathogenesis of the acute coagulopathy after TBI [127].

6.4 Monitoring

Accurate laboratory assessment of hemostasis is vital to identification, monitoring,

and treatment of coagulopathy after TBI. However, there are significant limitations

to traditional serum studies in characterizing TBI-AC. The coagulation profile,

including the PT/INR and PTT, measures the in vitro clotting time of the extrinsic

and intrinsic clotting, but this may not accurately reflect in vivo coagulation. The

platelet count provides information about the number of platelets, but does not

provide information about platelet function or state of activation. Fibrin degrada-

tion assays lack standardization across laboratories and may not be specific to

intravascular coagulation, thus limiting their use. Most importantly, the traditional

markers of coagulation fail to account for the contributions of cellular elements to

coagulation and hemostasis.

A rapid point-of-care test, thromboelastography (TEG), uses whole blood to

better account for the effects of platelets, tissue factor-bearing cells, and

erythrocytes on coagulopathy. TEG has been proposed as an alternative to tradi-

tional laboratory tests of thrombosis and hemostasis in this patient population

[30]. This technology has been validated in cardiac [128], liver transplant [129],

and trauma surgery [33]. Whole blood is activated by kaolin or tissue factor
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resulting in clot formation, and the viscoelastic properties of clot formation are

displayed graphically. The tracing reveals objective measurements of clot forma-

tion including: (1) the R time, which represents the time to clot formation; (2) the

alpha angle, which reflects the rate of fibrin cross-linking and fibrinogen function;

and (3) the maximum amplitude (MA), which is a measure of clot strength and thus

an indicator platelet function (Fig. 6.3).

In a study of 69 patients with TBI, 9 % presented with evidence of

hypocoagulability, based on a prolonged R time indicative of enzymatic dysfunc-

tion. Both the mortality rate and ICU length of stay were significantly higher in the

subjects with hypocoagulability [30]. Interestingly, prolongation of the R time

correlated more strongly with mortality, ICU length of stay, hospital length of

stay and better than any traditional serum measure of coagulation, including the PT,

PTT, platelet count, or fibrinogen.

A variety of POC testing (POCT) devices are available for platelet function.

These devices have been developed primarily to measure the effect of antiplatelet

medications and not necessarily to diagnose platelet function defects. The Platelet

Function Analyzer 100 (PFA-100, Siemens Corporation, NY) is an optical detec-

tion device that measures closure time (CT), R time to the cessation of the blood

flow through a channel coated with collagen and a platelet activator, either adeno-

sine diphosphate (ADP) or epinephrine. Only 800 μL of citrated whole blood is

required for the analysis.

Platelet function and activation were studied in a cohort of 100 trauma patients,

using the platelet function analyzer, the PFA-100 [13]. Although platelet counts

were not significantly different between groups, platelet function in the first 24 h

was significantly decreased in patients with TBI compared to those without TBI.

Thereafter, platelet function was not significantly different between the two groups.
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Fig. 6.3 Example of a TEG tracing
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Platelet activation was measured by three different parameters: expression of the

activated conformation of GPIIb/IIIA on activated platelets, expression of the

P-selectin (CD62P) on the platelet surface, and concentration of platelet-derived

microparticles (MPs). All markers of platelet activation were significantly higher at

all timepoints (admission, 24-, 48-, and 72-h) in trauma patients compared to

controls. The duration of increased platelet activation was longer than the duration

of decreased platelet function in those patients with TBI.

6.5 Conclusions

Secondary ischemic injury occurs commonly after TBI. When CPP is preserved, the

mechanism of ischemia may be intravascular coagulation. Intravascular coagula-

tion is a common and early form of ischemic injury in experimental models and

may predispose to compromised blood flow and tissue injury in the traumatic

penumbra. Intravascular coagulation results in microthrombus formation,

compromised tissue perfusion, and progression of traumatic injury. DIC has long

been thought to be the cause, but microparticle upregulation, platelet hyperactivity,

and altered protein C homeostasis may play a significant role. Advanced monitoring

may be indicated for accurate diagnosis as standard laboratory tests may not be

sensitive to the abnormalities of coagulation. Widespread thrombin generation may

have implications beyond hemostasis in TBI; through protease activated receptor

(PAR) activity, thrombin may be involved in lowering the threshold of hippocam-

pal neurons for generating epileptic seizures. Further study into the relationship

between coagulation, inflammation, and neuronal transmission is sure to yield

greater insight and novel therapeutic targets to improve the outcome after TBI.

References

1. Sawada Y et al (1984) Lack of correlation between delayed traumatic intracerebral

haematoma and disseminated intravascular coagulation. J Neurol Neurosurg Psychiatry 47

(10):1125–1127

2. Touho H et al (1986) Relationship between abnormalities of coagulation and fibrinolysis and

postoperative intracranial hemorrhage in head injury. Neurosurgery 19(4):523–531

3. Cortiana M et al (1986) Coagulation abnormalities in patients with head injury. J Neurosurg

Sci 30(3):133–138

4. Olson JD et al (1989) The incidence and significance of hemostatic abnormalities in patients

with head injuries. Neurosurgery 24(6):825–832

5. Stein SC et al (1992) Delayed brain injury after head trauma: significance of coagulopathy.

Neurosurgery 30(2):160–165

6. Sorensen JV et al (1993) Haemostatic activation in patients with head injury with and without

simultaneous multiple trauma. Scand J Clin Lab Invest 53(7):659–665

7. Selladurai BM et al (1997) Coagulopathy in acute head injury—a study of its role as a

prognostic indicator. Br J Neurosurg 11(5):398–404

6 The Effects of Intravascular Coagulation and Microthrombosis on Cerebral. . . 119



8. Scherer RU, Spangenberg P (1998) Procoagulant activity in patients with isolated severe head

trauma. Crit Care Med 26(1):149–156

9. Piek J et al (1992) Extracranial complications of severe head injury. J Neurosurg 77

(6):901–907

10. Murshid WR, Gader AG (2002) The coagulopathy in acute head injury: comparison of

cerebral versus peripheral measurements of haemostatic activation markers. Br J Neurosurg

16(4):362–369

11. May AK et al (1997) Coagulopathy in severe closed head injury: is empiric therapy

warranted? Am Surg 63(3):233–236, discussion 236–237

12. Kushimoto S et al (2001) Implications of excessive fibrinolysis and alpha(2)-plasmin inhibi-

tor deficiency in patients with severe head injury. Neurosurgery 49(5):1084–1089, discussion

1089–1090

13. Jacoby RC et al (2001) Platelet activation and function after trauma. J Trauma 51(4):639–647

14. Harhangi BS et al (2008) Coagulation disorders after traumatic brain injury. Acta Neurochir

(Wien) 150(2):165–175, discussion 175

15. Gando S, Nanzaki S, Kemmotsu O (1999) Coagulofibrinolytic changes after isolated head

injury are not different from those in trauma patients without head injury. J Trauma 46

(6):1070–1076, discussion 1076–1077

16. Lustenberger T et al (2010) Time course of coagulopathy in isolated severe traumatic brain

injury. Injury 41(9):924–928

17. Bredbacka S, Edner G (1994) Soluble fibrin and D-dimer as detectors of hypercoagulability

in patients with isolated brain trauma. J Neurosurg Anesthesiol 6(2):75–82

18. Van Beek JG et al (2007) Prognostic value of admission laboratory parameters in traumatic

brain injury: results from the IMPACT study. J Neurotrauma 24(2):315–328

19. Kumura E et al (1987) Coagulation disorders following acute head injury. Acta Neurochir

(Wien) 85(1–2):23–28

20. Hulka F, Mullins RJ, Frank EH (1996) Blunt brain injury activates the coagulation process.

Arch Surg 131(9):923–927, discussion 927–928

21. Carrick MM et al (2005) Subsequent development of thrombocytopenia and coagulopathy in

moderate and severe head injury: support for serial laboratory examination. J Trauma 58

(4):725–729, discussion 729–730

22. Brohi K et al (2003) Acute traumatic coagulopathy. J Trauma 54(6):1127–1130

23. Tan JE et al (2004) Patients who talk and deteriorate: a new look at an old problem. Ann Acad

Med Singapore 33(4):489–493

24. Goodnight SH et al (1974) Defibrination after brain-tissue destruction: a serious complication

of head injury. N Engl J Med 290(19):1043–1047

25. McGehee WG, Rapaport SI (1968) Systemic hemostatic failure in the severely injured

patient. Surg Clin North Am 48(6):1247–1256

26. Druskin MS, Drijansky R (1972) Afibrinogenemia with severe head trauma. JAMA 219

(6):755–756

27. Levi M, de Jonge E, Meijers J (2002) The diagnosis of disseminated intravascular coagula-

tion. Blood Rev 16(4):217–223

28. Boisclair MD, Ireland H, Lane DA (1990) Assessment of hypercoagulable states by mea-

surement of activation fragments and peptides. Blood Rev 4(1):25–40

29. MacLeod JB et al (2003) Early coagulopathy predicts mortality in trauma. J Trauma 55

(1):39–44

30. Kunio NR et al (2012) Thrombelastography-identified coagulopathy is associated with

increased morbidity and mortality after traumatic brain injury. Am J Surg 203(5):584–588

31. Kaufmann H, Milkowitz K (1994) [Results of surgical treatment of Stilling-Turk-Duane

retraction syndrome]. Klin Monbl Augenheilkd 204(2):90–97

32. Ueda S et al (1985) Correlation between plasma fibrin-fibrinogen degradation product values

and CT findings in head injury. J Neurol Neurosurg Psychiatry 48(1):58–60

120 M.A. Kumar et al.



33. Kaufmann CR et al (1997) Usefulness of thrombelastography in assessment of trauma patient

coagulation. J Trauma 42(4):716–720, discussion 720–722

34. Taylor FB Jr et al (2001) Towards definition, clinical and laboratory criteria, and a scoring

system for disseminated intravascular coagulation. Thromb Haemost 86(5):1327–1330

35. Voves C, Wuillemin WA, Zeerleder S (2006) International Society on Thrombosis and

Haemostasis score for overt disseminated intravascular coagulation predicts organ dysfunc-

tion and fatality in sepsis patients. Blood Coagul Fibrinolysis 17(6):445–451

36. Sun Y et al (2011) Validating the incidence of coagulopathy and disseminated intravascular

coagulation in patients with traumatic brain injury—analysis of 242 cases. Br J Neurosurg 25

(3):363–368

37. Osterud B, Bjorklid E (2006) Sources of tissue factor. Semin Thromb Hemost 32(1):11–23

38. Lustenberger T et al (2010) Early coagulopathy after isolated severe traumatic brain injury:

relationship with hypoperfusion challenged. J Trauma 69(6):1410–1414

39. Halpern CH et al (2008) Traumatic coagulopathy: the effect of brain injury. J Neurotrauma 25

(8):997–1001

40. Cohen MJ et al (2007) Early coagulopathy after traumatic brain injury: the role of

hypoperfusion and the protein C pathway. J Trauma 63(6):1254–1261, discussion 1261–1262

41. Bredbacka S et al (1992) Disseminated intravascular coagulation in neurosurgical patients:

diagnosis by new laboratory methods. J Neurosurg Anesthesiol 4(2):128–133

42. Kuo JR, Chou TJ, Chio CC (2004) Coagulopathy as a parameter to predict the outcome in

head injury patients—analysis of 61 cases. J Clin Neurosci 11(7):710–714

43. Nekludov M et al (2007) Coagulation abnormalities associated with severe isolated traumatic

brain injury: cerebral arterio-venous differences in coagulation and inflammatory markers.

J Neurotrauma 24(1):174–180

44. Kaufman HH (1984) Delayed traumatic intracerebral hematomas. Neurosurgery 14

(6):784–785

45. Levi M (2005) Pathogenesis and treatment of DIC. Thromb Res 115(Suppl 1):54–55

46. Levi M, Ten Cate H (1999) Disseminated intravascular coagulation. N Engl J Med 341

(8):586–592

47. Roberts HR, Monroe DM III, Hoffman M (2004) Safety profile of recombinant factor VIIa.

Semin Hematol 41(1 Suppl 1):101–108

48. Stein SC, Spettell CM (1995) Delayed and progressive brain injury in children and

adolescents with head trauma. Pediatr Neurosurg 23(6):299–304

49. Stein SC et al (1993) Delayed and progressive brain injury in closed-head trauma: radiologi-

cal demonstration. Neurosurgery 32(1):25–30, discussion 30–31

50. Stein SC et al (2004) Association between intravascular microthrombosis and cerebral

ischemia in traumatic brain injury. Neurosurgery 54(3):687–691, discussion 691

51. Stein SC et al (2002) Intravascular coagulation: a major secondary insult in nonfatal trau-

matic brain injury. J Neurosurg 97(6):1373–1377

52. Morales D et al (2006) Impaired fibrinolysis and traumatic brain injury in mice.

J Neurotrauma 23(6):976–984

53. Arvigo F et al (1985) Cerebral blood flow in minor cerebral contusion. Surg Neurol 24

(2):211–217

54. Dickman CA et al (1991) Continuous regional cerebral blood flow monitoring in acute

craniocerebral trauma. Neurosurgery 28(3):467–472

55. Hekmatpanah J, Hekmatpanah CR (1985) Microvascular alterations following cerebral

contusion in rats. Light, scanning, and electron microscope study. J Neurosurg 62(6):888–897

56. Graham DI, Adams JH, Doyle D (1978) Ischaemic brain damage in fatal non-missile head

injuries. J Neurol Sci 39(2–3):213–234

57. Graham DI et al (1989) Ischaemic brain damage is still common in fatal non-missile head

injury. J Neurol Neurosurg Psychiatry 52(3):346–350

58. Lafuente JV, Cervos-Navarro J (1999) Craniocerebral trauma induces hemorheological

disturbances. J Neurotrauma 16(5):425–430

6 The Effects of Intravascular Coagulation and Microthrombosis on Cerebral. . . 121



59. van der Sande JJ, Emeis JJ, Lindeman J (1981) Intravascular coagulation: a common

phenomenon in minor experimental head injury. J Neurosurg 54(1):21–25

60. Maeda T et al (1997) Hemodynamic depression and microthrombosis in the peripheral areas

of cortical contusion in the rat: role of platelet activating factor. Acta Neurochir Suppl

70:102–105

61. Lu D et al (2004) Delayed thrombosis after traumatic brain injury in rats. J Neurotrauma 21

(12):1756–1766

62. Dietrich WD et al (1994) Photothrombotic infarction triggers multiple episodes of cortical

spreading depression in distant brain regions. J Cereb Blood Flow Metab 14(1):20–28

63. Schwarzmaier SM et al (2010) Temporal profile of thrombogenesis in the cerebral microcir-

culation after traumatic brain injury in mice. J Neurotrauma 27(1):121–130

64. Lehr HA et al (1994) P-selectin mediates the interaction of circulating leukocytes with

platelets and microvascular endothelium in response to oxidized lipoprotein in vivo. Lab

Invest 71(3):380–386

65. Kataoka H, Kim SW, Plesnila N (2004) Leukocyte-endothelium interactions during perma-

nent focal cerebral ischemia in mice. J Cereb Blood Flow Metab 24(6):668–676

66. Werner C, Engelhard K (2007) Pathophysiology of traumatic brain injury. Br J Anaesth 99

(1):4–9

67. Engel DC et al (2008) Changes of cerebral blood flow during the secondary expansion of a

cortical contusion assessed by 14C-iodoantipyrine autoradiography in mice using a

non-invasive protocol. J Neurotrauma 25(7):739–753

68. Zweckberger K et al (2006) Effect of early and delayed decompressive craniectomy on

secondary brain damage after controlled cortical impact in mice. J Neurotrauma 23

(7):1083–1093

69. Ginsberg MD et al (1997) Uncoupling of local cerebral glucose metabolism and blood flow

after acute fluid-percussion injury in rats. Am J Physiol 272(6 Pt 2):H2859–H2868

70. Dietrich WD et al (1998) Posttraumatic cerebral ischemia after fluid percussion brain injury:

an autoradiographic and histopathological study in rats. Neurosurgery 43(3):585–593, dis-

cussion 593–594

71. Cherian L et al (1994) Lateral cortical impact injury in rats: cerebrovascular effects of

varying depth of cortical deformation and impact velocity. J Neurotrauma 11(5):573–585

72. Kochanek PM et al (1995) Severe controlled cortical impact in rats: assessment of cerebral

edema, blood flow, and contusion volume. J Neurotrauma 12(6):1015–1025

73. Bryan RM Jr, Cherian L, Robertson C (1995) Regional cerebral blood flow after controlled

cortical impact injury in rats. Anesth Analg 80(4):687–695

74. Plesnila N et al (2003) Relative cerebral blood flow during the secondary expansion of a

cortical lesion in rats. Neurosci Lett 345(2):85–88

75. Bouma GJ et al (1991) Cerebral circulation and metabolism after severe traumatic brain

injury: the elusive role of ischemia. J Neurosurg 75(5):685–693

76. von Oettingen G et al (2002) Blood flow and ischemia within traumatic cerebral contusions.

Neurosurgery 50(4):781–788, discussion 788–790

77. Oertel M et al (2002) Can hyperventilation improve cerebral microcirculation in patients with

high ICP? Acta Neurochir Suppl 81:71–72

78. Tian HL et al (2010) D-dimer as a predictor of progressive hemorrhagic injury in patients

with traumatic brain injury: analysis of 194 cases. Neurosurg Rev 33(3):359–365, discussion

365–366

79. Servadei F et al (1995) Evolving brain lesions in the first 12 hours after head injury: analysis

of 37 comatose patients. Neurosurgery 37(5):899–906, discussion 906–907

80. Maas AI et al (2007) Prognosis and clinical trial design in traumatic brain injury: the

IMPACT study. J Neurotrauma 24(2):232–238

81. Leitgeb J et al (2007) Severe traumatic brain injury in Austria V: CT findings and surgical

management. Wien Klin Wochenschr 119(1–2):56–63

122 M.A. Kumar et al.



82. Siljander P et al (2001) Platelet adhesion enhances the glycoprotein VI-dependent

procoagulant response: involvement of p38 MAP kinase and calpain. Arterioscler Thromb

Vasc Biol 21(4):618–627

83. Heemskerk JW et al (1997) Collagen but not fibrinogen surfaces induce bleb formation,

exposure of phosphatidylserine, and procoagulant activity of adherent platelets: evidence for

regulation by protein tyrosine kinase-dependent Ca2+ responses. Blood 90(7):2615–2625

84. Dale GL, Remenyi G, Friese P (2005) Quantitation of microparticles released from coated-

platelets. J Thromb Haemost 3(9):2081–2088

85. Brown SB et al (2000) Constitutive death of platelets leading to scavenger receptor-mediated

phagocytosis. A caspase-independent cell clearance program. J Biol Chem 275

(8):5987–5996

86. Fox JE et al (1990) Role of the membrane skeleton in preventing the shedding of

procoagulant-rich microvesicles from the platelet plasma membrane. J Cell Biol 111

(2):483–493

87. Zhang J et al (2012) Traumatic brain injury-associated coagulopathy. J Neurotrauma 29

(17):2597–2605

88. Bevilacqua MP et al (1986) Regulation of the fibrinolytic system of cultured human vascular

endothelium by interleukin 1. J Clin Invest 78(2):587–591

89. Giesen PL et al (1999) Blood-borne tissue factor: another view of thrombosis. Proc Natl Acad

Sci U S A 96(5):2311–2315

90. Falati S et al (2003) Accumulation of tissue factor into developing thrombi in vivo is

dependent upon microparticle P-selectin glycoprotein ligand 1 and platelet P-selectin.

J Exp Med 197(11):1585–1598

91. Bianco F et al (2005) Astrocyte-derived ATP induces vesicle shedding and IL-1 beta release

from microglia. J Immunol 174(11):7268–7277

92. Morel N et al (2008) Generation of procoagulant microparticles in cerebrospinal fluid and

peripheral blood after traumatic brain injury. J Trauma 64(3):698–704

93. Aupeix K et al (1997) The significance of shed membrane particles during programmed cell

death in vitro, and in vivo, in HIV-1 infection. J Clin Invest 99(7):1546–1554

94. Sinauridze EI et al (2007) Platelet microparticle membranes have 50- to 100-fold higher

specific procoagulant activity than activated platelets. Thromb Haemost 97(3):425–434

95. Ruggeri ZM (2003) Von Willebrand factor. Curr Opin Hematol 10(2):142–149

96. Sporn LA, Marder VJ, Wagner DD (1986) Inducible secretion of large, biologically potent

von Willebrand factor multimers. Cell 46(2):185–190

97. Brouland JP et al (1999) In vivo regulation of von Willebrand factor synthesis: von Willebrand

factor production in endothelial cells after lung transplantation between normal pigs and von

Willebrand factor-deficient pigs. Arterioscler Thromb Vasc Biol 19(12):3055–3062

98. Furlan M (1996) VonWillebrand factor: molecular size and functional activity. Ann Hematol

72(6):341–348

99. Tsai HM (1996) Physiologic cleavage of von Willebrand factor by a plasma protease is

dependent on its conformation and requires calcium ion. Blood 87(10):4235–4244

100. Levy GG et al (2001) Mutations in a member of the ADAMTS gene family cause thrombotic

thrombocytopenic purpura. Nature 413(6855):488–494

101. Dong JF et al (2002) ADAMTS-13 rapidly cleaves newly secreted ultralarge von Willebrand

factor multimers on the endothelial surface under flowing conditions. Blood 100

(12):4033–4039

102. Bernardo A et al (2005) Platelets adhered to endothelial cell-bound ultra-large von

Willebrand factor strings support leukocyte tethering and rolling under high shear stress.

J Thromb Haemost 3(3):562–570

103. Tauchi R et al (2012) ADAMTS-13 is produced by glial cells and upregulated after spinal

cord injury. Neurosci Lett 517(1):1–6

104. De Oliveira CO et al (2007) Plasma von Willebrand factor levels correlate with clinical

outcome of severe traumatic brain injury. J Neurotrauma 24(8):1331–1338

6 The Effects of Intravascular Coagulation and Microthrombosis on Cerebral. . . 123



105. Yokota H et al (2002) Cerebral endothelial injury in severe head injury: the significance of

measurements of serum thrombomodulin and the von Willebrand factor. J Neurotrauma 19

(9):1007–1015

106. de Groot PG (2002) The role of von Willebrand factor in platelet function. Semin Thromb

Hemost 28(2):133–138

107. Rivera J et al (2009) Platelet receptors and signaling in the dynamics of thrombus formation.

Haematologica 94(5):700–711

108. Dietrich GV et al (1996) Platelet function and adrenoceptors during and after induced

hypotension using nitroprusside. Anesthesiology 85(6):1334–1340

109. Fang W et al (2011) Platelet activating factor induces blood brain barrier permeability

alteration in vitro. J Neuroimmunol 230(1–2):42–47

110. Henson PM (1970) Release of vasoactive amines from rabbit platelets induced by sensitized

mononuclear leukocytes and antigen. J Exp Med 131(2):287–306

111. Benveniste J, Henson PM, Cochrane CG (1972) Leukocyte-dependent histamine release from

rabbit platelets. The role of IgE, basophils, and a platelet-activating factor. J Exp Med 136

(6):1356–1377

112. Nishida K, Markey SP (1996) Platelet-activating factor in brain regions after transient

ischemia in gerbils. Stroke 27(3):514–518, discussion 518–519

113. ArmsteadWM et al (1988) Platelet activating factor: a potent constrictor of cerebral arterioles

in newborn pigs. Circ Res 62(1):1–7

114. Frerichs KU et al (1990) Platelet-activating factor and progressive brain damage following

focal brain injury. J Neurosurg 73(2):223–233

115. Kochanek PM et al (1988) Cerebrovascular and cerebrometabolic effects of intracarotid

infused platelet-activating factor in rats. J Cereb Blood Flow Metab 8(4):546–551

116. Feuerstein G, Yue TL, Lysko PG (1990) Platelet-activating factor. A putative mediator in

central nervous system injury? Stroke 21(11 Suppl):III90–III94

117. Satoh K et al (1992) Increased levels of blood platelet-activating factor (PAF) and PAF-like

lipids in patients with ischemic stroke. Acta Neurol Scand 85(2):122–127

118. Pettigrew LC et al (1995) Delayed elevation of platelet activating factor in ischemic hippo-

campus. Brain Res 691(1–2):243–247

119. Rink C, Khanna S (2011) Significance of brain tissue oxygenation and the arachidonic acid

cascade in stroke. Antioxid Redox Signal 14(10):1889–1903

120. Lindsberg PJ et al (1990) Evidence for platelet-activating factor as a novel mediator in

experimental stroke in rabbits. Stroke 21(10):1452–1457

121. Faden AI, Tzendzalian PA (1992) Platelet-activating factor antagonists limit glycine changes

and behavioral deficits after brain trauma. Am J Physiol 263(4 Pt 2):R909–R914

122. Tokutomi T et al (1994) Effect of platelet-activating factor antagonist on brain injury in rats.

Acta Neurochir Suppl (Wien) 60:508–510

123. Wong DK, Lurie F, Wong LL (2008) The effects of clopidogrel on elderly traumatic brain

injured patients. J Trauma 65(6):1303–1308

124. Brohi K et al (2007) Acute traumatic coagulopathy: initiated by hypoperfusion: modulated

through the protein C pathway? Ann Surg 245(5):812–818

125. Esmon CT (2003) The protein C pathway. Chest 124(3 Suppl):26S–32S

126. Knudson MM et al (1992) Thromboembolism following multiple trauma. J Trauma 32

(1):2–11

127. Laroche M et al (2012) Coagulopathy after traumatic brain injury. Neurosurgery 70

(6):1334–1345

128. Spiess BD (1995) Thromboelastography and cardiopulmonary bypass. Semin Thromb

Hemost 21(Suppl 4):27–33

129. McNicol PL et al (1994) Patterns of coagulopathy during liver transplantation: experience

with the first 75 cases using thrombelastography. Anaesth Intensive Care 22(6):659–665

130. Cimmino G, Golino P, Badimon JJ (2011) Pathophysiological role of blood-borne tissue

factor: should the old paradigm be revistited. Intern Emerg Med 6:29–34

124 M.A. Kumar et al.



Chapter 7

Barriers to Drug Delivery for Brain Trauma

F. Anthony Willyerd, Philip E. Empey, Patrick M. Kochanek,

and Robert S.B. Clark

We can’t go over it. We can’t go under it. Oh no!We’ve got to
go through it!

—Michael Rosen, We’re Going on a Bear Hunt
Got to go through it to get to it

—Graham Central Station, Release Yourself

Abstract One of the most opposing barriers—both literally and figuratively—

challenging the translational advancement of therapeutics targeting brain trauma

involves effective delivery of potentially neuroprotective agents to the damaged

brain. Aspects distinguishing delivery of drugs to the injured brain relative to other

tissues include: (1) several unique physical features of the blood–brain barrier

(BBB) vs. other blood–tissue barriers; (2) added diffusion distance associated

with astrocyte swelling (in addition to interstitial edema) away from the therapeutic

target; and (3) membrane transporters at both the BBB and blood–CSF barriers

(BCSFB), such as ATP-binding cassette (ABC) transporters, organic anion trans-

porters (OAT), and organic anion transporting peptides (OATP) that have the

capacity to move drug substrates out of the brain, actively reducing brain bioavail-

ability. While these “barriers” represent unique challenges to the development of

efficacious neuroprotective agents for the treatment of traumatic brain injury (TBI),

recent pharmacological advancements provide an optimistic outlook for designing

strategies that impact outcome for victims of TBI in the near future.

7.1 Introduction

One of the most opposing barriers—both literally and figuratively—challenging the

translational advancement of therapeutics targeting brain trauma involves effective

delivery of potentially neuroprotective agents to the damaged brain. Further
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challenging is maintenance of therapeutic levels of compounds that do manage to

enter the brain (i.e. bioavailability). Aspects distinguishing delivery of drugs to, and

maintenance of drug levels in, the injured brain relative to other tissues include:

1) unique physical features of the blood-brain barrier (BBB); 2) added diffusion

distance away from the therapeutic target (most often neurons); and 3) membrane

transporters at both the BBB and blood-CSF barriers (BCSFB), such as ATP-binding

cassette (ABC) transporters, organic anion transporters (OAT), and organic anion

transporting peptides (OATP) that have the capacity to move drug substrates out of

the brain, actively reducing brain bioavailability and therapeutic concentration.

These “barriers” represent unique challenges to the development of neuroprotective

agents for the treatment of traumatic brain injury (TBI). This Chapter discusses these

unique barriers and recent pharmacological advancements for surmounting them,

in order to impact outcome for victims of TBI in the near future.

7.2 “Barriers” to Effective Systemically Administered

CNS Drug Delivery

A typical model for drug delivery in the uninjured CNS is depicted in Fig. 7.1.

Compartment 1 represents the systemic circulation after administration of drug into

the blood stream via oral, mucosal, intravenous (IV), or intramuscular delivery.

Drug delivery into compartment 2 (the brain) is driven by diffusion and hydrostatic

pressure with the rate and extent of distribution affected by tissue perfusion

(cerebral blood flow—CBF) and drug permeability. k12 represents the influx rate

and in the normal (uninjured) brain, is affected by the size, charge, and lipophilicity

of the drug, the unique physical and biochemical properties of the BBB relative to

other blood–tissue barriers, and the diffusion distance between the brain-side of the

BBB and the therapeutic target (typically neurons). k21 represents the efflux rate of

drug from the brain back into the systemic circulation, either via diffusion or active

membrane transport back across the BBB or from CSF to blood via the BCSFB. k21
is affected by drug-substrate specificity for membrane transporters on endothelium,

epithelium, ependymal cells, as well as astrocytes and neurons themselves. k10 is
affected by hepatic metabolism and/or renal excretion (as well as metabolism in

other tissues, such as plasma), and like k21, is also impacted by the presence of

membrane transporters in the liver, gut, and kidney.

TBI adds a significant layer of complexity upon this simplistic model, shown in

Fig. 7.2. For example, the degree of BBB disruption, local CBF to the injured brain,

astrocyte swelling, and extracellular edema all further impact k12. Furthermore,

little is known regarding (any) dynamic changes of ABC drug transporters (aka
multidrug resistance [MDR] and multidrug resistance-associated protein [MRP])

and organic anion transporters (e.g., OAT and OATP) after TBI in the CNS—and

liver and/or kidney for that matter—which would further impact k21 and k10. These
complexities are further discussed below.
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7.2.1 Blood–Brain Barrier: The Afferent Component
of the Neurovascular Unit

In contrast to endothelial cells in non-CNS tissues, the endothelial cells that form the

capillaries in the brain generally do not have gap junctions. Each cell is connected by

tight junctions (zona occludens) that are impermeable to hydrophilic substances.

Fig. 7.1 Conventional

model for drug delivery in

the uninjured CNS.

k represents rate of drug
moving between or from

compartment 1 (blood) and

compartment 2 (brain)

Fig. 7.2 Modified model for drug delivery in the injured CNS. In addition to the barriers to drug

delivery in the normal brain, the BBB and BCSFB, factors unique to CNS trauma influence drug

influx and efflux, and therefore, bioavailability. Factors influencing rate of drug entering the brain

(k12) include BBB disruption and hyperemia (increases); and hypoperfusion, astrocyte swelling,

and interstitial edema (decreases). Factors influencing rate of drug exiting the brain (k21) include
efflux transporters at the BBB and BCSFB, and bulk flow of interstitial fluid and increased CSF

flux (increases); and impaired CSF flow as seen with obstructive hydrocephalus (decreases)
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Surrounding these endothelial cells is a basement membrane and a cellular barrier

composed of pericytes and astrocyte foot processes [1, 2]. In addition to this

mechanical barrier (basement membrane sandwiched between four lipid bilayers),

there are a multitude of efflux transporters that are arranged on the luminal and

abluminal surfaces of the endothelial cells that form an active and effective biochem-

ical barrier. These include ABCB1, ABCC1, ABCC2, ABCC4, ABCC5, and ABCG2

(aka p-glycoprotein or MDR1, MRP1, MRP2, MRP4, MRP5, and breast cancer

resistance protein [BRCP], respectively), and organic anion transporters such as

OAT3, OATP1, and OATP2 [3, 4]. These membrane transporters rapidly extrude

endogenous and exogenous (drug) substrates from the brain interstitium back into the

blood [5–9]. As if this were not sufficient, neurons, glia, and pericytes also appear to

have an array of transporters on their plasma membranes, which impact drug efflux

and bioavailability [6]. The BBB is so effective that even the most lipophilic drugs

that are larger than 500 Da are denied entrance [10]. The imposing nature of the BBB

essentially forms a physical and biochemical “sentry” that prevents drug distribution

into the brain. This represents a major challenge for delivery of neuroprotective

agents after TBI and may contribute to the failure of current clinical trials in humans

that utilize conventional methods of drug delivery [11].

7.2.2 Blood–CSF Barrier: The Efferent Component
of the Neurovascular Unit

Much like the BBB, the BCSFB consists of four lipid bilayers, with the BCSFB

composed of epithelial (rather than astrocytes) and endothelial cells. The endothelial

cells at the BCSFB are joined by incomplete tight junctions, allowing passage of

substrates in the CSF back into the blood [12, 13]. The BCSFB also contains many

transporters arranged to move endogenous and exogenous substances via the CSF

through the ventricular system and back to the systemic circulation at the arachnoid-

blood intersection and choroid plexus. The endothelial cells of the choroid plexus

maintain a 100- to 150-mL fluid volume that is completely replaced every 4–5 h in

the adult human [14]. Thus, CSF flow facilitates convective elimination of drugs and

other substances. This contributes to a limited exposure time of drugs that have

crossed the BBB, diminishing local drug concentration, working in concert with the

BBB to further reduce brain bioavailability.

7.3 Aspects of Drug Delivery Unique to CNS Trauma

Disruption of the BBB following TBI has been well established [15] and appears to

be biphasic in nature [16, 17]. While on the surface it seems that trauma may make

it easier for delivery of drugs via mechanical disruption of the BBB, evidence from
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animal models evaluating therapeutic windows [18] and clinical trials [11], would

suggest otherwise. Experimental models of TBI demonstrate that the therapeutic

window is typically narrow, measured in minutes rather than hours in most cases

[19], suggesting that most of the BBB that is primarily disrupted early after TBI

reconstitutes relatively quickly [20], at least in terms of permeability to typical

pharmacological agents. Furthermore, the site of damage where BBB disruption

occurs may represent irreversibly damaged tissue, thus delivering drug to “dead

brain.” Additionally, regions of secondary injury, a common therapeutic target after

TBI, do not seem to have a proximally disturbed BBB [21]. The duration and

location of BBB disruption after TBI make drug delivery and efficacy at the very

least unpredictable.

If a drug crosses a disrupted BBB, or a BBB-permeable drug enters into the

brain, obstacles must still be overcome before reaching its therapeutic target. The

drug must diffuse down a concentration gradient to the target site, often the injured

neuron. Studies have shown intercapillary distances to be ~40 μm in the brain

[14]. This distance increases with interstitial edema and astrocyte swelling, inter-

stitial hemorrhage, and contusion, all common pathological events after TBI

(Fig. 7.3). Further, lipid membrane permeable agents may sequester in cells such

as microglia, astrocytes, extravasated erythrocytes from hemorrhage, or infiltrated

circulating leukocytes before reaching their therapeutic target. As the concentration

of drug likely decreases significantly for each unit distance it must transverse [22],

the effective concentration at the target site may be considerably lower in trauma-

tized CNS tissue. It is logical to infer that increasing systemic concentration may

overcome these barriers and increased diffusion distance; however, this would

come at the expense of increasing systemic toxicity. The capacity for drugs to

penetrate traumatically injured myelinated axons, an only recently appreciated

aspect of TBI [23], adds yet another layer of complexity. Diffusion distance also

plays a meaningful role in treatment of other diseases such as cancer, and disease

processes such as abscesses.

Alterations in global and regional CBF after TBI also influence delivery of

therapeutics. Hypoperfusion related to primary damage or reduced cerebral

Fig. 7.3 Drug concentration is expected to diminish with distance from the blood vessel to the

therapeutic target due to the BBB, astrocyte swelling, and tissue edema. Af astrocytes foot process,
BBB blood–brain barrier, RBC red blood cell; * ¼ contusion core with edema and hemorrhage
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perfusion pressure as a consequence of intracranial hypertension or hypotension

would reduce diffusion into the brain. The ability of hypoperfusion to limit drug

delivery after TBI may be particularly important, given that CBF reductions are

usually greatest early after injury—the time when BBB disruption is generally

maximal. In contrast, hyperemia would favor diffusion into the brain. Finally,

edema at and around the primary injury site can prevent diffusion of drug to the

target via increased interstitial pressure and bulk flow of interstitial fluid away from

the core of the contusion [24]. The opposite circumstance, impaired CSF flow as

can be seen in obstructive hydrocephalus, would be expected to reduce drug efflux

to a degree.

7.4 Surmounting the Barriers: Getting Drugs into the

CNS after Trauma

Several novel and a few not so novel techniques can be utilized to enhance

systemically administered drug delivery to the CNS and improve drug bioavail-

ability after TBI. These techniques include chemical drug modifications to increase

BBB permeability, linking drugs (“payload”) to endogenous or exogenous carrier

molecules, encapsulating the drug in a BBB-penetrating vehicle, inhibiting mem-

brane transporters at the BBB and/or BCSFB using currently available therapeutics,

and of course disrupting the BBB concurrently with drug administration or

bypassing the BBB altogether by direct administration.

7.4.1 Drug Modifications

Since hydrophilic and many lipophilic drugs do not make it past the BBB [10],

pharmaceutical approaches have been used to modify the structure of potentially

neuroprotective drugs to enhance delivery into the brain to achieve therapeutic

concentrations. These modifications include addition of chemical or biological

moieties to the drug to facilitate entry into the brain and, in some cases, localized

targeting of the drug, while maintaining its therapeutic efficacy.

One of the simplest modifications involves chemical alterations to increase the

lipophilicity of the drug. For example, amidation, esterfication, or pegylation of a

drug may increase its lipophilicity and if small enough, should allow entry to the

CNS from the blood. One example of this is based on the antioxidant cysteine donor

N-acetylcysteine (NAC). NAC is currently used clinically to prevent hepatic necro-

sis after acetaminophen overdose; however, it is notoriously impermeable to the

intact BBB. Modification via addition of an ethyl ester and glutamate residue to

cysteine results in the BBB-permeable drug, γ-glutamylcysteine ethyl ester

(GCEE). GCEE serves as a precursor for replenishing reduced glutathione (GSH)
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and has been shown to reduce histological damage and improve functional outcome

after TBI in mice [25].

Another approach is to utilize a prodrug that is either converted to its (more)

active form or has its active site exposed by an enzymatic or chemical reaction (e.g.,

via hydrolysis or cytochrome P450) once it enters the brain [26]. Other classes of

prodrugs include therapeutic agents coupled with fatty acids, phospholipids, or

glycerides. An example includes utilizing brain cytochrome P450 enzymes to

convert drug compounds to more active metabolites [27]. More sophisticated

systems are also being developed, including “lock in systems,” that require multiple

transformations to release the active drug [28]. These therapeutics use a

penetration-enhancing modifier that allows for passage into the CNS and a targetor

moiety directing the drug to its target. The shedding of the transport modifier

exposes the active drug and locks it into the CNS [29].

7.4.2 Biologic Modifications

Another avenue of delivering therapeutics to the CNS from the blood involves

taking advantage of biologic systems at the BBB instead of circumventing them.

These include prompting transcytosis of a drug and/or using carrier- or receptor-

mediated transport to move the drug through the BBB. Several types of proteins can

move across the BBB [30]. The best explored proteins include albumin and

antibodies. One example reported is the coupling of tumor necrosis factor (TNF)

receptor to a monoclonal antibody against the transferrin receptor, to facilitate

BBB-penetration, inhibit TNF and improve neurological outcome in a mouse

model of Parkinson’s disease [31].

Another way to gain access to the CNS is to create a drug that has a similar

structure to a nutrient or molecule that has an uptake transporter in the endothelial

cell membrane. Then allow the carrier protein to shuttle the drug into the CNS.

Many transporters exist for essential amino acids, sugars, minerals, and other

necessary molecules. A well known example of a drug that uses this method of

drug delivery is dopamine for Parkinson’s disease. A large neutral amino acid form,

levodopa, is carried across the endothelium via the large neutral amino acid

transporter, LNAT [28]. Similarly, one can couple therapeutics to relevant sub-

strates that undergo receptor-mediated transport across the BBB, such as insulin,

transferrin, leptin, and acetylated low density lipoprotein [32, 33].

Finally, small peptides (e.g., the protein transduction domain derived from

human immunodeficiency virus TAT protein) that cross the BBB can also be

utilized to deliver therapeutics to the CNS. An example of this strategy includes

linking doxorubicin with a small peptide vector and found increased CNS penetra-

tion [34]. This method is also being utilized in neurodiagnostic studies [14].
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7.4.3 “Payload” Delivery Systems

The “classic” payload delivery method involves encapsulation of the therapeutic in

liposomes to form a vesicle with a lipid bilayer surrounding drug. The liposome

fuses with the cell membrane and releases its contents (“payload”). The use of

traditional liposomes for CNS indications is limited by promiscuous fusing of the

liposomes to all cell membranes and rapid elimination from the circulation by the

reticuloendothelial system. As such, liposome-encapsulated drugs such as NAC

have been shown to be efficacious in models of liver or lung injury, but there have

been no reports evaluating efficacy in CNS diseases [35]. To address these limita-

tions liposomes have been conjugated with antibodies to allow specific targeting of

the liposome to certain cell types [36, 37], and attaching polymers to the liposome

can help reduce their clearance [38, 39].

A more contemporary payload delivery method of drug delivery to the CNS

takes advantage of non-biologically active, membrane-penetrating moieties, com-

bining them with small molecule therapeutics to form BBB-penetrating,

membrane-permeable compounds. One such delivery system involves the antibiotic

Gramicidin S. Conjugating nitroxides to a hemi-Gramicidin S moiety has yielded a

class of powerful antioxidants [40] that not only penetrate the BBB and cell

membranes but also target the mitochondria, one of the cell’s major sources of

free radicals. One of these compounds, XJB-5-131, demonstrated therapeutic

concentrations in brain and brain mitochondria after systemic delivery and had

powerful neuroprotective effects in a model of TBI in immature rats [41].

7.4.4 Maintaining Brain Bioavailability by Inhibiting
Efflux Transporters

Numerous efflux transporters exist at the BBB and BCSFB, as previously men-

tioned, adding a second line of defense in the event that xenobiotics breach the BBB

and enter the brain. Thus, even if temporary BBB disruption occurs after TBI

allowing penetration of drug if delivered during this window, many xenobiotic

substrates are actively eliminated out of the brain. The list of xenobiotics with

clinical relevance is strikingly long [42], given the variety of membrane efflux

transporters in the brain (Table 7.1).

Blocking the active efflux of a drug is another way to increase and maintain drug

levels in the CNS. Drug development in the 1900s successfully focused on the

kidney and renal elimination, and many effective drugs were developed, many still

used today as antibiotic adjuvants. Historically speaking, the most prominent of

these membrane transport inhibitors was benemid (later developed into probene-

cid), synthesized during World War II due to the short supply of penicillin desper-

ately needed to treat wounded soldiers [43]. Probenecid blocks efflux of penicillin

by blocking the action of organic anion transporters in nephrons [44]. This same
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pharmacological effect could be applied to active efflux transporters in the brain.

Challenges to this approach includes achieving high enough unbound inhibitor

concentrations to block transporter proteins at the BBB and minimizing systemic

toxicity resulting from collateral decreased systemic drug clearance [45, 46]. Les-

sons learned from failed pharmaceutical industry drug development programs that

have tried to achieve targeted p-glycoprotein inhibition to reverse cancer

chemoresistance over the past 2 decades suggest that systemic pharmacokinetic

interactions and systemic toxicities are of real concern. However, applications

using probenecid as an “adjuvant” to maintain NAC (and GSH) concentrations in

the brain via inhibition of other transporters such as ABCCs and/or OATs seems

promising. A Phase 1 clinical to examine the effect of the combination of proben-

ecid and NAC on oxidative stress in children with TBI is ongoing (ClinicalTrials.
gov NCT01322009). Figure 7.4 summarizes various means for increasing NAC

concentrations in the CNS.

7.4.5 Disruption of the Blood–Brain Barrier

A pharmacologically invasive method for delivery of drugs to the CNS is by

disrupting the BBB. This would ideally be a transient event, which causes revers-

ible disruption and minimal collateral damage, to avoid serious adverse events such

as toxin accumulation, seizures, and/or hemorrhage. Three methods have been

utilized to disrupt the BBB to allow drug delivery: osmotic disruption, vasoactive

disruption, and alkylglycerol disruption.

Osmotic disruption entails use of a rapid intra-carotid infusion of high doses of a

hyperosmotic solution to create a hypertonic environment in proximity to the

endothelial cells of the BBB. This draws water out of the cells, shrinking them

and creating openings in the normally tight junctions for drug to pass through

[47]. The most common agent for hyperosmolar therapy has been mannitol.

Fig. 7.4 Three means for delivering the BBB-impermeable drug, NAC, to the CNS
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A few studies suggest that this method can lead to altered gene expression and

aberrant glucose uptake [48]. However, this method does allow passage of the drug

into the CNS. Osmotic disruption may have a place for enhancing drug delivery to

brain in the treatment of chronic diseases such as brain tumors; however, this

approach would be contraindicated in the setting of TBI given the importance of

brain edema and raised ICP in that condition. It should be recognized that intrave-

nous administration of osmolar agents such as mannitol and hypertonic saline, used

in a conventional manner, do not disrupt the BBB. Vasoactive disruption involves

infusion of a vasoactive substance such as histamine, bradykinin, or other similar

substance. This leads to activation of endothelial receptors which allow permeabil-

ity of tight junctions, thereby allowing drug entry [49]. Another approach to BBB

disruption involves alkylglycerols to open the way for drug delivery. Some studies

report that use of alkylglycerols causes a reversible and concentration-dependant

permeability of drugs to the BBB [50]. The exact mechanism of action through this

pathway is not well understood, but it seems that there is temporary breakdown of

tight junction allowing drug to cross unhindered [50].

7.4.6 Going Around the Blood–Brain Barrier

So far, this chapter has discussed techniques to overcome the BBB using drug

modifications, chemical and biological vehicles and carrier systems, and pharma-

cological disruption. And, while minimally invasive methods are always most

desirable, in diseases such as TBI, the benefit/risk ratio may favor direct (invasive)

administration in the event a powerful neuroprotective drug is discovered. There are

several methods of direct CNS delivery that have shown promise. These tools have

both benefits and drawbacks. They are invasive methods and carry all the associated

risks. Further, once directly delivered, the therapeutics may also have to contend

with the aforementioned barriers of diffusion and convection.

Open or imaging-assisted placement of microspheres, lipid-based polymers

impregnated with drug, is one such drug delivery method that can be employed.

Microspheres can be placed in an area at or near the target site of the drug and allow

the drug to leech out and affect its target. Using advanced radiologic techniques, the

drug can be placed in a precise location [51]. This method presently finds use in

cancer and Parkinson’s disease treatment; however, the technology could be used in

other disease processes where a constant amount of drug can be delivered at the

desired region of injured brain, for example, after a decompressive craniotomy is

performed in a patient with severe TBI.

Like drug-impregnated microspheres, novel biodegradable membranes can be

suffused with drug and placed at target regions in the CNS. The benefits are similar

to microsphere placement but the amount of drug can be higher. In addition, the

polymer can be degraded with no residue, toxin, or foreign substance remaining in
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the subject [52]. The drawbacks include size, which could limit where it can be

placed, and diffusion. If the membrane is not directly adjacent to the target it may

not reach the intended area in any significant quantity.

Nanoparticles and nanogels are small (10–1,000 nm)-sized units with a core

shell structure (nanocapsule) or continuous matrix (nanosphere) that house drug

and can be modified like liposomes to decrease elimination and target-specific CNS

areas or cells [53]. Nanogels are a newer class of carrier system that involves

nanoparticles cross-linked in a hydrogel. There is some concern that nanoparticles

can cause increased reactive oxygen species leading to unintended collateral

damage [53].

Tissue implants are strictly that; implantation of a biological tissue into the brain

that secretes a therapeutic substance. This method has been used in Parkinson’s

treatment but the tissue typically does not survive for long periods of time

[28]. Recent studies have been performed using embryonic neural grafts and gene

therapy in attempts to improve duration of survival of the biologic tissue [54].

Microchip technology has advanced to the point of allowing hundreds of drug-

filled wells to be delivered by a single biocompatible microchip [55]. The release of

drug can be controlled through the chip which is implanted at or near the area of

need. Many obstacles remain; however, it appears that this drug delivery technol-

ogy is on the horizon in the future.

There are several types of pumps/catheters available which serve to provide a

continuous or bolus dose of drug directly into the CSF or target brain area. Some of

the pumps are currently in use in brain tumor trials but they seem to have several

drawbacks, including incidents of increase intracranial pressure, hemorrhage, CSF

leaks, and infection [28]. The continuous delivery method appears to be better

tolerated but promising animal studies have not shown the same benefit in clinical

trials [56]. It is difficult to know if the failure is a function of the machine or the

drug, or both. As mentioned, diffusion to the target site may be effected by flow of

CSF [28]. Baclofen is a common CNS drug that employs a pump/catheter method

of delivery to the intrathecal space, bypassing the BBB. Baclofen pumps are used

for treatment of severe spasticity; however, this approach involves surgery and

includes a risk of infection, pump failure, and other complications [57]. It is not

outside the realm of possibility to believe that chronic neuroprotectant drugs or

other symptom-relieving drugs may be delivered via intrathecal pumps for victims

of TBI in the near future.

A final method of bypassing the BBB is via the intranasal route. By this means of

administration, drug enters the CNS via the olfactory neurons, which then bypasses

the BBB by traveling along the olfactory and trigeminal nerves to the brain and

brain stem [58]. Uptake still depends on molecular weight and lipophilicity. Other

problems arise in delivering through the intranasal route if there is mucosal

swelling, mucous production, or obstruction. Many biotechnology companies are

exploring this route of administration for multiple drug uses.
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7.5 Conclusion

A developing understanding of barriers to CNS drug delivery in both the uninjured

and injured brain—and methods to overcome those barriers—raise hope for future

development of neuroprotective strategies for the treatment of CNS trauma. It is

possible that the failure of many promising drugs to translate from animal models to

humans was at least in-part due to an incomplete understanding of the drug’s brain

bioavailability, and not to its pharmacological actions, or worse yet, to untreatable

disease. A clearer understanding of brain pharmacokinetics in the injured brain, and

optimization of CNS drug delivery, appears warranted.
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Chapter 8

Angiogenesis and Functional Recovery After

Traumatic Brain Injury

Yanlu Zhang, Ye Xiong, Asim Mahmood, Zheng Gang Zhang,

and Michael Chopp

Abstract Brain injuries caused by trauma remain a major cause of death and

serious long-term disability worldwide, especially in children and young adults.

However, nearly all Phase III traumatic brain injury (TBI) clinical trials have failed

to provide safe and effective treatment for improving functional recovery after TBI.

This review discusses recent promising preclinical and clinical data indicating that

TBI promotes angiogenesis (formation of new blood vessels from preexisting

endothelial cells), which couples with neurogenesis (generation of new neurons)

and oligodendrogenesis (generation of new oligodendrocytes), in concert, contrib-

uting to spontaneous functional recovery. Selected cell-based and pharmacological

therapies that can amplify these endogenous neurorestorative effects to enhance

cognitive and neurological functional recovery after TBI are discussed. Perspec-

tives for further investigation of angiogenesis after TBI and associated therapeutic

treatments are provided.

8.1 Introduction

Traumatic brain injury (TBI) is a leading cause of mortality and morbidity world-

wide. TBI survivors often suffer cognitive deficits and sensorimotor dysfunctions

[1]. Many therapeutic strategies have shown promise in the laboratory setting [2–4]

but failed in human clinical trial [5, 6]. Thus, it is imperative to develop therapies

for TBI to reduce neurological deficits.
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Emerging data from preclinical TBI studies indicate that angiogenesis plays an

important role in mediating brain repair by coupling with neurogenesis and

oligodendrogenesis and that cell-based and pharmacological therapies targeting

amplification of angiogenesis and white matter remodeling substantially improve

sensorimotor functions and reduce cognitive impairments. In this chapter, we will

review TBI-induced angiogenesis and the coupling of angiogenesis with

neurogenesis, oligodendrogenesis, and white matter remodeling. We will then high-

light therapies that amplify these events, leading to improvement in neurological

outcomes after TBI.

8.2 Angiogenesis After TBI

The endothelial cells (ECs) of cerebral capillaries, unlike those from non-cerebral

capillaries, are linked by complex tight junctions that along with astrocyte end-feet,

microglial cells, and pericytes form the blood–brain barrier (BBB) [7]. Under

physiological conditions, the cerebral ECs are relatively quiescent with a turnover

rate of approximately 3 years in the adult rodent [8]. Angiogenesis is the sprouting

of new capillaries from preexisting vessels, involving the proliferation and migra-

tion of ECs, formation, branching, and anastomosis of tubes [9, 10]. TBI induces

angiogenesis at an early stage after injury. After TBI, using immunohistochemistry

with antibodies against bromodeoxyuridine (BrdU) and measurement of capillary

density, newly formed vessels are found and capillary density increases [11]. To

monitor development of angiogenesis after TBI noninvasively and longitudinally,

magnetic resonance imaging (MRI) indices including cerebral blood volume

(CBV), cerebral blood flow (CBF), blood-to-brain transfer constant (Ki) marked

with extrinsic-contrast agents, such as gadolinium DTPA (diethylene triamine

pentaacetic acid), and T1- or T2-weighted imaging have been used. Hyperperme-

abilities on the Ki map in the injured brain indicate vascular leakage. New vessels

are permeable at the early phase of angiogenesis, and become less leaky as they

mature [12–14]. The feature of a transient increase in vascular permeability is used

to detect formation of new blood vessels [13]. Newly generated leaky cerebral

vessels with immature BBB which are present in the lesion boundary zone 2 days

after TBI are detected by Ki maps [15, 16]. Angiogenic areas identified on the Ki

map become apparent 3–4 weeks after TBI [15]. These vessels appear less leaky

6 weeks after TBI and may contribute to an increase in CBF [15]. Furthermore, as

confirmed with endothelial barrier antigen (EBA) immunoreactivity, the angio-

genic area on the Ki map identifies enlarged thin-walled vessels [15]. The correla-

tion between increase of CBF and enhancement of vessel density indicates that TBI

induces functional new vessels in the lesion boundary zone. Vessels with BrdU-

positive ECs are detected in the ipsilateral dentate gyrus (DG) in the rats after TBI,

indicating that TBI induces angiogenesis in the DG [17]. Additionally, elevated

CBV is reported starting at day 1 after injury and lasting for 2 weeks in the
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ipsilateral DG after TBI [18]. Elevated CBV in the DG after TBI suggests that

newly generated vessels by TBI-induced angiogenesis present to be functional.

Vascular endothelial growth factor (VEGF) and its receptors initiate the forma-

tion of immature vessels, while angiopoietins (Ang 1, Ang 2) and their receptor

Tie2 are essentially involved in maturation, stabilization, and remodeling of vessels

[19]. VEGFR1 and VEGFR2 mRNA and protein are present in vessels adjacent to

the lesion from 1 day after injury [20]. VEGF and VEGFR2 assessed by Western

blot analysis also increase in the ipsilateral hippocampus after TBI [21]. With

double immunofluorescent staining of endothelium and VEGFR2, it is revealed

that increased VEGFR2 is expressed in the endothelium [11]. Although there is no

direct evidence that TBI induces angiogenesis in human brain in response to TBI,

serum and intracerebral extracellular fluid levels of angiogenic factors, such as

VEGF and Ang-1, peak at 14 days post-trauma and subsequently decline [22,

23]. Furthermore, in a 21-day clinical study, serum VEGF level significantly

increases during the entire period while there is no difference of serum Ang-1

level between severe TBI patients and control subjects during the first 4 days after

TBI but then Ang-1 increases after 4 days [23]. However, VEGF and Ang-1 are

expressed not only within vasculature but also in large numbers of platelets

[24–26]. Therefore, in vitro, increased level of VEGF and Ang-1 in serum collected

from patients may also be caused by platelet clotting in serum tubes [27]. For both

healthy controls and patients in this 21-day clinical study [23], the average level of

Ang-1 in serum on day 1 is tenfold higher than the levels reported from other

studies [24, 28]. Therefore, the levels of VEGF and Ang-1 could result from an

artifact caused by platelet activation after TBI [27]. In uninjured rats, none or weak

immunoreactivity with matrix metalloproteinases (MMPs), such as MMP2 and

MMP9, is detected in cortical capillaries [29]. As measured using gelatin

zymography, MMP9 is elevated from 3 h after TBI, reaches a maximum at 24 h,

and persists to 2 weeks, while MMP2 is increased from 1 day and persists to

2 weeks [30–32]. Likewise in humans, as measured by ELISA, serum MMP9 is

significantly increased during the follow-up period after TBI [33]. Robust MMP2

and MMP9 immunoreactivities are found to colocalize to the vessels adjacent to the

lesion site, and particularly in the immature ECs [29]. In vitro studies show that ECs

secrete MMP2 and MMP9 before and after tumor necrosis factor (TNF)-α stimu-

lated injury [34]. Increased expression of VEGFR2 and MMP9 is detected in the

basement membrane of the new capillaries 2 days after TBI [29]. These results

show that TBI also induces the expression of EC MMPs which are involved in

angiogenesis [29]. In vitro, exogenous MMP2 increases EC tube formation while

addition of MMP inhibitors or synthetic MMP agonists decreases EC tube

formation [35].

Collectively, these data indicate that angiogenic factors and MMPs play impor-

tant roles in TBI-induced angiogenesis.
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8.3 Angiogenesis Couples with Neurogenesis

and Oligodendrogenesis

In addition to providing nutritive blood flow, cerebral ECs regulate biological

activity of neural progenitor cells [36].

Cerebral ECs activated by cerebral ischemia secrete VEGF that acts on neural

stem cells (NSCs) and consequently leads to augmentation of newborn neurons

[37]. Blockage of VEGFR2 not only reduces EBA-immunoreactive vascular den-

sity (an indicator of angiogenesis) but also reduces the number of newborn neurons

in the DG in rats after TBI, which is associated with decreased neurological

function recovery [21]. These data indicate that angiogenesis cooperates with

neurogenesis and is involved in the recovery of neurological function after brain

injury.

Neurogenesis occurs in the subventricular zone of the lateral ventricle and the

subgranular zones of the DG in mammalian adult brains under normal conditions

[38, 39] and pathological situations including TBI [40–44]. In the normal hippo-

campus, newborn neurons are detected after 1 h of [3H]thymidine injection and

continually generated from the DG subgranular zone, with a significant increase

after 2 weeks, and these newborn cells migrate laterally into the granule cell layer,

projecting axons to the CA3 region of the hippocampus within a 4-week study

[45]. Following TBI, by immunofluorescent double-labeling of the proliferation

cell marker BrdU and the mature neuronal marker NeuN or the astrocytic marker

GFAP, there is a significant peak period of cell proliferation at 2 days post-injury in

the DG both in injured juvenile and adult rats compared to shams [44], and the

majority of BrdU+ cells which survive for 10 weeks become dentate granule

neurons [46]. Injured animals display significant cognitive deficits at 11–15 days

post-moderate injury, while there is no significant difference of cognitive deficits at

days 56–60 between injured and sham animals, which shows cognitive recovery

over time following TBI [46]. Therefore, injury-induced limited endogenous

neurogenesis may partially contribute to spontaneous cognitive functional recovery

after TBI.

In the central nervous system (CNS), the neurovascular unit (NVU) comprises

ECs, pericytes, neurons and glial cells, as well as growth factors and extracellular

matrix proteins close to the endothelium [47, 48]. New blood vessels in peri-infarct

cortex are closely associated with new neurons identified by BrdU+/doublecortin+

(DCX, a marker of migrating neuroblasts) after ischemic injury, which indicates

that neurogenesis coexists with angiogenesis in peri-infarct cortex [49]. Correlation

analysis shows that the cognitive function outcome is significantly correlated with

the number of the newborn neurons generated in the DG [50] and also with the

increased number of vessels in ipsilateral cortex, DG, and CA3 region examined

35 days after TBI [51]. This evidence indicates that angiogenesis is coupled with

neurogenesis and may improve neurological functional outcome after TBI sponta-

neously or with therapy [15, 16, 52, 53].
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Oligodendrocytes (OLGs) are the major cell type in the white matter in the CNS,

maintaining the integrity of the white matter in the adult brain. Mature OLGs

generate myelin which forms sheaths for axons in the adult mammalian CNS but

are unable to proliferate in response to injury [54]. However, there are plentiful

oligodendrocyte progenitor cells (OPCs) in the white matter of normal CNS with

functions including proliferation and maturation to remyelinate the demyelinated

axons [55, 56]. Oligodendrogenesis occurs after injury in the lesion area and corpus

callosum where OPCs proliferate, mature, migrate, and are regulated by the factors

secreted from ECs such as fibroblast growth factor (FGF), VEGF, brain-derived

neurotrophic factor (BDNF), and MMPs. TBI alone significantly increases the

number of OPCs in the ipsilateral cortex and hippocampus (CA3, DG) compared

to sham controls, suggesting that oligodendrogenesis may partially be responsible

for spontaneous functional recovery presumably myelinating axons [57, 58]. Cog-

nitive function recovery is significantly and positively correlated with both angio-

genesis and neurogenesis in the hippocampus region after TBI [51]. After TBI,

myelin content, as measured by staining with myelin-specific stain Luxol fast blue,

is reduced in many white matter regions [59]. Therefore, OPCs may play an

important role in remyelination in the injured brain even though the axonal regen-

eration is limited in adult brain after injury [60].

An interaction between OLGs and cerebral ECs has been investigated. In OLGs

culture system derived from 1- to 2-day SD rats, MMP9 is not detected in OLGs

under normal conditions but is secreted after stimulation by IL-β [61]. U0126, a

MEK inhibitor, is able to block MMP9 secretion in IL-β-treated OLGs culture

system, indicating that the MEK/ERK signaling pathway regulates OLGs to secrete

MMP9 under stimulated situation [61]. Furthermore, the inhibition of MMP9

decreases newborn ECs and EC density [61]. Therefore, MMP9 released from

OLGs after injury plays a critical role in white matter remodeling.

In vitro, coculture of OPCs with cerebral ECs promotes OPC survival and

proliferation via the Akt and Scr signaling pathways [62]. In addition, VEGF,

involved in angiogenesis, is primarily released by EC and its receptor, VEGFR2,

is expressed in OPCs [63]. In endothelial-conditioned media, VEGF promotes OPC

migration at 24 h after incubation and its effect can be inhibited by anti-VEGFR2

antibody. Therefore, these findings provide a novel concept of the oligovascular

niche, with trophic factors secreted from ECs, activated through the Akt and Src

signaling pathways to regulate OPC function including proliferation and migration.

Furthermore, sensorimotor function is significantly correlated with the axonal

density of ipsilateral hemisphere after TBI [64]. Taken together, these data indicate

that angiogenesis coupling with oligodendrogenesis may contribute to white matter

remodeling including axons and synapses after brain injury, which improves

sensorimotor function recovery.
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8.4 Enhancement of TBI-Induced Angiogenesis by

Cell-Based Therapies

8.4.1 Bone Marrow Stromal Cells

Marrow stromal cells (MSCs) are extracted from bone marrow and include mes-

enchymal stem or progenitor cells [65–68], which can replicate and differentiate to

other cells including neural cells [69–72]. The restorative therapy of MSCs has

been performed intravenously or through direct implantation. Intravenous admin-

istration of MSCs after TBI significantly enhanced improvement in functional

outcome [73]. In vitro, TBI-conditioned cultured hMSCs increase BDNF, NGF,

VEGF, and hepatocyte growth factor (HGF) [74]. Furthermore, in vivo, MSCs also

induce intrinsic parenchymal cells to produce the above growth factors after TBI

[73]. Rats treated with MSCs cultured with BDNF and NGF have more engrafted

cells than the group treated with MSCs cultured without these factors, and more

robust motor function recovery is detected in the MSC groups cultured with

neurotrophic factors [75]. These data suggest that motor function recovery after

TBI is accomplished by transplantation of MSCs and enhanced by additional

neurotrophic factors. To investigate the changes of the vascular system after TBI

with acute treatment of human MSCs (hMSCs), MRI T2 maps are used to monitor

and quantify the volumetric changes in the lesion area, while CBF (measured by

perfusion-weighted MRI) and Ki (extrinsic-contrast agents) are used to monitor

hemodynamic alteration and the BBB permeability, respectively [15]. After TBI,

Ki-detected angiogenesis occurs significantly earlier in the MSC-treated group

compared to the control group and the angiogenic area on Ki map is confirmed

histologically by enlarged thin-walled vessels [15]. Furthermore, compared to

control subjects, this early angiogenesis is not only associated with a significantly

higher vessel density in the lesion boundary region of cell-treated animals but also

associated with improved behavioral status after MSC treatment [15]. Pre-labeled

MSCs can be tracked in the brain using MRI and verified by immunostaining

[76–78]. After hMSCs are injected intravenously and detected to migrate into

brain around the injury site [79], they promote cell proliferation in the

subventricular zone, hippocampus, and boundary zone of injury, and some of

these newly generated cells expressed the neuronal markers (Tuj1 for immature

neurons, DCX for migrating neuroblasts, NeuN for mature neurons) with improved

cognitive function recovery [80]. Compared to hMSCs alone injected intracere-

brally or intravenously 1 week after TBI, hMSC-impregnated scaffolds

transplanted into the lesion cavity 1 week after TBI significantly increase the

number of hMSCs which migrate from lesion cavity to the boundary zone and

also increase the vascular density in the boundary zone and hippocampus after TBI,

and enhance cognitive and sensorimotor function [81]. Thus, scaffolds impregnated

with MSCs provide a promising therapy option to tissue repair and functional

recovery after TBI. With enhanced neurological and cognitive function recovery,
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MRI shows that white matter reorganization is located in the extended area of the

corpus callosum where labeled hMSCs are co-localized [78]. hMSCs secrete

angiogenic factors such as VEGFA, FGF1, and MMP9 after TBI associated with

enhanced neurologic and cognitive function recovery [82], which may lead to the

restructuring of axons and myelin after TBI to reorganize the white matter through

oligodendrogenesis.

In summary, MSC treatment amplifies neurogenesis, angiogenesis, and

oligodendrogenesis after TBI.

8.4.2 Neural Stem Cells

Stem cells are able to self-renew and differentiate into multiple cell types. NSCs

can differentiate into neurons, astrocytes, and OLGs [83, 84]. NSCs with their

intrinsic ability of regeneration have been used in the treatment of many neurolog-

ical diseases in animal models including TBI [85–87]. After transplantation into

corpus callosum of brain-injured animals 2 days after TBI, some of NSCs which are

derived from the neonatal murine cerebellar external germinal layer express NG2

(marker for OPCs) and migrate to the injury area 2 weeks after transplantation

[88]. In a subacute therapy (1 week after injury), NSCs injected in the striatum

remain in the brain and improve motor recovery on a rotarod test at 14 days after

cell placement [89]. There are two possible strategies for NSC treatment of TBI:

transplantation of exogenous NSCs and stimulation of endogenous NSCs

[90]. Local or systemic administration of pre-differentiated human fetal neural

progenitor cells improves long-term motor and sensory function recovery,

decreases trauma lesion size, and increases neuronal survival in the border zone

of the lesion, which are likely to be attributable to transiently increased angiogen-

esis and reduced astrogliosis in the border zone instead of cell replacement from

donor cell transplantation [91].

8.5 Augmentation of TBI-Induced Angiogenesis by

Pharmacological Therapies

8.5.1 Erythropoietin

Erythropoietin (EPO) and its receptor (EPOR) are essential for erythropoiesis and

EPO has been widely used in the clinic for treatment of anemia since it regulates the

maturation, differentiation, and survival of hematopoietic progenitor cells [4]. In

normal adult brains, low levels of EPO and EPO receptors are detected, while after

injury, increased levels of EPO and EPO receptors are found in neurons, NPCs,

glial cells, and ECs [92]. EPO treatment (24 h after TBI) increases expression of
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VEGF and phosphorylation of VEGFR2 as well as results in a significant increase

of newborn neurons and vascular density in the cortex, DG, and CA3. However,

after blockage of VEGFR2 with SU5416, newborn neurons and vascular density are

all significantly decreased and functional recovery in EPO-treated TBI rats is

abolished [21]. Therefore, EPO therapy improves sensorimotor and cognitive

functional recovery after TBI by promoting neurogenesis and angiogenesis through

upregulating VEGF/VEGFR2 expression in the brain [21, 43, 93]. Previous studies

show that cognitive function recovery is mediated by neurogenesis coupled with

angiogenesis in the hippocampus [42, 43, 51] while sensorimotor function recovery

is associated with brain angiogenesis and spinal cord axon remodeling [94]. How-

ever, in animals null for the EPOR gene in neural cells, EPO treatment still

significantly reduces cell loss in the hippocampus compared with saline controls,

as well as improves sensorimotor and cognitive function after TBI, which suggests

that therapeutic benefits of EPO may be mediated through its vascular protection

but not via neural EPOR [95]. Carbamylated erythropoietin (CEPO), a modified

erythropoietin molecule that does not affect hematocrit, is as effective as EPO in

terms of reducing hippocampal cell loss, enhancing angiogenesis and neurogenesis

in the injured cortex and hippocampus, and improving sensorimotor functional

recovery and spatial learning in rats after TBI [53, 96]. EPO and its derivatives

have a potential value in TBI therapy.

8.5.2 Statins

Statins lower cholesterol levels and also have neuroprotective and neurorestorative

effects including angiogenesis, neurogenesis, and synaptogenesis and improve

function recovery in rats after TBI [97, 98]. To measure the effect of atorvastatin

on improvement of microvascular integrity and cognitive function recovery after

TBI, animals are perfused with FITC–dextran to track the vascular changes, and the

water maze test is performed to investigate the spatial learning on injured rats

[97]. Compared with saline treatment group, atorvastatin treatment significantly

improves spatial learning, increases the vessel-to-tissue ratio and vascular length on

days 8 and 15 after TBI in both hippocampal CA3 region and boundary zone of

injured area, and also augments vascular diameter on day 8 after TBI in the

boundary zone of contusion [97]. Simvastatin upregulates VEGFR2 expression

after TBI, increases the BrdU+ ECs in the lesion boundary zone and hippocampus

with improved functional recovery in rats, and enhances in vitro capillary-like tube

formation after oxygen glucose deprivation (OGD), indicating that simvastatin-

enhanced angiogenesis may be related to activation of the VEGFR-2/Akt/eNOS

signaling pathway [16]. A recent study shows that increasing circulating EPCs with

atorvastatin treatment may contribute to the observed increase in brain angiogenesis

and improved functional outcome after TBI [99].

148 Y. Zhang et al.



8.5.3 Thymosin Beta 4

Tβ4 is a multifunctional regenerative small peptide comprising 43 amino acids and

its major function is G-actin-sequestering [100]. Tβ4 is involved in many cellular

procedures including cell proliferation, mobility, antiapoptosis, anti-inflammation,

and promotion of wound healing [101–104]. Tβ4 is a novel therapeutic choice for

CNS trauma, which promotes endogenous neurorestorative processes in animal

models of TBI [52, 57]. Tβ4 is evaluated to be safe in clinical treatment of acute

myocardial infarction [105]. Early treatment (6 h after TBI) shows that Tβ4
significantly improves spatial learning and sensorimotor functional recovery, and

promotes neurogenesis in the DG [52]. Late treatment (24 h after TBI) indicates that

Tβ4 significantly increases the vascular density in the injured cortex, CA3, and DG
of the ipsilateral hemisphere, and enhances neurogenesis in the injured cortex and

hippocampus, along with increased generation of mature OLGs in the CA3 region,

which are associated with improved sensorimotor and cognitive functional recovery

after TBI [57]. The mechanisms underlying the beneficial effects of Tβ4 remain

unknown. However, a recent study shows that Tβ4 is able to induce endothelial

progenitor cell migration via the phosphatidylinositol 3 kinase/Akt/endothelial

nitric oxide synthase (eNOS) signal transduction pathway, which may mediate

angiogenesis [106]. Tβ4 treatment induces OLG differentiation by inducing

p38MAPK with parallel inactivation of ERK1 and JNK1, thus preventing the

accumulation of phosphorylated c-Jun [107]. Therefore, Tβ4 treatment-induced

angiogenesis, neurogenesis, and oligodendrogenesis, in concert, may contribute to

functional recovery in rats after brain injury.

8.6 Other Growth Factors

VEGF is an important regulator of angiogenesis. VEGF is neuroprotective in

several models of experimental brain injury [108–112]. The expression of VEGF

and VEGFR2 is increased in rodents subjected to TBI [20, 113], and inhibition of

VEGF expression after injury decreases newborn neurons and newly generated

vessels with aggravated function outcome [21], suggesting that VEGF-induced

angiogenesis and neurogenesis promote neurological and cognitive function recov-

ery [21]. Hepatocyte growth factor (HGF) is an important molecule for tissue repair

[114]. Enhancement of vascular pixel intensity and GAP-43-positive cells (a crucial

component of the axon and presynaptic terminal) is detected at the ischemic

boundary zone with HGF treatment [115], indicating that HGF is involved in

angiogenesis and synaptogenesis after injury. HGF is also known to induce angio-

genesis in cooperation with VEGF [116]. Basic fibroblast growth factor (FGF2) is a

potent angiogenic agent present in neurons and glia, vascular basement membrane

of blood vessels, and in the ependymal cells of the ventricles [117]. After TBI,

FGF2 treatment significantly decreases lesion size, increases the number of blood
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vessels in the cortex around the lesion, and improves sensorimotor function recov-

ery [110]. Granulocyte-colony stimulating factor (G-CSF), a hematopoietic growth

factor, significantly increases 3 h after TBI and peaks at 8 h [118]. In the ischemic

hemisphere post-stroke, G-CSF treatment increases endothelial proliferation, vas-

cular density, expression of eNOS and angiopoietin-2, and decreases BBB disrup-

tion and function deficits [119]. Most of these growth factors, with large molecular-

weighted and hydrophilic proteins, have a limited access to the CNS after systemic

administration, principally due to poor BBB permeability. Cerebrolysin is a mixture

of low-molecular-weight neuropeptides derived from purified brain proteins by

standardized enzymatic proteolysis, with proposed neuroprotective and

neurotrophic properties similar to naturally occurring growth and neurotrophic

factors [120]. Direct and indirect evidences indicate that low-molecular-weight

Cerebrolysin, which contains many neurotrophic factor-like peptides, is able to

cross the BBB [121]. Early intervention with Cerebrolysin reduces BBB perme-

ability changes, attenuates brain pathology and brain edema, and mitigates func-

tional deficits [120]. Recent data show that Cerebrolysin enhances neurogenesis in

the ischemic brain and improves functional outcome after stroke [122]. Taken

together, these data suggest that Cerebrolysin has potential therapeutic value

in TBI.

8.7 Perspectives

There is evidence for a prominent role of angiogenesis in the recovery of neuro-

logical function post-TBI. It is well known that TBI induces angiogenesis, partic-

ularly in the injury boundary zone. An angiogenic environment is essential for

tissue repair and functional recovery after injury. The contribution of endogenous

angiogenesis, however, may not be sufficient to support the degree of

neuroplasticity required for functional recovery after TBI. The therapeutic

approaches that enhance brain remodeling via angiogenesis are promising. In

addition to cell-based therapy including MSCs and NSCs, many promising drugs

such as EPO, CEPO, Tβ4, statins, and growth and neurotrophic factors, all of which
amplify endogenous angiogenesis, have been evaluated in TBI. Enhanced angio-

genesis, coupled with neurogenesis, oligodendrogenesis, and white matter

remodeling, contributes to improvement of functional recovery induced by these

treatments. The therapeutic window for stimulation of angiogenesis, neurogenesis,

and white matter remodeling after TBI has not been ascertained. Further investi-

gation of angiogenesis and its correlation between neurogenesis and white matter

remodeling is also warranted to better understand mechanisms underlying func-

tional recovery after TBI and to develop effective therapeutic treatment for improv-

ing outcomes in patients with the CNS injury.
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Chapter 9

Vascular Mechanisms in Spinal Cord Injury

Theo Hagg

Abstract This review provides an introduction to the field of vascular dysfunction

as a cause of secondary degeneration following traumatic spinal cord injury. Major

breakthroughs have been made by using endothelial cell-selective treatments to

show that endothelial cell survival and function is key to protecting the spinal cord

tissue. Other vascular treatment strategies involve the reduction of detrimental

leakage and improving microvascular perfusion and function. The toxicity of the

acutely developing hemorrhage most likely is a major problem but has not been

solved so far. The role of angiogenesis in spinal cord injury remains unclear. The

advances made between late 2011 and the end of 2012 in understanding molecular

mechanisms and opportunities for therapeutic intervention receive particular atten-

tion. Lastly, future directions are discussed, including the need for microvascular

diagnostic tools and challenges of clinical translation.
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9.1 Historical Perspective

Traumatic spinal cord injury consists of an acute primary injury by which some

neural tissue is irreparably lost. This is followed by secondary degeneration of the

spinal cord tissue at the injury site over the first hours which progresses into the

penumbra over the first 2 weeks and sometimes longer [1–5] (Fig. 9.1). The

ongoing nature of the secondary injury processes provides opportunities for devel-

oping treatments to improve recovery of function. However, no successful

FDA-approved neuroprotective treatment for human spinal cord injury exists yet.

Experimental treatments during the acute phase are primarily aimed at rescuing

neurons and white matter [6, 7]. They have included the reduction of inflammation

[8, 9], sodium channel permeability [10], and free radical and lipid peroxidation

damage [1]. Vascular dysfunction as a major contributor to degeneration after

contusive spinal cord injury was discovered more than 100 years ago in dogs [11,

12]. One of the first studies to focus on the microvasculature showed very early

pathological changes after a thoracic contusion in monkeys, including hemorrhage

and ischemic endothelial injury [13]. The roles of vascular damage and vasospasm

in the central hemorrhagic necrosis were also recognized [14–16]. Thus, it was

proposed that “the initial vascular damage and subsequent reparative changes

within the spinal cord appear to adequately explain the cavitation observed”

[17]. Moreover, using perfusion measurements with colloidal carbon and microCT

analyses in cats it was concluded that “The hypoperfusion of the white matter found

in this study suggests that ischemia plays a role in paraplegia resulting from

experimental compression injury of the spinal cord” [18]. One of the earliest

pharmacological studies following spinal cord injury was aimed at improving

vascular perfusion, showing the best effects with antioxidants in cats with a

contusive injury [19]. Many more details of the developing vascular pathology

have come to light and many other treatment strategies have been found over the

years. The number of publications dealing with endothelial cells in the context of

spinal cord injury has gained momentum over the past 20 years (Fig. 9.2). Many of

these advances have been described in our last comprehensive reviews of 2011 [20,

21]. This review will summarize the current understanding of the mechanisms and

therapies for microvascular dysfunction, each followed by an update of studies

performed between 2011 and late 2012. The reader is also referred to other

comprehensive reviews dealing specifically with vascular mechanisms of spinal

cord injury [22–25].

9.2 Mechanisms of Microvascular Dysfunction

Contusive and compressive acute spinal cord injuries cause rapid local hemorrhage

and disruption of normal blood flow due to the direct physical disruption of the

microvessels [26–28]. The injury and hemorrhage also lead to vasoconstriction
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Fig. 9.1 Sequence of events following acute traumatic spinal cord injury. Shown here is a

simplified schematic of the consequences of spinal cord injury. The high energy shear and blunt

contusive forces of the primary injury cause an evolving hemorrhage, vasospasm, and ischemia,

the latter can be exacerbated by continuing compression. The ensuing blood–spinal cord-barrier

(BSCB) breakdown contributes to dysregulated water homeostasis with edema which can cause

additional compression. The ischemic condition and the toxicity of the hemorrhage cause early

endothelial and other cell death at the epicenter which leads to additional hemorrhage and a

progressive secondary degeneration. Inflammation is initiated during the first day and can last for

months, and has largely detrimental effects further exacerbating the secondary tissue loss. A

reparative phase follows, which is accompanied by angiogenesis and gliosis reestablishing,

among others, the disrupted BSCB. Neuronal plasticity also contributes to functional recovery.

All events associated directly with endothelial cells are shown in bold and highlight the central role
of vascular dysfunction in the pathogenesis of tissue loss following spinal cord injury

Fig. 9.2 Publications on endothelial cells and spinal cord injury continue to gain momentum. The

study of the vasculature in the context of spinal cord injury continues to gain momentum as shown

by the “Total” number of publications per year retrieved from Pubmed using the keywords

“endothelial” and “spinal cord injury.” This is in part due to the basic science studies as identified

by using the additional keywords “rats” or “mice.” Note that the use of mice to study the

vasculature following spinal cord injury lags by approximately 10 years but it is steadily increas-

ing. The increase in endothelial cell studies as a percentage of the total number of spinal cord

injury studies is also increasing (data not shown), possibly reflecting the recognition of the crucial

role microvascular pathology plays
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causing reduced or absent perfusion of many surviving microvessels [14, 23,

29]. This ischemic condition results in death of spinal cord cells and a necrotic

injury epicenter. Moreover, blood itself is toxic to the CNS cells [30, 31] and

removal of the hemorrhagic necrotic debris in the lesion epicenter resulted in

improvement after spinal cord compression in dogs [11]. Hemorrhage and vaso-

constriction are considered central to the pathophysiology of spinal cord injury in

animals and humans [15, 22, 23, 27, 32, 33].

The detrimental effect of the injury on endothelial cells has also been recognized

as a central component of secondary degeneration. Thus, the normal attachment of

endothelial cells to their basement membrane is disrupted and within the injury

epicenter they undergo degenerative changes as early as 15 min [22, 34–37]. Many

of the endothelial cells die over the next hours to 48 h, primarily by necrosis and an

oncotic form of cell death caused by de novo expression of nonselective ion

channels, and the surviving blood vessels show increased permeability [27, 38,

39] (Figs. 9.3 and 9.4). This pathology is caused in part by loss of survival signaling

from basement membrane-integrin binding and decreased expression of survival-

promoting growth factors such as angiopoietin-1 [40], as well as reactive oxygen

species and lipid peroxidation [1, 41].

The health of the normal CNS is dependent on restricted entry of peripheral

substances, which is accomplished by the blood–brain-barrier and blood–spinal

cord-barrier (BSCB), which have unique properties, including adherens and tight

junctions between the endothelial cells [42–44]. Spinal cord injury results in

lengthy increases in permeability [26, 34] and BSCB breakdown [45, 46] in part

by leakage through impaired or absent tight junctions and expression of

plasmalemmal vesicle-associated protein-1 of damaged and (fenestrated) new

vessels [23, 37, 46, 47]. This can be seen in dynamic MRI in injured rats and

mice [48]. The extracellular matrix and perivascular cells such as pericytes and

astrocytes also contribute to the barrier, including regulation of leukocyte entry into

the CNS and astrocytes in particular are important for recovery [49–51].

Surviving endothelial cells at the injury site initiate the growth of new blood

vessels or angiogenesis over the first 2 weeks after spinal cord injury in rats and

mice, although it is transient in rats [35–38, 46, 52]. Whether or not spontaneous

angiogenesis is detrimental or beneficial has not been conclusively shown. The

mechanisms leading to angiogenesis following spinal cord injury most likely

include increased expression of angiopoietin-2 and vascular endothelial growth

factor (VEGF), although they may also contribute to increased permeability

[53]. The α1β1 integrin [54] and a disintegrin and metalloprotease 8 [55] also

may play a role.
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9.3 Mechanisms Update: Endothelial Cell Death

and Dysfunction

One of the earliest defensive cellular responses to injury-induced protein

misfolding is found in the endoplasmic reticulum stress response, but continued

signaling results in cell death. Expression of two of these signaling proteins,

activating transcription factor 4 and CCAAT enhancer binding protein (C/EBP)

homologous protein (CHOP or DNA-damage inducible transcript 3), is upregulated

in microvessels that are not perfused at 24 h following spinal cord contusion in mice

[56]. Moreover, CHOP�/�mice have more blood vessels at 3 days post-injury and

better white matter sparing and locomotor function over 6 weeks. This identifies

endoplasmic reticulum stress response pathways as additional vascular targets for

potential pharmacological inhibition which is expected to lead to better outcomes.

9.4 Mechanisms Update: Hemorrhage-Induced

Degeneration

Progressive hemorrhage during the acute phase is one of the main causes of the

initial damage to the spinal cord tissue. A recent replication study identified a major

role of the method used to contuse the cervical spinal cord where a unilateral

hemorrhagic injury with less spread occurs in a more lateral impact than after a

Fig. 9.3 Spinal cord injury causes early endothelial cell death and blood–spinal cord-barrier

breakdown. (a) Normal microvasculature can be seen in a confocal image of a horizontal 100 μm
thick slice of a mouse injected intravenously with the fluorescent dye DiI. Note the sparse

perfusion of the dorsal column (DC) white matter where axons are located compared to the gray

matter where the spinal cord neurons are located. (b) Intravenous injection with a fluorescent LEA

lectin, which binds to endothelial cell surfaces, can identify perfused blood vessels with an

endothelial lining. (c) One day following contusive spinal cord injury in adult mice the vasculature

was labeled with intravenous injection of DiI and LEA and a thick horizontal section of the spinal

cord imaged by confocal microscopy. Rostral is to the left, caudal to the right. The epicenter is

devoid of perfused blood vessels (asterisk), representing endothelial cell death and loss of local

perfusion creating an ischemic injury. The penumbra contains many leaky blood vessels leading to

extravasation of fluorescent vascular labeling (for example, arrow)
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more medially placed impact which results in a more bilateral hemorrhage and

lesion pattern [57]. This might have implications for diagnostics of human spinal

cord injury. Perhaps a vector analysis of the primary injury could predict the

ensuing hemorrhage and tissue injury.

9.5 Mechanisms Update: Blood–Spinal Cord-Barrier

BSCB dysfunction is known to be promoted by local inflammation. Expression of

the histone H3K27me3 demethylase Jmjd3 is acutely upregulated in blood vessels

of the spinal cord after contusion in rats and drives the expression of the

Fig. 9.4 Mechanisms leading to endothelial cell dysfunction after spinal cord injury. (a) The

normal blood–spinal cord-barrier is maintained by tight and adherent junctions between the

endothelial cells, as well as by a glycocalyx on the luminal side of the microvessels. This barrier

regulates transport into the CNS, restricting entry of potentially harmful molecules and cells.

Astrocytes contribute to the barrier by their endfeet positioned over the abluminal side of the

endothelial cells, and their expression of aquaporin-4 (AQP4) maintains water balance thus

preventing edema in the nervous tissue. The basement membrane provides structural support as

well as survival-promoting signaling to endothelial cells. Pericytes are also found around

microvessels but their normal function is not well-defined. (b) Endothelial cells die early following

spinal cord injury in part by their de novo expression of nonselective ion channels (Sur1/Trpm4)

leading to influx of sodium and oncotic death, as well as by loss of basement membrane contact

and Tie2 signaling. Torn microvessels and those with dying endothelial cells cause an evolving

hemorrhage which is toxic to the nervous tissue. Retraction of astrocyte endfeet exacerbates the

pathological permeability caused by the blood–spinal cord-barrier breakdown. (c) Surviving

endothelial cells and those produced by the angiogenic response in the injury epicenter and

penumbra are functionally immature, leading to a protracted pathological permeability. Inflam-

matory cells exit into the spinal cord through the activated endothelial cell layer. Over time the

barrier can be recreated by the formation of junctions and astroglial apposition, and the influx of

new inflammatory cells diminishes
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pro-inflammatory cytokine IL-6 [58]. This can be replicated by oxygen glucose

deprivation/reperfusion injury in cultured endothelial cells and blocked by siRNA.

Thus, the ischemic conditions in the spinal cord in vivo might contribute to the

initiation of inflammatory responses. It will be important to test whether inhibition

of de novo expression of specific demethylases such as Jmjd3 would be beneficial.

Interestingly, peripherally nerve injury causes leakage and inflammation in the

spinal cord possibly by circulating IL1beta and MCP-1 in the cord [59]. The

vascular dysfunction may be related to the development of pain as also suggested

by the microglial responses. Importantly, the anti-inflammatory cytokines

TGF-beta1 and IL-10 reduced the increase in permeability and spinal cord inflam-

mation. It will be important to determine whether and by which mechanisms

peripheral injury and inflammation affect outcomes after acute spinal cord injury.

The compromised BSCB is eventually repaired primarily by astrocytes which

need to migrate and regrow their endfeet. The adhesion molecule tenascin-C is

probably involved in this process as tenascin-C�/� mice have worse vascular

leakage 14–21 days after injury after spinal cord compression injuries [60]. This

correlates with worse functional outcomes. On the other hand, CHL1 may play an

opposing role as CHL1�/� mice have less vascular leakage and improved recov-

ery. These types of data will help to define mechanisms that are involved in vascular

repair which will be a valuable addition to the acute vascular protection approaches.

The destabilizing role of angiopoietin-2 on endothelial cell adhesion is well-

known and angiopoietin-2 is involved in adaptive angiogenesis and pathological

permeability. Its expression following spinal cord contusion is increased over a

long 10-week period in rats and seen in perivascular cells and astrocytes [61]. This

temporal profile does not correlate with BSCB dysfunction, as suggested by the

authors, or angiogenesis. The effect of angiopoietin-2 is context-dependent and it

therefore may also play other roles. In fact, the protein expression levels measured

by Western blot correlated with the locomotor function suggesting that it has a

protective effect [61]. Protein levels of angiopoietin-2 in the CSF and serum of

15 humans with acute spinal cord injury is also increased over at least 5 days [24],

whereas angiopoietin-1 peaked at 12 h and the potent angiogenic factor angiogenin

did not change. It is possible that angiogenin levels would change at later times.

Angiogenesis seems to occur in humans following spinal cord injury as more blood

vessels are found at 7–10 days after injury [33]. The expression levels of the growth

factors were not predictive of the neurological outcome at 6 months and 1 year

although the sample of patients was too small to exclude these growth factors as

potential biomarkers [24].

9.6 Mechanisms Update: Angiogenesis

The origin of angiogenesis into the injury site is thought to be from the surviving

endothelial cells. However, mobilized and circulating bone marrow-derived endo-

thelial progenitor cells detected 3 days following spinal cord injury may also
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contribute to neovascularization as shown with intravenous infusion of endothelial

progenitors from transgenic mice with a Tie2 reporter [62]. Treatment with these

cells also enhanced locomotor function after 2 weeks which would be consistent

with an angiogenic response. The cell treatment also increased astrogliosis, which

is perhaps associated with vascular repair. It remains to be tested whether the

functional recovery was vascular and/or astrocyte-related, or neither. The astroglial

response occurs via Jagged1-dependent Notch signaling, as shown by infusion of

endothelial progenitors from jagged�/� mice into wildtype mice [63]. Jagged1+/+

endothelial progenitors caused morphologically abnormal vessel stabilization.

Even so, locomotor function was improved but not after treatment with jagged�/�
cells. One potential confound of this study is the use of nude mice which have an

impaired immune response with greatly reduced numbers of T cells. In short, like

immune cells, bone marrow-derived endothelial cells may have beneficial and

detrimental effects and it will be important to understand the mechanisms of each

of these effects.

9.7 Vascular-Selective Treatments

Given the central role of microvascular dysfunction after spinal cord injury it is not

surprising that preservation of endothelial cells, blood flow, and reduced patholog-

ical permeability at the injury site would lead to better tissue preservation and

functional outcomes. As also reviewed elsewhere in more detail [21] several

different molecular mechanisms of the microvasculature have been targeted with

pharmacological drugs. Reduced local blood perfusion has been improved follow-

ing compressive injuries with the central vasodilator nimodipine and vasopressors

in rats, although functional improvements were modest at best [64–66]. Reduction

of oxidative damage has also led to improved blood flow and BSCB [19, 67,

68]. Matrix metalloproteinase (MMP) 9 plays a detrimental role following spinal

cord injury and metalloprotease inhibition with GM6001 reduces leakiness and

improves white matter sparing and locomotor function in mice with a contusive

injury [69]. Intrathecal injection of SB-3CT, a selective MMP2/MMP9 inhibitor,

also reduces permeability and cell death in rats with a spinal cord injury [70]. Spinal

cord injury induces protective heme oxygenase in endothelial cells and its induction

before the injury with hemin treatments improves outcomes [71].

Recently, more direct evidence for the crucial role of endothelial cell survival for

better outcomes following spinal cord injury has emerged. Nonselective sulfonyl-

urea receptor 1 (Sur1)-regulated NC(Ca-ATP) cation channels comprise the regu-

latory Sur1 (or Abcc8) subunit and a pore-forming transient receptor potential

cation channel, subfamily M, member 4 (TRPM4) subunit. Both are expressed de

novo in endothelial cells following spinal cord injury and contribute to their death

possibly by persistent sodium influx [39, 72, 73]. Inhibition of Sur1 with

glibenclamide or repaglinide, or genetic knock-down with antisense [39, 73], or

genetic knock-down of TRPM4 [72] leads to improved endothelial cell survival and
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functional outcomes in cervical injuries in mice and rats. We have also found direct

evidence for the crucial role of endothelial cell survival in mice treated with

angiopoietin-1, which activates the endothelial-selective Tie2 receptor, leading to

improved permeability, white matter sparing, and function [74]. Interestingly, the

vascular protective effect could be enhanced by a peptide that stimulates the αvβ3
integrin, which is also involved in endothelial survival. Angiopoietin-1 has also

been combined with VEGF to improve permeability and tissue sparing following

spinal cord injury in rats [75]. Lastly, intrathecal infusion of an inhibitor of protein

tyrosine phosphatases, which would lead to enhanced neurotrophic signaling, also

rescues endothelial cells, white matter, and improves function [76].

We have promoted the intravenous administration route for vascular protective

agents as a clinically relevant approach, because of its ease, which enables rapid

treatment, and because it results in immediate bioavailability. Time is of the

essence after acute neurological conditions such as spinal cord injury. Besides

better metabolic support of the tissue, improved microvascular perfusion is

expected to improve distribution of intravenously delivered therapeutics. Targeting

the endothelial cell from the intravenous luminal side also circumvents the issue of

low CNS bioavailability of most drugs.

The role of angiogenesis following spinal cord injury is still unclear. Several

treatments have shown correlative effects of increased vascularity and tissue

sparing and functional outcomes. VEGF is known to promote angiogenesis and

improved function was seen in rats treated with VEGF over or into the spinal cord,

although the vascularity was not assessed [53, 77]. Induction of VEGF with an

engineered transcription factor or delivery by neural stem cells causes increased

vascularity and improves outcomes after spinal cord injury [78, 79]. Treatment with

an inhibitor of semaphorin 3A, which is an antagonist of the VEGF receptor, leads

to increased vascularity and improved outcomes after spinal cord transection in rats,

perhaps also related to axonal regeneration [80]. It should be noted that others have

found that VEGF is ineffective [81] or even detrimental [82] following spinal cord

injury suggesting that the effects of increased VEGF are very much context-

dependent. Hepatocyte growth factor is also known as an angiogenic factor and

improves vascularity and functional outcomes following spinal cord injury

[83]. Intravenous treatment with endothelial cell precursors increases vascularity

and function in injured rats [84]. Lastly, intravenous treatment with an αvβ3
integrin agonist peptide stimulates angiogenesis in mice following spinal cord

injury and the number of microvessels correlates with the functional improvement

[74]. In short, all studies so far only show circumstantial evidence for angiogenesis

and for its relationship to improvements. Experimental approaches to provide more

definitive evidence might be very challenging.
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9.8 Treatment Update: Endothelial Cell Survival

and Function

As discussed, newly upregulated Sur1 in endothelial cells in the epicenter after

spinal cord injury contributes to their death perhaps due to pathological influx of

ions, including sodium, whereas systemic treatment with the inhibitor

glibenclamide reduces this [85]. Riluzole also blocks sodium channels, perhaps

indirectly reducing excitotoxicity via glutamate receptors, and is being tested in

phase I clinical trials for acute human spinal cord injury (ClinicalTrials.gov iden-

tifier NCT00876889; [86]). In a comparison study to glibenclamide, riluzole was

found to also block Sur1-regulated NC(Ca-ATP) channels in endothelial cells and

to also reduce endothelial cell fragmentation, hemorrhage, tissue loss, and func-

tional deficits [87]. This suggests that some of the effects of riluzole in other spinal

cord injury models are due to vascular protection. If so, this would be consistent

with a central role of microvascular function in traumatic and other neurological

disorders. Glibenclamide acts by inactivating the Sur1 regulatory part and riluzole

inhibits the putative pore-forming subunit suggesting that a combination might

even be better in reducing endothelial cell death.

Imatinib (Gleevac) is a tyrosine kinase inhibitor with selectivity for bcr-abl and
can reduce hemorrhage, edema, and inflammation. After moderately severe spinal

cord injury, a 5-day oral treatment with imatinib enhances tissue preservation,

including vascular integrity, and provides a modest functional improvement in

rats [88]. The BSCB function was improved as shown by protection by tight

junctions and reduced leakiness most likely because of endothelial protection.

The improvement in locomotor function was most evident from day 21 onwards

which suggests that repair processes might have been involved. Therefore, it is of

interest that the pericyte proliferation, as measured by proliferation markers, was

reduced, because pericytes have now been shown as a source of the fibroblast scar

following spinal cord injury [89].

9.9 Treatment Update: Hemorrhage

One of the major outcomes of Sur1 and TRPM4 inhibition following spinal cord

injury is reduced hemorrhage. One of the few successful independent replication

studies so far has shown that glibenclamide has the same improved outcomes in a

unilateral cervical contusion model in rats [90]. This treatment reduced hemor-

rhage, although the fate of the endothelial cells was not analyzed as was done in the

study that was being replicated [39]. As also noted in a commentary [57] the

replication was not easy and depended on very specific injury parameters, with a

unilateral impact applied from the dorsolateral side of the spinal cord. This repli-

cation is an important step forward and clinically relevant because glibenclamide is

already FDA-approved as a drug for diabetes. The therapeutic effects might be due
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to penumbral effects on the gray matter rather than the injury core and the white

matter. This is important in the cervical level where improved motor neuron

survival is expected to substantially improve hand and arm function, as well as

vital respiratory functions. Glibenclamide is effective in more medial unilateral

injuries, although less so, suggesting that the benefit is inversely correlated to the

primary hemorrhage [91]. It remains to be seen whether this relationship also exists

in humans and how patients could be selected for drugs such as these which are

perhaps only effective in certain types of injuries.

The toxic effects of blood theoretically would make it a good therapeutic target

if toxin-reducing agents could reach the breakdown products of blood in the

parenchyma rapidly enough. Ferrous iron is a catalyst for the production of reactive

oxygen and nitrogen species which injured cells. Systemic treatment with the iron

chelator salicylaldehyde isonicotinoyl hydrazine in mice with a spinal cord contu-

sion over 6 weeks reduces the iron deposits and improves locomotor function most

evident after 21 days [92]. The latter finding suggests that iron deposits in the tissue

or released by macrophages have long-lasting detrimental effects on the nervous

system. In the same study, ceruloplasmin was identified as an endogenous detox-

ifying protein and the critical role of macrophages and astrocytes in processing iron.

These findings provide a platform for investigating potential additional therapeutic

strategies.

The anticoagulant heparin can reduce tissue ischemia by maintaining patency of

the microcirculation but its safety after spinal cord injury is unknown. In rats with a

mild cervical spinal cord injury, heparin treatment improved microvascular perfu-

sion as measured by i.v. injection of India ink at 3 days and gray matter sparing, but

had no effects on white matter sparing or functional outcomes [93]. Interestingly,

despite increased subpial hemorrhage, intraparenchymal hemorrhage was much

reduced in the heparin-treated rats, suggesting that the endothelial cells survived

due to the mild injury combined with continued microvascular perfusion. Heparin

treatment after more severe injuries did not worsen the hemorrhage and did not

improve outcomes, perhaps because such injuries cause maximal hemorrhage and

are associated with dying endothelial cells.

9.10 Treatment Update: Vasospasm

As described before, improvement of microvascular perfusion caused by the vaso-

constriction after spinal cord injury is one goal that has been pursued. Treatment

with the vasodilator sildenafil (Viagra), which inhibits cGMP phosphodiesterase

5, for 1 week following contusion in mice improved perfusion of blood vessels that

were present in the injury core [94]. The vasodilatory effects could have been

directly via action on the smooth muscles which expressed phosphodiesterase

5. Microvascular endothelial cells also expressed phosphodiesterase 5 but it

remains to be determined what increased cGMP might do as they do not regulate
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microvascular diameter. Sildenafil had no significant effect on the injury penumbra

or on angiogenesis, perhaps explaining why it did not affect the locomotor deficits.

Magnesium is used clinically as a vasodilator. Previous studies have shown that

intravenous injections with magnesium can improve functional outcomes following

spinal cord compression [95] or when combined with polyethylene glycol after

contusion in rats [96, 97]. We have recently documented microvascular

hypoperfusion during the first 48 h after a contusion in rats which can be resolved

with continuous intravenous infusion of magnesium chloride [113]. However, this

treatment did not rescue endothelial cells, or tissue, and did not affect locomotor

function, suggesting that better microvascular perfusion needs to be accompanied

by protection of endothelial cells.

9.11 Treatment Update: Blood–Spinal Cord-Barrier

Metalloproteases are known to contribute to BSCB breakdown. Systemic treatment

with the antidepressant drug fluoxetine has been shown to have neuroprotective

activity potentially by inhibiting MMP2, 9, and 12 expression after spinal cord

contusion in mice [98]. Fluoxetine treatment reduced pathological leakiness and

loss of tight junction molecules at 1 day post-injury. A 2-week treatment also

resulted in marked improved of locomotor function already at 10 days, consistent

with a neuroprotective effect. Fluoxetine also reduced inflammatory markers,

suggesting that the effects could be due to its anti-inflammatory effects. Because

fluoxetine is a serotonin reuptake inhibitor some of the functional locomotor effects

could be related to increases in serotonin, although this was not tested.

The c-Jun N-terminal kinase (JNK mitogen-activated protein kinase 8)-c-Jun

pathway was known to play a role in causing blood–brain-barrier dysfunction in

other models. A single i.p. injection of a specific JNK inhibitor 6 h after a T8 dorsal

hemisection in mice improves white matter sparing and locomotor function

[99]. The functional difference was already present at 1 week consistent with a

protective effect, which was modest in terms of functionality because the scores

were in the top range of the test. At 24 h, JNK inhibitor-treated mice showed less

hemorrhage and BSCB permeability. The mechanism underlying the improved

permeability is not clear because of the low number of endothelial cells with

activated c-Jun in the control-treated mice. Thus, JNK inhibition in other cells

may contribute to the improvement or JNK has another target within endothelial

cells, which would be important to define.
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9.12 Treatment Update: Angiogenesis

Several groups have used growth factors to enhance angiogenesis following spinal

cord injury. The angiogenic growth factors VEGF and fibroblast growth factor

2 basic (FGF2) have been combined in slow-release microspheres and when

implanted as bridges into a T9-10 hemi-resection in rats promote angiogenesis as

shown by infiltrated endothelial cells and 3D casts of microfil-filled blood vessels

[100]. VEGF alone was also effective. Interestingly, as also shown by others,

neurofilament-positive axons were seen alongside blood vessels, reiterating the

pro-regenerative potential of angiogenesis. Whether this treatment would result in

a mature microvascular system and better functional outcomes remains to be

determined. A growth factor mixture of EGF, FGF2, and PDGF-AA has been

infused at the injury site in a study aimed at increasing production of oligodendro-

cytes from endogenous neural precursors after spinal cord compression

[101]. Digestion of CSPGs was aimed at improving cell migration. Four days

following the injury, there was an increased number of new endothelial cells as

shown by double-labeling for BrdU (indicating proliferation) and RECA1. Inter-

estingly, the growth factors or ChABC or both increased the number of new

endothelial cells, suggesting a role for CSPGs in reducing endothelial cell migra-

tion. FGF2 alone has been loaded in an intrathecal nanoparticle scaffold for

localized and sustained delivery after a clip compression injury in rats

[102]. Four weeks later more blood vessels were seen in the dorsal horns, which

could result from an angiogenic response or protection of the endothelial cells early

after the injury. The functional outcomes remain to be tested. The advantages of

such delivery approaches are that they circumvent the BSCB and avoid systemic

side effects. Another advantage is the absence of proliferative lesions seen with

local infusions via catheters.

New blood vessels have been considered potentially detrimental after spinal

cord injury because of their leakiness. Platelet-derived growth factor (PDGF),

which plays a role in vascular maturation, has therefore been infused for 7 days

over the injury site together with VEGF, or applied by a slow-release patch, and

reduces secondary degeneration after spinal cord hemisection [103]. However,

there was no significant effect of the VEGF/PDGF treatment on the density of

blood vessels at 1 and 3 months compared to the control treatment, with both having

more than normal numbers of mature microvessels identified as tubular structures

stained for smooth muscle actin in the injury penumbra. However, whether these

microvessels were leaky or not remains to be tested. Also, whether angiogenesis

might have been affected is unknown as endothelial cell markers were not used.

Importantly, infusion of VEGF or PDGF alone greatly exacerbated the secondary

degeneration. However, whether or not this could be related to an angiogenic

response and/or immature phenotype of the microvessels remains to be determined

as no blood vessel analysis was performed.

Others have used cell grafts to enhance angiogenesis. In the most direct manner

so far (see also Sect. 9.6) bone marrow-derived endothelial progenitor cells have
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been shown to increase the number of endothelial cells in the injury site following

spinal cord injury and result in improved locomotor function [62, 63]. However,

whether the functional recovery was due to angiogenesis or not remains to be tested.

Endothelial cells from human umbilical veins transplanted together with neural

stem cells following a clip compression injury in rats resulted in much more

angiogenesis, and less hypoxia and better survival of the neural stem cells within

the ischemic core [104]. Whether the cells inosculated with perfused microvascu-

lature was not tested. Also, no functional analyses were performed, leaving the

question whether angiogenesis is beneficial unanswered. Intravenous infusion of

mesenchymal stem cells in rats with a compression injury led to tissue sparing and a

substantial improvement in locomotor function at 4 weeks post-injury [105]. The

density of blood vessels was higher than in non-treated injured rats but it is not clear

whether this represents angiogenesis or endothelial cell preservation. The treatment

induced neurotrophic factors such as NGF as shown by microarray at 3 days post-

injury. The late recovery of locomotor function would be consistent with increased

angiogenesis or enhanced plasticity. Surprisingly, no mesenchymal stem cells were

found in the spinal cord at any time, which leaves the nature of the therapeutic

effect unanswered. Lastly, bone marrow stromal cells grafted directly into the

injury site after a contusion improved white matter sparing, modest functional

recovery, and reduced allodynia in rats [106]. The cell graft also resulted in a

greater density of blood vessels, most likely due to an enhanced angiogenic

response because the density in epicenter white matter of grafted rats was more

than twofold higher than in uninjured rats. Also, the graft was injected at 3 days

when most endothelial cell loss would already have occurred, suggesting that the

effect on the microvasculature is due to angiogenesis. It will be important to define

what agents these bone marrow stromal cells produce that enhances angiogenesis.

9.13 Future Directions

Most of the experimental techniques that have been used to document changes in

microvascular function in animals have relied on histological methods [107]. These

techniques include various endothelial cell markers, intravenous labeling tech-

niques, and permeability assays. A few genetic reporter mouse models have been

used. Although 3D reconstructions of the vascular network have been performed by

microCT of colloidal carbon or silicone rubber [18, 108], the resolution has not

been sufficient for capillaries. Insight into the real-time changes, especially the 3D

relationship between different cell types, would be important but is limited by

current imaging technology. A few groups have started to apply multiphoton

microscopy to assess the vasculature in the spinal cord [109, 110]. The expectation

is that a combination of this technology with fluorescent antibodies for endothelial

cell markers or functional assays will greatly enhance our understanding of the

pathophysiology after spinal cord injury. Importing noninvasive imaging
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technology from other vascular fields will also be helpful, especially those that can

be readily translated to the clinic.

Repetitive measures will be important as diagnostics and to assess the efficacy of

treatments. Such tools would include blood flow measurements, angiography, PET

scanning with endothelial cell ligands, and contrast MRI. Biomarkers for spinal

cord injury will also be important for understanding human pathology and transla-

tion of treatments to the clinic. They have been studied in the CSF of rats with a

cervical contusion [111] and in serum and CSF of humans with spinal cord injury

[112]. So far, no endothelial cell markers have been identified although HO-1 was

suggested as a potential marker which is interesting because of its relationship to

detrimental hemorrhage. It should be noted that CNS endothelial cell markers will

be most useful given the fact that many people with acute spinal cord injury also

have other injuries which damage or affect blood vessels.

One area of investigation that will require much more effort is the documenta-

tion of the newly identified mechanisms of microvascular pathology in humans

with spinal cord injury. The overall tissue changes seem to be largely similar in

different species [20] but more detailed comparisons between the microvascular

response of different species, including larger animals, and their similarity to

humans remain to be performed. This is important because it will inform us better

whether the vascular-selective experimental therapies under development might be

relevant. Of course, any such treatment that would show efficacy in humans with

spinal cord injury would guide such comparative studies and would further stimu-

late the field to focus attention on endothelial cells.

Collectively, the experimental work in animals suggests that the extent of

therapeutic protection of microvascular has reached a ceiling where up to half of

the blood vessels can be protected. A few areas of research might help to determine

whether a greater effect can be expected. For example, hemorrhage is thought to

play a crucial role in the degenerative events following spinal cord injury and

treatments which would reduce the toxic effects are needed. Also, the finding that

many microvessels are not perfused points to the need to better define the vascular

dynamics and methods to improve blood flow at the epicenter and which would lead

to better tissue preservation. Adaptive and potentially pathological angiogenesis is

another area which needs more attention, and will require experimental approaches

that go beyond the largely descriptive ones applied so far.

In conclusion, the understanding of vascular pathology and vascular-selective

therapies following spinal cord injury is rapidly evolving. The crucial role of the

microvascular pathology in the secondary degeneration has opened up a window of

opportunity to develop intravenous treatments. However, large gaps remain in our

knowledge and the road to clinical translation of the experimental findings may be a

long one yet.
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Chapter 10

Neurovascular Mechanisms of Ischemia

Tolerance Against Brain Injury

Kunjan R. Dave, John W. Thompson, Jake T. Neumann,

Miguel A. Perez-Pinzon, and Hung W. Lin

Abstract Traumatic brain injury (TBI) can result in secondary ischemia. This

secondary ischemic insult is implicated in post-TBI pathophysiology. Pharmaco-

logical intervention to elevate cerebral blood flow can improve outcomes following

TBI. The brain and other organ systems have an innate ability to induce protection

against ischemic injury, limiting the severity of the ischemia-induced damage. This

“self” protection can be initiated by exposing the brain to a stimulus before

ischemia called “preconditioning,” such as exposure to a mild episode(s) of ische-

mia, hypoxia, anesthesia, or pharmacologically induced mild cell stressors. Current

efforts to reduce ischemia-induced brain damage have been the focus in determining

the mechanisms of preconditioning-induced ischemia tolerance as findings may help

lower cerebral ischemia-induced brain damage in at-risk patients including TBI

patients. Different preconditioning paradigms have been shown to lower

TBI-induced damage. Although not all of the mechanisms of preconditioning are

confirmed in models of TBI, basic mechanisms of preconditioning applies here as

ischemia is a major part of TBI. Ischemic preconditioning, in part, confers protec-

tion by modulating regulators of cerebral blood flow, increase angiogenesis, and

prevent cerebral ischemia-induced increase in blood–brain barrier permeability.

This chapter highlights preconditioning-induced changes in components of the

neurovascular system involved in ischemia tolerance. Understanding of these

pathways may aid in the development of novel therapies to protect the brain from

TBI-induced secondary ischemic insult.
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10.1 Introduction

Traumatic brain injury (TBI) is one of the leading causes of death and disability in

the USA [1]. Motor vehicle accidents, sports injuries, and simple falls are leading

causes of TBI [1]. TBI-induced secondary ischemic insult is associated with poor

outcome following severe TBI [2]. To counteract TBI, ischemia tolerance, which is

the brain’s (along with other organs) innate ability to protect itself against ischemic

injury, can help lower TBI-induced ischemic damage. Ischemia tolerance can

protect the brain against ischemic injury via activation of endogenous cellular

pathways prior to ischemia, resulting in the induction of ischemic tolerance. The

process that induces ischemia tolerance is termed preconditioning. Numerous

preconditioning stimuli, including hypoxia/anoxia [3, 4], anesthetics [5–7], cortical

spreading depression [8, 9], metabolic inhibitors [10–12], and ischemia itself

[13–16], have demonstrated to protect the brain against ischemic damage.

Preconditioning of the brain can also lower TBI-induced damage [17–22]. Most

of the protective pathways are commonly activated by various preconditioning

stimulus. We, and others, have identified several cell death and survival pathways

that are inhibited or activated, following the induction of ischemic tolerance. These

pathways directly affect the parenchyma and the neurovascular unit, which is

defined as “a conceptual framework that links microvessel and neuron function

and their responses to injury, but also represents a structural arrangement,

recognizing that microvessel components and neurons connect via common

astrocytes” [23–25].

Dysfunction of the neurovascular unit (i.e., perturbations in cerebral blood flow

(CBF) and damage to the blood–brain barrier (BBB)) plays a critical role in cerebral

ischemic damage. Thus, the focus of this chapter will be to discuss the role of the

neurovascular components involved (i.e., CBF, ischemia/reperfusion, angiogenesis,

and BBB permeability) in mitigating cerebral ischemia-induced damage in the

“preconditioned” brain.

10.2 Tolerance Against TBI

Ischemic preconditioning (IPC) is defined as a brief period of mild ischemic stress

followed by a period of recovery that induces protective mechanisms against a

subsequent brain insults such as TBI and severe ischemia. IPC, when given 48 h

prior to TBI resulted in 79 % lower contusion volume as compared to TBI alone

group [17]. Another preconditioning stimulus, heat acclimation also protects the

brain against closed head injury [26]. Hyperbaric oxygen a preconditioning stimu-

lus has been shown to attenuate TBI at high altitudes [19, 20]. Preconditioning

by exposing mice to sublethal doses of N-methyl-D-aspartate can improve

TBI-induced motor and cognitive deficits [21, 22]. Overall, these studies suggest

that preconditioning by various stimuli can induce tolerance against TBI. It is
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suggestive that these preconditioning stimuli may confer protection by lowering

secondary ischemic injury along with primary TBI.

10.3 Basic Mechanisms of Ischemia Tolerance

IPC is characterized by an early or immediate window of ischemia tolerance which

occurs within minutes of the preconditioning insult (lasting for a few hours) and is

followed approximately 24–48 h later by a second window of protection which

persists for days to even weeks [14, 27, 28]. The early window of protection is

characterized by a rapid change in cellular physiology through the post-

translational modification of proteins and ion channel permeability, whereas the

delayed window of protection is dependent upon changes in gene transcription

leading to altered protein expression [29]. Some of the molecular changes following

IPC include maintenance of the mitochondrial function [30–33], reduced reactive

oxygen species (ROS) formation [33–35], and suppression of cellular death

pathways [36–38].

In recent years, there have been significant gains in the understanding of the

trigger mechanisms, cellular signaling mediator pathways, and effector proteins

which mediate IPC-induced ischemic tolerance. Some of the known mechanisms

that initiate an IPC response include tumor necrosis factor alpha (TNF-α) [39],
adenosine [40, 41], mitochondrial ATP-sensitive K+ channels [3, 42], and oxidative

stress induced by ROS and reactive nitrogen species [35, 43, 44]. Numerous

signaling pathways activated by IPC have also been identified such as mitogen-

activated protein kinase family (c-Jun N-terminal kinases (JNK), extracellular

signal-regulated kinases (ERK1/2), and p38) [45–47], protein kinase B (Akt)

[48], nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) [49],
signal transducers and activator of transcription 3 (STAT3) [50], protein kinase C

epsilon (PKCε) [45, 51], and sirtuin 1 (SIRT1) [52–55]. Of these effector proteins,

PKCε appears to be a converging point for the activation of numerous cell survival

signaling pathways following IPC exposure [49, 50, 56].

10.3.1 PKC Epsilon

PKCε is a member of the PKC family of serine/threonine kinases, which has a

pivotal role in IPC-induced ischemic tolerance in both the heart and brain. This

central role for PKCε has been shown through the pharmacological inhibition of

PKCε (using an isozyme-specific peptide, εV1-2), which attenuated IPC-induced

neuroprotection in both in vivo and in vitro models of cerebral ischemia [42, 51,

56]. Similarly, the pharmacological activation of PKCε, in the absence of IPC, has

been demonstrated to be sufficient to induce ischemic tolerance [45, 51, 56]. The

importance of PKCε in IPC-induced ischemic tolerance is further demonstrated in
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the heart, where the overexpression of PKCε was sufficient to protect against

ischemic injury [57] and knockout of PKCε in mice prevented IPC-mediated

ischemic protection [58].

Currently, the molecular mechanisms of PKCε-induced ischemic tolerance are

not fully understood, but PKCε appears to be involved in the direct protection of the
mitochondria. In the heart, the translocation of PKCε to the mitochondria, using a

specifically designed peptide ψεHSP90, was sufficient to protect against ischemia/

reperfusion injury [59]. In the brain, PKCε also translocates to the mitochondria

following IPC exposure, where PKCε modulates mitochondrial function through

the regulation of mitochondrial ROS production, increase in mitochondrial mem-

brane potential, and oxygen consumption by specific respiratory chain complexes

including complex IV [42, 60]. Numerous mitochondrial proteins have also been

identified as targets for PKCε phosphorylation, these proteins include aldehyde

dehydrogenase 2 (ALDH2) [61], cytochrome c oxidase subunit IV (COXIV) [60,

62, 63], proteins of the mitochondrial permeability transition pore [64], and the

mitochondrial ATP-sensitive K+ channel (mitoK+
ATP) [42]. The mitoK+

ATP is of

particular interest as the opening of the channel during the initial phase of IPC is

associated with the generation of mild levels of ROS formation which serve as a

trigger for the initiation of IPC [42, 65–67]. It is of interest to note that ROS are

known to activate PKCε [35] leading to lower ROS production resulting in mito-

chondrial protection. Severe ROS production induces endothelial cell dysfunction,

cerebral circulation abnormalities and affects BBB permeability [68, 69]. PKCε
activation-decreased ROS production may help preserve endothelial function and

cerebral circulation following lethal cerebral ischemia.

10.3.2 SIRT1

SIRT1 is a member of the sirtuin family of nicotinamide adenine dinucleotide

(NAD+)-dependent deacetylases, which is activated during periods of energy dep-

rivation [70]. A role for SIRT1 in IPC-induced ischemic tolerance was

demonstrated through the activation of SIRT1 with resveratrol, which emulated

IPC-induced neuroprotection in both in vitro and in vivo models of cerebral

ischemia [52, 53]. SIRT1 is primarily localized to the nucleus where it regulates

the expression of proteins associated with survival pathways against apoptosis,

oxidative stress, and inflammation. SIRT1 regulates the cellular stress responses by

altering gene expression through the deacetylation of histone and non-histone

proteins, thereby activating or repressing their activities. Some of the transcription

factors targeted by SIRT1 include TAF168 (TATA-box binding protein)-associated

factor I, MEF2 (MADS box transcription enhancer factor 2), NF-κβ, the tumor

suppressor p53, members of the FOXO transcription factor family, and others

[70]. SIRT1 can also regulate mitochondrial function by activating the transcrip-

tional co-activator of genes associated with energy metabolism, peroxisome

proliferator-activated receptor γ co-activator 1α (PGC-1α) [71]. Additionally,
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SIRT1 and PGC-1α are also present in the mitochondria, which may allow for a

coordination of nuclear and mitochondrial gene expression [72]. Preconditioning-

induced SIRT1 activation may participate in ischemia tolerance by affecting the

abovementioned pathways.

Besides the activation of the previously mentioned-cellular stress response

pathways within the ischemic tissue, preconditioning can also have effects on

components of the neurovascular unit. SIRT1 is present in the endothelium and

vascular smooth muscle cells. Inhibition of SIRT1 reduces nitric oxide-mediated

endothelium-dependent vasodilation [73]. It is possible that preconditioning-

induced SIRT1 activation may also participate in endothelium-dependent vasodila-

tion which may help prevent cerebral ischemia-induced hypoperfusion and ulti-

mately lower cerebral damage. PKCε, another anti-apoptotic pathway activated by

IPC may also participate in protection of the neurovascular unit. PKCε also

participates in protection against inflammatory cytokine-induced excessive BBB

collapse [74]. Overall, the signaling pathways, namely SIRT1 and PKCε, activated
by preconditioning may also affect the function of the neurovascular unit. These

pathways/effects are highlighted in subsequent sections.

10.4 Preconditioning and Cerebral Blood Flow

The effect of different types of preconditioning stimuli on CBF has been studied in

both early, as well as delayed preconditioning models. Numerous studies were

performed to address how preconditioning affects (1) the neurovascular unit imme-

diately prior to/or during lethal ischemia and (2) lethal cerebral ischemia-induced

abnormalities in cerebral perfusion following an ischemic event.

10.4.1 Effects of Preconditioning on Neurovascular Unit
Immediately Prior to/During Lethal Ischemia

Preconditioning induced by three 10-min intervals of transient ischemia (separated

by 45 min) did not significantly affect regional CBF (via the [14C]iodoantipyrine

distribution method) in ischemic-tolerant regions 3 days after IPC induction, as well

as lethal cerebral ischemia [75, 76]. Lipopolysaccharide (LPS, a preconditioning

stimulus) preconditioning attenuates ischemic severity, however, local CBF

(using [14C] iodoantipyrine) during ischemia was not significantly different

between LPS or saline-treated rats [77]. On the contrary, regional CBF was found

to be significantly higher in the frontoparietal region during lethal ischemia (middle

cerebral artery occlusion, MCAO) of IPC-induced rats (by transient MCAO)

without a reduction in cerebral damage [78, 79]. Additionally, induction of IPC

(via global cerebral ischemia [four-vessel occlusion]) with subsequent lethal
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ischemia (via MCAO) 4 days later did not improve CBF; however, there was a

significant reduction in cerebral ischemic damage [79]. Also, cortical spreading

depression-induced preconditioning exerted neuroprotection against lethal cerebral

ischemia, but had no effect on CBF during or immediately after lethal ischemia

[80]. Furthermore, transient MCAO-induced preconditioning protected the brain

against permanent MCAO without affecting CBF (via laser Doppler flowmetry)

[81]. Altogether, the conclusion of these studies is not without controversy as the

effects of preconditioning as a correlate of CBF have not been directly

demonstrated. Furthermore, preconditioning-induced changes in CBF resulting in

subsequent neuroprotection have not been readily shown and may be considered an

epiphenomenon.

10.4.2 Preconditioning and Lethal Cerebral Ischemia

Preconditioning also prevents TBI and cerebral ischemia-induced abnormalities in

CBF. For example, Hu et al. (2010) observed that hyperbaric oxygen

preconditioning attenuated TBI at high altitudes. This suppression of TBI was

accompanied by improved regional cerebral blood flow (rCBF) [20]. Using a gerbil

model of transient cerebral ischemia, Nakamura et al. (2006) studied the effect of

IPC on rCBF after global cerebral ischemia [82]. rCBF was monitored for 7 days

following reperfusion using [14C] iodoantipyrine autoradiography, where they

observed that IPC (induced by 2 min of global cerebral ischemia) reduced post-

ischemic hypoperfusion in the hippocampus (CA1, CA2, and dentate gyrus). This

reduction in post-ischemic hypoperfusion was also observed throughout the brain

including the ischemia vulnerable hippocampus. Similarly, IPC-induction reduced

edema-corrected infarct volume by 49 % as compared to sham-operated rats using

permanent MCAO in spontaneously hypertensive rats [83], while CBF was also

restored in the penumbra in the ipsilateral cortex faster in IPC-treated rats

suggesting that this timely reperfusion plays a crucial role in salvaging penumbral

region leading to preconditioning-induced cerebral protection (Fig. 10.1) [83].

Administration of LPS (another preconditioning stimuli) in mice has been shown

to prevent MCAO-induced dysfunction in cerebrovascular regulation [84].

LPS-mediated preconditioning stimuli in mice lacking iNOS or the nox2 subunit

of the superoxide-producing enzyme nicotinamide adenine dinucleotide phosphate

oxidase, failed to prevent MCAO-induced dysfunction in cerebrovasculature. This

suggests that iNOS-derived NO and nox2-derived superoxides are key mediators of

preserved post-cerebral ischemia neurovascular function in LPS-preconditioned

mice (Fig. 10.1). Similar to LPS-induced preconditioning, an IPC-induced increase

in endothelial nitric oxide synthase (eNOS) plus inducible nitric oxide synthase

(iNOS) expression, and prostaglandin E2 (PGE2) production have all been

attributed to increased reperfusion following ischemia [83, 85–88] (Fig. 10.1).

This timely restoration of CBF in the ischemic territory has been correlated with

moderate to severe brain damage [89]; therefore, a reduction of post-ischemic

184 K.R. Dave et al.



hypoperfusion (faster recovery of CBF) in preconditioned animals may contribute

to lower cerebral ischemic damage (Fig. 10.1). Relative deficiency of NO is

reported to occur several hours after TBI [90]. Post-TBI administration of L-

arginine improved CBF and lowered contusion volume potentially by the restora-

tion of NO levels in injured brain [90]. Overall, these studies indicate that

preconditioning alone has beneficial improvement on the CBF abnormalities fol-

lowing lethal ischemia; however, the overall effect of preconditioning on CBF

remains unclear. These studies also indicate that these beneficial effects are inde-

pendent of any preconditioning stimuli such as ischemic or LPS-induced

preconditioning. Improved CBF following TBI can help lower the brain damage.

Fig. 10.1 Schematic representation of preconditioning-activated pathways that preserves cerebral

blood flow (CBF) following traumatic brain injury (TBI)-induced cerebral ischemia. Lower degree

of post-ischemic cerebrovascular dysfunction, lower post-ischemic hypoperfusion, and rapid

restoration of post-ischemic reperfusion in penumbra are key neurovascular unit-dependent

mechanisms that lead to protection from ischemic damage. These mechanisms also involve

increased eNOS expression, increased iNOS expression, increased prostaglandin E2 production,

and superoxide production by NADPH. NOS endothelial nitric oxide synthase, iNOS inducible

nitric oxide synthase, NADPH Nicotinamide adenine dinucleotide phosphate
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10.5 Regulators of Cerebral Blood Flow Following

Preconditioning

Numerous agents that improve CBF have an innate ability to afford neuroprotection

[91–96]. In fact, several proteins/biochemical pathways that modulate CBF are

activated after IPC, which include eNOS, erythropoietin (EPO), and vascular

endothelial growth factor (VEGF) [93, 97–99]. These proteins are targets of

hypoxia-inducible factor (HIF), a cellular regulator of oxygen homeostasis

[100]. Under normoxia, HIF is targeted for proteasomal degradation through the

hydroxylation of HIF-α by iron- and 2-oxoglutarate-dependent oxygenases; how-

ever, during ischemia, the reduction of oxygen levels reduces the hydroxylation and

thus degradation of HIF-α, allowing for HIF-induced gene transcription. This

suggests that conditions of stress or agents that activate HIF would increase these

proteins/pathways and modulate CBF. For example, dimethyloxalylglycine

(DMOG, a 2-oxoglutarate-dependent oxygenase inhibitor) administration prior to

MCAO decreased infarct size, and improved CBF post-ischemia [94]. Additionally,

desferroxamine (an iron chelator that increases HIF-1 activity) infusion has been

shown to induce significant cerebral vasodilation and improve CBF in healthy

humans and has been suggested as a potential neuroprotective agent [101]. Improve-

ment in CBF following desferroxamine treatment may help lower cerebral

ischemia-induced damage. Overall, these studies suggest that the pharmacological

or preconditioning-induced activation of HIF-1 may be necessary for improved

CBF and neuroprotection following IPC.

Enhanced VEGF (pro-angiogenic factor) production can increase microvascular

density consequently improving cerebral perfusion [98]. Additionally, recombinant

human EPO administered prior to permanent focal cerebral ischemia up-regulated

EPO receptor levels in vascular endothelial cells resulting in increased CBF (due to

increased angiogenesis) necessary for neuroprotection [93]. VEGF or EPO can also

improve CBF through the activation of phosphoinositide 3-kinase-Akt pathway

(a known regulator of eNOS activity), where an increase in activation of this

pathway is neuroprotective [102]. Neuroprotection from increased eNOS activity

has been shown to occur through NO’s actions on soluble guanylate cyclase, which

induces vasodilation [103]. In fact, eNOS is a requirement for preconditioning-

induced protection, as eNOS knockout mice do not benefit from IPC [104, 105].

CBF modulation can also occur by glutamate activation of NMDA receptors in

neurons or glutamate metabotropic receptors in astrocytes. Under normoxia in

neurons, the presynaptic release of glutamate activates NMDA receptors and

increases postsynaptic intracellular Ca2+ levels. This increase in Ca2+ can cause

the activation of neuronal NOS on perivascular nerves resulting in the release of

NO, and activation of guanylate cyclase in vascular smooth muscle to induce

vasodilation and increase cerebral perfusion [106–111]. In astrocytes, presynaptic

glutamate release activates metabotropic glutamate receptors to increase intracel-

lular Ca2+ [112]. This increase in intracellular Ca2+ in astrocytes increases the

production of arachidonic acid from the activation of phospholipase A2, where
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the accumulation of arachidonic acid leads to the production of prostaglandins and

epoxyeicosatrienoic acids to induce vasodilation [106, 107, 113–115]. Prostaglan-

din E2 (PGE2) has been suggested to induce vasodilation through the activation of

the EP4 prostaglandin receptor [116]. Stimulation of the EP4 receptor increases

cyclic AMP activation of protein kinase A to decrease the phosphorylation of

myosin light chain (PKA inhibits myosin light chain kinase and activates myosin

light chain phosphatase [117, 118]), inducing vasodilation [119] through an

increase in K+ conductance, which hyperpolarizes smooth muscle cells and

decreases intracellular Ca2+ [120]. On the contrary, stimulation of EP1 and EP3

receptors by PGE2 can produce vasoconstriction in porcine large cerebral arteries

mediated by the phosphatidyl-inositol pathway on vascular smooth muscle [121].

While increases in CBF occur with neuronal or astrocyte glutamate stimulation,

excessive glutamate during ischemia is cytotoxic. Therefore, NMDA receptor

antagonists (e.g., MK-801 [91] and CGS-19755 [122]) have been widely studied

as neuroprotective agents administered pre- and post-ischemia, where numerous

agents have displayed neuroprotective properties and increased CBF in animal

models. This increase in CBF has been suggested to be a result of hypercapnia

[123] or preservation of pH [122]; however, these agents have not translated

successfully into clinically based neuroprotection [124]. Additionally, IPC limits

glutamate release following ischemia [125–127]; therefore, reduced glutamate

release during lethal ischemia in the preconditioned brain may be, in part, respon-

sible for preserved CBF following lethal ischemia. In summary, these studies

indicate that preconditioning activates several pathways which in turn, in synergy,

aid in the preservation of cerebral perfusion following lethal cerebral ischemia.

10.6 Preconditioning and Angiogenesis

Angiogenesis is defined as a process of growth of microvessel sprouts into the

capillary blood vessel from existing vasculature [128]. This process is highly

regulated by the recruit, proliferation, and alignment of vascular endothelial cells

through actions such as excretion of angiogenic growth factors, matrix metallopro-

teinases, and remodeling of extracellular membranes and endothelial cells

[128]. The consequences of angiogenesis can aid in improved blood perfusion in

the ischemic region due to enhanced vascularization [95, 129]. The protective

effects of preconditioning also implicate angiogenesis. Preconditioning with

4 weeks of bilateral common carotid artery (BCCA) ligation-induced cerebral

hypoperfusion, has been suggested to increase matrix metalloproteinase-

2 (MMP-2) activity (MMP-2 are involved in the degradation of the extracellular

matrix (ECM), the basement membrane, and interstitial stroma resulting in protec-

tion of the brain against cerebral ischemia [130, 131]. Degradations of the ECM are

essential for endothelial cell invasion into the ECM (a crucial process of angiogen-

esis) and are associated with adaptive arteriogenesis or angiogenesis (Fig. 10.2)

[130, 131]. In a model of hypoxic preconditioning, increased expression of blood
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vessel development-related genes (within 24 h of hypoxic preconditioning) were

observed in neonatal rats (postnatal day 6) exposed to hypoxic preconditioning

suggesting potential angiogenesis following hypoxic preconditioning [99]. Addi-

tionally, physical exercise has been shown to increase cerebral angiogenesis by

promoting an increase in pro-angiogenic growth factors including VEGF and

insulin-like growth factor (Fig. 10.2) [132–138]. Overall, hypoperfusion-,

hypoxia-, and physical exercise-preconditioning increases factors responsible for

the promotion of angiogenesis suggesting a “preconditioning-induced angiogene-

sis.” Increased angiogenesis and/or vascular density may be of therapeutic benefit

during TBI-induced cerebral ischemia through more robust collateral flow into the

ischemic and penumbral territories [95, 129].

10.7 Ischemia Tolerance Following Controlled Restoration

of CBF

The restoration of blood flow to ischemic tissue (reperfusion) has been established

as a major contributing factor to ischemia-mediated injury. Reperfusion injury

expands the infarct size greater than that observed during ischemia alone and is

caused by the excessive generation of ROS (at levels that cause lipid, protein, and

DNA oxidation), which impedes the normal cellular functions that lead to cell death

[139]. This injury can also occur via more clinically relevant emission of micro

emboli, which is independent of ROS production [140, 141]. For example, perma-

nent occlusion of the middle cerebral artery (MCA) for 6 h generated a smaller

Fig. 10.2 Schematic

representation of

preconditioning-activated

pathways that reduces

traumatic brain injury

(TBI)-induced cerebral

ischemic damage by

inducing angiogenesis.

Preconditioning promotes

arteriogenesis/angiogenesis

providing better collateral

flow into the ischemic and

penumbral territories.

Preconditioning induces

angiogenesis by affecting

remodeling of extracellular

matrix, by increasing

expression of blood vessel

development-related genes,

and by increasing levels of

pro-angiogenic growth

factors
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infarct than transient MCA occlusion for 3 h following 3 h of reperfusion, when

infarct volume was measured 6 h after the start of ischemia [142]. The detrimental

effects of reperfusion is further emphasized in the study by Aronowski et al., in

which the infarct size at 24 h of permanent common carotid artery (CCA) and MCA

occlusion was smaller than 2–5 h of transit CCA and MCA occlusion in rats [143].

Numerous investigators have controlled the rate of reperfusion as an effort to

decrease reperfusion injury. In contrast to IPC, which is administered prior to the

ischemic event, ischemic postconditioning refers to a stimulus that is administered

prior to the complete restoration of blood flow to the ischemic tissue. Ischemic

postconditioning requires a series of brief ischemia/reperfusion events to induce

tolerance. In fact, a key aspect of postconditioning-induced neuroprotection is the

“postconditioning algorithm” which consists of the number of cycles and the

duration of the re-occlusion/reperfusion episodes. For example, in the brain, Zhao

et al. showed that three cycles of 30 s reperfusion and 10 s CCA occlusion was

sufficient to reduce infarct size and cellular apoptosis 2 days following focal

ischemia generated by permanent distal MCA occlusion plus transient bilateral

CCA occlusion [144]. They also reported that controlled reperfusion paradigm was

able to reduce infarct size by as much as 80 % and that the degree of protection was

inversely proportional to the severity of cerebral ischemia. Using the same cerebral

ischemia and postconditioning model described above, Gao et al. demonstrated that

postconditioning improved motor asymmetry behavioral function 30 days follow-

ing focal ischemia [145]. Other “postconditioning algorithms” have also been

described with protective effects [146] similar to preconditioning and which appear

to activate related protective pathways, since the combination of pre- and

postconditioning did not increase ischemic protection in the brain [147].

Postconditioning-mediated neuroprotection is also observed when administered

acute (immediate or soon after I/R) or chronically (many days after I/R) following

the ischemic event [147, 148]. Controlled restoration of CBF by postconditioning

can protect the brain from reperfusion injury as demonstrated in models of cerebral

ischemia [146]. It remains to be determined if controlled reperfusion of the injured

brain can help lower TBI.

10.8 Pre-/Postconditioning and the Blood–Brain Barrier

The BBB is considered an important and integral part of the neurovascular unit

[149, 150]. Cerebral ischemia-induced breakdown of the BBB is one of the major

events leading to injury [151]. The degradation of components from the ECM/basal

lamina such as collagen IV, laminin, and fibronectin by proteases has been

suggested to have an important role in post-ischemia breakdown of BBB

[152–155]. Several groups have investigated the effect of pre- and postconditioning

on post-TBI and cerebral ischemia BBB function. One month of heat acclimation

resulted in attenuation in TBI-induced BBB permeability as measured by Evans

blue extravasation (an index of BBB permeability) [26]. Ren et al. showed that
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delayed ischemic postconditioning (6 h post-lethal ischemia) reduced Evans blue

extravasation when measured at 48 h post-lethal ischemia [156]. These results

suggest that reduced BBB permeability in postconditioned animals possesses

reduced cerebral ischemic damage. Similarly, in a rat model of exercise

preconditioning, a reduction in post-lethal ischemic brain edema and Evans blue

leakage were observed at 24 h after focal cerebral ischemia, along with an increase

in pre- and post-cerebral ischemia collagen IV levels [153]. The same study also

suggested a post-cerebral ischemia increase in matrix metalloproteinase-9 (MMP-9,

a proteinase responsible for the disruption of the BBB via enhanced degradation of

ECM/basal lamina, i.e., collagen IV) was blunted in exercise-preconditioned

animals as compared to control [153]. This reduction in MMP-9 levels was

associated with an increase in the levels of endogenous MMP-9 inhibitor, tissue

inhibitor of metalloproteinase-1 (TIMP-1) suggesting that exercise preconditioning

protects post-cerebral ischemia BBB integrity by reducing MMP-9 levels via

TIMP-1 [153].

TNFα has also known to play a role in BBB permeability, as TNFα affects the

organization of cytoskeleton, expression of tight junction protein, and production of

serine proteases that affect BBB integrity [157–159]. Pretreatment with rapamycin

(a preconditioning stimulus) blunted lethal cerebral ischemia-induced increase in

TNFα [160]. An exercise preconditioning paradigm that protects against cerebral

ischemic damage, increased TNFα levels following exercise, but prevented a lethal

cerebral ischemia-induced increase in TNFα [161]. Another study showed that

increased (pre-ischemia) TNFα levels through physical exercise decreased post-

ischemic BBB dysfunction via the extracellular signal-regulated kinase 1 and

2 pathways [162]. Besides exercise preconditioning, LPS-preconditioning in mice

also increased plasma TNFα levels; however, the lethal cerebral ischemia-induced

increase in TNFα levels was blunted [163]. LPS preconditioning also increased the

levels of neuronal soluble TNF-receptor 1 (s-TNFR1) following lethal cerebral

ischemia. S-TNFR1 binds and inhibits the actions of TNFα suggesting that

increased s-TNFR1 may neutralize the toxic effects of TNFα [163].

LPS-preconditioning also reduces post-ischemic neutrophil infiltration indirectly

suggesting preserved BBB integrity [164]. Various preconditioning stimuli such as

ischemic-, exercise- and LPS-preconditioning, heat acclimation protect BBB integ-

rity following TBI and lethal cerebral ischemia by affecting TNFα-mediated

BBB-damaging pathways.

10.9 Summary

Different preconditioning stimuli have been shown to protect the brain by affecting

the parenchyma. While the current literature is limited, the data from these studies

indicates that various preconditioning stimulus have a pronounced beneficial effect

on cerebral circulation following ischemia. It is likely that the synergistic effect of

preconditioning on the neurovascular unit and parenchymal cell death/cell survival
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pathways confer protection against cerebral ischemia following TBI.

Preconditioning itself prevents post-ischemia/reperfusion abnormalities in the

brain by preserving CBF via increased brain perfusion maintaining adequate

microcirculation and overall BBB health. Controlled reperfusion using

postconditioning paradigms also lowers extent of injury potentially by lowering

reperfusion injury. Preconditioning improves overall cerebral circulation ultimately

leading to protection against subsequent ischemic insult. Further understanding into

the mechanisms of preconditioning may aid in the development of novel therapies

to protect the brain following TBI.
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Chapter 11

Stem Cells for Neurovascular Repair in CNS

Trauma

Mibel M. Pabón, Travis Dailey, Naoki Tajiri, Kazutaka Shinozuka,

Hiroto Ishikawa, Sandra Acosta, Yuji Kaneko, and Cesar V. Borlongan

Abstract Stem cells exert therapeutic effects for central nervous system (CNS)

trauma. Accumulating evidence reveals that stem cell-based therapies for CNS

trauma can be achieved via transplantation of exogenous stem cells or stimulation

of endogenous stem cells from the neurogenic niches of subventricular zone and

subgranular zone, or recruited from the bone marrow through peripheral circula-

tion. In this chapter, we review the different sources of stem cells that have been

tested in animal models of CNS trauma, highlighting the research progress on stem

cell-based therapeutics in stroke and their extension to traumatic brain injury (TBI).

In addition, we discuss specific mechanisms of action, in particular neurovascular

repair by endothelial progenitor cells, as key translational research for advancing

the clinical applications of stem cells for CNS trauma.

11.1 Introduction

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

cause of long-term disability in the United States [1]. In 2000, the direct and

indirect costs of stroke in the United States were estimated to be $76.5 billion

[2]. The mean lifetime cost of TBI to a single patient in the United States is

estimated at $196,460; this includes inpatient care, rehabilitation, and follow-up

care necessary for lasting deficits [3]. Approximately 1.7 million people sustain a

TBI annually each year [1]. The numbers of affected individuals, the costs neces-

sary to facilitate their care, and rehabilitation coupled with the lack of therapies

indicate that TBI represents a current significant unmet medical need.
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The current therapy for TBI is limited, with decompressive craniectomy to

relieve intracranial pressure as a treatment of choice for TBI patients [4–8] and

thereafter patients relegated mostly to rehabilitation therapy [9–12] either via

aerobic exercise and cognitive rehabilitation to improve learning and memory

[13]. Recent clinical trials have targeted the acute phase of injury using

neuroprotective drugs [14–18] and have also tested prophylactic treatments such

as hypothermia to lessen TBI injury [19]. An opportunity exists for treatment

regimens designed to abrogate the secondary cell death associated with TBI.

Along this line of investigations, stem cell therapy may prove beneficial in treating

TBI-secondary cell death beyond the acute phase of injury. Hematopoietic stem

cells and mesenchymal stem cells have been used for many years to treat disorders

with some observed degree of benefit for neurological disorders such as stroke and

TBI [19].

To this end, we advance the approach that cell therapy can abrogate the

blood–brain barrier (BBB) breakdown associated with TBI, and such BBB repair

should directly benefit TBI in view of the BBB damage inherent in the disease

itself. Our group has examined the BBB destruction accompanying the progressive

pathology of TBI after the initial injury. The interaction between endothelial cells,

pericytes, astrocytes, neurons, and smooth muscle cells create the neurovascular

unit, which plays an important role as a barrier between the CNS and the blood

stream [20]. The BBB not only serves as a barrier but it also transports nutrients

back and forth crossing the endothelial layer; it also inactivates molecules that

threaten to cross the barrier [20]. TBI is characterized mainly by the primary injury

that results from blunt force to the brain matter, but we cannot neglect the fact that

TBI is also associated with secondary events. These secondary cell death events,

including BBB breakdown, occur with some delay and if left untreated can exac-

erbate the primary injury and can be detrimental with long-lasting adverse effects.

Clinical and experimental animal models demonstrate that there are some behav-

ioral changes that occur in the first days and changes in cerebral blood flow [21,

22]. As seen in stroke, TBI is also associated with pro-inflammatory components in

the neurovasculature that accumulate within the brain. First, leukocytes accumulate

within the first couple of hour after TBI followed by surplus in pro-inflammatory

cytokines and oxidative stress [23]. After the initial injury in TBI, there is disrup-

tion of tight junctions, channels, pericytes, and astrocytic foot processes within the

neurovasculature. For many years, it was believed that the opening of the BBB

occur transiently after TBI but now we recognize that it is an event that occurs

within the first day post-injury and that BBB permeability persists over time due to

the progressive tight junctions alterations [24]. Targeting neurovascular repair has

been explored recently but the results have been very limited in animal models.

Further research needs to be performed focusing on the repair of neurovasculature

in TBI. More recently, the inflammatory response has been implicated in the

integrity of BBB after TBI, characterized by an increase in production of

pro-inflammatory cytokines eventually leading to an increase in influx of inflam-

matory cells from blood to brain [25]. Altogether, these studies suggest that

neurovascular alterations accompany TBI pathology, and that finding a strategy
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geared towards neurovascular repair is likely to augment the progressive nature of

the disease’s secondary cell death. This chapter discusses the preclinical basis for

testing stem cell therapy in CNS trauma. Because of significant research strides

achieved in stem cell-based therapeutics in stroke, and with overlapping etiologies

and pathologies between stroke and TBI, we provide relevant insights in stroke that

may prove critical to extending the safety and efficacy of stem cell therapy for TBI.

We outline below the potential of cell-based therapy in view of the current

treatments for TBI. In particular, the wider therapeutic window for stem cell

transplantation, which may allow neuroregeneration at the chronic stage of the

disease as opposed to the acute phase targeted by neuroprotection, makes cell-based

therapy an appealing strategy. Finally, we address the gap in knowledge concerning

mechanisms underlying the therapeutic benefit of stem cells in CNS trauma. Here,

we highlight the underexplored concept of neurovascular repair as a major mode of

action of cell therapy, and emphasize the major role of endothelial progenitor cells

(EPC) as an effective cell source for transplantation. Our strategy is to exploit this

neurovascular repair mechanism via EPC transplantation as a standalone or as an

adjunct therapy for augmenting existing treatments for TBI.

11.2 Stem Cell Sources

We attempt here to provide an overview of stem cell sources that have been

investigated in stroke, then subsequently discuss stem cells that have been tested

in TBI. Several sources of stem cells have been demonstrated as safe and effective

in animal models of stroke. In a historical order, the major types of cells

transplanted in stroke include fetal-derived cells, neuroteratocarcinoma cells

(NT2N), xenogenic pig-derived cells, embryonic stem (ES) cells, adult stem cells

(bone marrow, human umbilical cord, placenta, amnion fluid, menstrual blood), and

induced pluripotent stem cells (iPS). Due to ethical and logistical concerns, the use

of adult stem cells has flourished over the last decade, which was further aided by a

moratorium for using federal funds on ES research. Interestingly, the ongoing

FDA-approved stem cell clinical trials in stroke use adult stem cells. It is likely

that adult stem cells may also be the frontrunner for cell therapy in TBI. For this

chapter, we highlight the potential of adult bone marrow-derived EPC in

neurovascular repair for stroke and TBI.

11.3 Stem Cell Therapy for CNS Trauma

Cell transplantation therapies and stem cell treatments have emerged as potential

treatments for numerous diseases and medical conditions, including stroke. One

approach using stem cells involved the direct transplantation of neural stem cells

(NSCs) into the damaged region of the brain. NSCs transplanted following transient
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global ischemia differentiated into neurons and improved spatial recognition in rats

[26]. Post-mitotic neuron-like cells (NT2N) cells, derived from a human embryonal

carcinoma cell line, migrated over long distances after implantation into brains of

immunocompetent newborn mice and differentiated into neuron- and

oligodendrocyte-like cells [27]. NT2N cells promoted functional recovery follow-

ing focal cerebral ischemia after direct transplantation [28]. Similarly, MHP36

cells, a stem cell line derived from mouse neuroepithelium, improved functional

outcome in rats after global ischemia [29] and also following focal cerebral

ischemia or stroke [30]. NCSs grafted into brain developed morphological and

electrophysiological characteristics of neurons [31].

Other direct transplantation experiments in the brain have utilized cells derived

from bone marrow. Bone marrow stromal cells (MSCs), when injected into the

lateral ventricle of the brain, migrated, and differentiated into astrocytes [32]. Fresh

bone marrow transplanted directly into the ischemic boundary zone of rat brain

improved functional recovery frommiddle cerebral artery occlusion [33]. Similarly,

MSCs implanted into the striatum of mice after stroke, improved functional recov-

ery [34]. MSCs differentiated into presumptive neurons in culture [35] and assumed

functional neuronal characteristics in embryonic rats [36]. Intracerebral grafts of

mouse bone marrow also facilitated restoration of cerebral blood flow and BBB

after stroke in rats [37]. Indirect transplant methods, via intravenous or intra-arterial

injection, also have been shown to afford positive effects. Following bone marrow

transplantation with tagged donor cells, tagged bone marrow stem cells were shown

to differentiate into microglia and astrocyte-like cells [38]. Intra-carotid adminis-

tration of MSCs following middle cerebral artery occlusion in a rat model improved

functional outcome [39]. Similarly, intravenous administration of umbilical cord

blood cells ameliorated functional deficits after stroke in rats [40]. Rats, which had

received tagged bone marrow cell transplantation, showed the tagged cells as

putative neurons and endothelial cells following middle cerebral artery occlusion

and reperfusion [41]. It has also been reported that intravenous administration of

cord blood cells was more effective than intra-striatal administration in producing

functional benefit following stroke in rats [42]. Intravenous administration of MSCs

has also been found to induce angiogenesis in the ischemic boundary zone follow-

ing stroke in rats [43].

Along this vein, stem cell therapy appears to be a promising treatment for TBI.

We summarize below recent studies on cell-based therapeutics for TBI (Table 11.1).

Here, we acknowledge that the field of stem cell therapy for TBI remains in its

infancy. Stem cell sources range from cells derived from embryonic, fetal, and adult

tissue sources (e.g., umbilical cord, placenta, amnion, bone marrow) [44–64]. Func-

tional readouts have been mostly generated during short-term post-transplantation,

thereby necessitating long-term investigations for monitoring of stable and robust

benefits, as well as assessing any adverse effects over time in order to reveal both

efficacy and safety profiles of stem cell therapy for TBI.
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Table 11.1 Recent stem cell-based therapies for TBI

Author Stem cell type

TBI animal

model Outcomes/results References

Ma

et al. 2011

Neural stem cells (NSCs)

genetically modified to

encode BDNF gene

(BDNF/NSCs)

Controlled cor-

tical impact

(CCI)

Enhanced neurite growth

and upregulated synaptic

proteins in BDNF/NSCs-

transplanted TBI rats.

Over expression of

BDNF-mediated motor

behavior improvement in

transplanted TBI rats

[44]

Rat

Mahmood

et al. 2006

Bone marrow stromal

cells

Controlled cor-

tical impact

(CCI)

Transplanted BMSCs

were present in the

injured brain 3 months

after TBI and functional

outcome was

significantly improved

[45]

Rat

Qu

et al. 2008

Marrow stromal cells

(MSCs)

Controlled cor-

tical impact

(CCI)

Significant neurological

improvements as

revealed by morris water

maze and foot fault test

in MSC-treated TBI mice

[46]

Mouse

Lu

et al. 2007

Human marrow stromal

cells (hMSCs)

Controlled cor-

tical impact

(CCI)

hMSCs improved spatial

learning and

sensorimotor function,

accompanied by reduced

lesion volume in TBI

animals

[47]

Rat

Harting

et al. 2010

Mesenchymal stem cell

(MSC)

Unilateral con-

trolled cortical

impact (CCI)

Intravenous-delivered

MSCs were identified in

the lungs 48 h post-

infusion; therefore, there

was no functional

improvement seen

[48]

Rat

Riess

et al. 2002

Neural stem cells (NSC) Controlled cor-

tical impact

(CCI)

TBI animals that

received NSC transplant

improved motor function

with graft survival after

13 weeks

post-transplantation

[49]

Mouse

Hattiangady

et al. 2012

Neural stem cell (NSC) Unilateral par-

tial hippocam-

pal injury

TBI animals that

received SVZ-NSC

grafts after injury

exhibited improved

mood and memory

function as compared to

control. The cells derived

from grafts exhibited

migration, survival, and

neuronal differentiation

[50]

Rat

(continued)
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Table 11.1 (continued)

Author Stem cell type

TBI animal

model Outcomes/results References

Nichols

et al. 2013

Human peripheral blood

derived (HPBD) MSC

HPBD CD133+,

ATP-binding cassette

sub-family G member

2 (ABCG2)+, C-X-C

chemokine receptor type

4 (CXCR4)+ MSCs

combined with trans-

retinoic acid

(RA) mixture

Fluid percus-

sion injury

CD133+ ABCG2+

CXCR4+ MSCs

expressed neuronal

lineage markers and sur-

vived for 1 and 3 month

post-transplantation with

the potential to reduce

cognitive impairment

seen in TBI

[51]

Rat

Yan

et al. 2013

Human amnion-derived

mesenchymal stem cells

(AMSC)

Controlled TBI

impact model a

weight-drop

device

Transplanted TBI rats

demonstrated significant

increase in neurological

function, brain

morphology, and

increase in expression of

neurotrophic and growth

factors, thereafter

stimulating endogenous

growth factors and

promoting

neurorehabilitation

[52]

Rat

Wallenquist

et al. 2012

Neural stem and progen-

itor cells (NSPC)

Controlled cor-

tical impact

(CCI)

Ibuprofen down-

regulated TBI-induced

inflammatory response.

Interestingly transplanted

neuroblast were found

near the impacted area

and ipsilateral hippo-

campus suggesting that

ibuprofen anti-

inflammatory properties

is crucial for the survival

and differentiation of the

grafts

[53]

Mouse

Shear

et al. 2011

Neural stem cells (NSCs) Controlled cor-

tical impact

(CCI)

NSCs are optimal when

used 2–7 days post-TBI.

The transplant location

plays a key role in cell

survival, differentiation,

migration, and functional

efficacy. NSC also

stimulate protective and

neurotrophic factors

rather than replacing

neuronal or glial cells

[54]

Mouse

(continued)
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Table 11.1 (continued)

Author Stem cell type

TBI animal

model Outcomes/results References

Lee

et al. 2013

Neural stem cells (NSCs) Corticectomy NSCs improved

behaviors and motor

evoked potentials when

combined with rehabili-

tation therapy. The

groups that received

combination therapy and

only rehabilitation

demonstrated a

prolonged effect in

expression of the

endogenous NSCs

[55]

Rat

de Freitas

et al. 2012

Bone marrow-derived

mesenchymal stem cells

(MSCs) or bone marrow

mononuclear cells

(BMMCs)

Ablation by

aspiration

Bone marrow mononu-

clear (BMMC) cells are

more efficient and

accessible than MSCs

[56]

Rat

Chuang

et al. 2012

Secretome from human

mesenchymal stem cells

Fluid percus-

sion injury

MSC-derived secretome

attenuated motor deficits

seen after TBI injury.

Markers for apoptosis

and neuronal cell loss

were also decreased in

the secretome-treated

animals. Conversely,

secretome increased the

levels of VEGF positive

cells

[57]

Rat

Walker

et al. 2012

Bone marrow-derived

mesenchymal stromal

cells (MSCs)

TBI model Neuroprotection

produced by MSC via

enhanced M2 cell

activation of

anti-inflammatory

response, thereby

reducing exacerbated

inflammatory reaction

associated TBI

[58]

Rat

Tu

et al. 2012

Mesenchymal stem cells

from umbilical cord

(UCSMCs) and

temperature-sensitive

UCSMCs (tsUCSMCs)

Fluid percus-

sion injury

The combination of

hypothermia with

UCSMCs, or tsUCSMCs

is beneficial in improving

motor and cognitive

function when used

together rather than stem

cell therapy alone after

TBI injury

[59]

Rat

(continued)
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Table 11.1 (continued)

Author Stem cell type

TBI animal

model Outcomes/results References

Antonucci

et al. 2012

Amniotic Fluid-derived

Stem cells (AFS)

Controlled cor-

tical impact

(CCI) and fluid

percussion

injury

AFS cells are good

transplant donor cells due

to high renewable capac-

ity and have a capacity to

effectively differentiate

to multiple lineages

[60]

Rat and mouse

Joo

et al. 2012

Neural stem cells (NSCs) Focused brain

irradiation

NSC supplementation

enhanced endogenous

neurotrophic factors and

was able to differentiate

into astrocytes and

neurons which migrated

to the irradiated areas of

the brain

[61]

Mouse

Shi

et al. 2012

Human umbilical cord

mesenchymal stem cells

(hUC-MSCs)

TBI model BDNF is beneficial in

promoting neuronal

differentiation of NSC

[62]

In vitro BDNF blended

chitosan scaffolds on

neural stem cell

Rat

Yang

et al. 2011

Schwann cells

differentiated from

adipose-derived stem

cells (ADSC-SCs)

Contusion

brain injury

Transplantation of

ADSC-SCs into rats with

contused brain promoted

locomotor function

and reduced reactive

gliosis compared to

undifferentiated ADSCs

[63]

Rat

Skardelly

et al. 2011

Human fetal neural pro-

genitor cell (hfNPC)

Controlled cor-

tical impact

(CCI)

MRI analysis showed a

smaller lesion size in

animals that received the

transplants as compared

to non-transplanted

animals. Histological

analysis demonstrated

increased levels of

angiogenic markers and

reduced astroglial

reaction at 4 weeks after

transplantation

[64]

Rat
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11.4 Mechanistic Interpretation of Therapeutic Benefit

Involving Stem Cells

It is unclear what brings about the purported benefit from stem cell transplantation.

One possibility is the transformation of the transplanted cells into neurons

[65]. There appears to be a positive relationship between the degree of behavioral

improvement and the number of transplanted cells that stain positive for neuron-

specific markers [26]. However, transplanted cells often do not develop normal

processes, and thus the benefit may not be mediated only by neuronal circuitry [66].

A second hypothesis that is not mutually exclusive is that the transplanted cells

may also assist via differentiation into neuroectodermal-derived cell types other

than neurons. MSCs migrate and transform into astrocytes [32]. Hematopoietic

cells can differentiate into microglia and macroglia [38]. Bone marrow-derived

stem cells may also assist in blood vessel regeneration following brain tissue

damage in several ways. The stromal cell-derived factor-1 (SDF-1)/CXCR4 system

assists in integration of cells into injured tissue by promoting the adhesion of

CXCR4-positive cells onto vascular endothelium [67]. SDF-1 also augments

vasculogenesis and neo-vasculogenesis of ischemic tissue by recruitment of EPC

[68]. Bone marrow is a source of these endothelial progenitors [69]. Adult bone

marrow-derived cells have been shown to participate in angiogenesis by the

formation of periendothelial vascular cells [70]. Intravenous administration of

MSCs induced angiogenesis in the ischemic boundary zone after stroke [43]. We

also observed that crude bone marrow is a source of endothelial cells after exper-

imental stroke [41]. Interestingly TBI induces cell proliferation in the hippocampus

and the subventricular zone differentiated into mature neuronal cells 10 days post-

TBI [71, 72]. The vasculature in the CNS becomes activated after injury and

initiates a self-repair mechanism to combat the compromised site through the

activation and mobilization of EPC from bone marrow and peripheral blood.

Angiogenesis is believed to be a neuroprotective factor that can rescue nerve

cells from secondary cell death injury [73]. Vascular endothelial growth factor

(VEGF) induces angiogenesis and mobilizes EPC in diseases associated with blood

vessel disorders such as stroke and TBI [74], thereby serves as a crucial growth

factor in the creation of new vascular cells for BBB repair. VEGF also stimulates

and supports preexisting endothelium-derived angiogenic cells which in synergy all

these components are key players for brain repair [75].

Trophic factors produced by the transplanted cells could be a factor. Via this

mechanism, bone marrow grafts may assist in restoring brain blood flow and also

repairing the BBB [37]. Trophic factors from MSCs may play a role in brain repair

itself. Recent evidence suggests that intravenous administration of MSCs increases

the expression of nerve growth factor and brain-derived neurotrophic factor fol-

lowing TBI [76]. Understanding the exact mechanism(s) responsible for the ther-

apeutic benefit seen following stem cell transplantation in the CNS is now at a

critical junction in view of the planned FDA allowance for limited clinical trials of

bone marrow-derived multipotent adult progenitor cells in acute ischemic stroke
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[77]. Similarly, insights into the mechanism of action mediating stem cell thera-

peutic benefits in TBI will aid in optimization of cell dose, route of delivery, and

timing of initiation of cell transplantation for clinical applications.

In accordance with the STAIR (Stroke Therapy Academic Industry Roundtable)

and STEPS (Stem cell Therapeutics as an Emerging Paradigm for Stroke) criteria,

investigations of the mechanism of action mediating experimental therapeutics in

stroke are vital for extending their potential clinical utility [78, 79]. A similar call

for strict translational guidelines has been advanced for TBI [80], and a set of

consensus recommendations has been published to provide standards and best

practices for future investigations in testing novel therapeutics in TBI animal

models [81].

11.5 BBB Breakdown in CNS Trauma

We again draw from our observations of BBB breakdown in stroke as we advance

the hypothesis of BBB compromise in TBI. A closely associated cell death cascade

involved in stroke pathogenesis is impairment of the BBB, which further exacer-

bates brain damage. The central nervous system (CNS) is an immunologically

privileged zone, protected from entry of immune cells and serum proteins by the

BBB (as well as by the blood–spinal cord barrier and blood–cerebrospinal fluid

barrier, but we will focus here on BBB). These CNS barriers control cerebral/spinal

cord homeostasis by selective transport of molecules and cells [69–76, 82, 83]. This

control is possible due to the unique structure of the microvasculature—in partic-

ular capillaries formed by endothelial cells which are connected via adherens and

tight junctions [84–86]. Functional integrity of all BBB elements is critical for

protection of the CNS from harmful blood substances. Impairment of this cellular

machinery may cause BBB breakdown, leading to edema in many cases of brain

diseases or injuries, including stroke. Degradation of the extracellular matrix may

be concomitant with BBB disruption and tissue softening, leading to more pro-

nounced brain swelling and to severe cerebral edema in stroke patients [87] and

other brain disorders such as Alzheimer’s disease [88] and multiple sclerosis [89,

90]. Examination of BBB status in stroke reveals evidence of the barrier’s altered

permeability. Whereas the first phase of stroke is characterized by a surge in tissue

Na+ and water content concomitant with an increased pinocytosis and Na+, K+

ATPase activity across the endothelium, the second stage of stroke ensues with

BBB breakdown that is associated with infarction of both the parenchyma and the

vasculature itself [91]. At this second stage, tissue Na+ level still remains, but the

extravasation of serum proteases stands as a likely exacerbating factor [92]. Accu-

mulating evidence implicates serum proteases in degradation of the extracellular

matrix metalloproteinases (MMPs), which in turn aggravate BBB disruption and

softening of the tissue, eventually manifesting into a well-defined form of brain
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swelling [91–93]. Part of the reason for the tPA’s limited time window is that the

surge in production of free radicals associated with delayed reperfusion brings a

second wave of oxidative and nitrative stress that increases the risk of brain

hemorrhage and edema [94]. With delayed reperfusion, there is a surge in produc-

tion of superoxide, NO, and peroxynitrate. Formation of these radicals in the

vicinity of blood vessels plays an important role in reperfusion-induced injury.

These radicals activate MMPs, which degrade collagen and laminin in the basal

lamina, disrupting the integrity of the basement membrane and increasing BBB

permeability. Oxidative and nitrative stress also triggers recruitment and migration

of neutrophils and other leukocytes to the cerebral vasculature, which release

enzymes that further increase basal lamina degradation and vascular permeability.

These BBB pathological events can lead to parenchymal hemorrhage, vasogenic

brain edema, and neutrophil infiltration into the brain [95]. In the clinic, significant

brain edema, such as that seen in malignant MCA infarction, develops in a delayed

fashion after large hemispheric strokes and accounts for a high mortality rate (80 %

in the case of malignant MCA infarction) [96]. The primary BBB function is

controlling CNS homeostasis by selective transport. Substances with molecular

weights higher than 400 Da generally cannot cross the BBB by free diffusion. Some

molecules cross the barriers via endothelial carrier-mediated or receptor-mediated

transporters, see review [69, 70, 82, 97]. It is possible that barrier disruption or

dysfunction occurs in stroke, altering CNS homeostasis and allowing entry of

harmful molecules from the periphery to the brain [98–100]. Among these injurious

molecules are immune/inflammatory factors, such as monocyte/macrophage cells,

activated microglia, and reactive astrocytes possibly secreting pro-inflammatory

cytokines, which have been detected in stroke patients and animal models

[101–103]. Although additional studies are warranted to confirm the BBB status

in stroke patients, the above results taken together imply that BBB dysfunction may

contribute to stroke pathology. Thus, there could be an impaired endothelium-

mediated mechanism in stroke leading to barrier dysfunction.

In the TBI field, 16 patients demonstrated regions with enhanced signals within

the brain showing BBB leakage in the cortical regions of at least 15 of the patients

[104]. The disrupted BBB regions were surrounding old contusions which suggest

that a local trauma had occurred. Models of TBI have been helpful in identifying

what occurs to the BBB after impact. After stress from impact the vasculature is a

primary target of the injury, leading to leakage of blood-borne proteins and the

extravasation of red blood cells [104, 105]. Isolated petechial hemorrhages have

also been identified contralaterally to the injury [105]. Along with the extravasation

of red blood cells there has been disrupted endothelial lining and endothelial

vacuolation, increase intracranial pressure leading to altered cerebral flow and

poor neurological outcome due to increase levels of lactate overall causing brain

damage and functional deficits [105].

As noted above, VEGF is enhanced after injury and stimulates angiogenesis as

well therefore is beneficial for newborn neuronal cells and endogenous

neurogenesis. In a closed head mice injury model, VEGF was seen to decrease

the lesion volume caused by TBI and it also increased the amount of BrdU positive
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cells, demonstrating an increase in neurogenesis and gliogenesis after TBI

[106]. This study indicates the vascular repair may be beneficial for TBI. Accord-

ingly, we discuss below the potential of stem cell therapy for BBB repair.

11.6 EPC Therapy for BBB Repair in CNS Trauma

In discussing neurovascular repair for TBI, we build upon the more mature field of

BBB repair in stroke. EPC, initially described by Asahara et al. [107] are immature

endothelial cells that circulate in peripheral blood. In their pioneering study,

transplanted EPC, isolated from human blood, were found in the endothelium of

newly formed vessels in ischemic regions, indicating that a discrete cell population

within the human blood participates in the formation of new vessels after ischemia.

Griese et al. also found that grafted EPC populated the endothelium in animals with

experimentally induced endothelial damage [108], further advancing the notion that

EPC contribute to the repair of damaged endothelium. The dogma that existed until

recently is that neovascularization, or formation of new blood vessels, results

exclusively from proliferation and migration of preexisting endothelial cells, a

process referred as to angiogenesis [109]. Furthermore, vasculogenesis or vascu-

larization, defined as in situ differentiation of vascular endothelial cells from

endothelial precursor cells, was thought to occur only in the embryo during vascular

development. However, recent evidence has now established that circulating bone

marrow-derived EPCs are capable of homing to neovascularization sites, prolifer-

ating, and differentiating into endothelial cells [110, 111]. EPCs have been identi-

fied mainly in the mononuclear cell fraction of peripheral blood, leukapheresis

products, and in umbilical cord blood [107, 112], but can also be harvested from

bone marrow. Over the last few years, EPCs have been studied as biomarkers to

assess the risk of cardiovascular disease in human subjects. For example, a low EPC

count predicts severe functional impairments in several cardiovascular pathologies

such as diabetes [113], hypercholesterolemia [114], hypertension [115, 116],

scleroderma [117, 118], aging [116, 119], cigarettes smoking [116, 120, 121], and

coronary artery disease [84]. In addition, EPCs have been examined as potent donor

graft cells for transplantation therapy.

Transplantation of EPCs into ischemic tissues has emerged as a promising

approach in the treatment of diseases with blood vessels disorders [122–124]. In

mouse models of ischemic injury, EPCs injection led to improved neovascu-

larization in hind limb ischemia [122–124]. Based largely on these laboratory

findings suggesting angiogenic and vasculogenic potential of EPCs, clinical studies

have been initiated to reveal whether patients with lower EPC numbers are at higher

risk for atherosclerotic events, and whether patients with ischemic events may

benefit from EPC administration [125].

Clinical studies to date suggest the therapeutic potential of EPC transplantation,

although this assumption should be approached with much caution due to being

open label trials, observational and/or anecdotal accounts, and limited number of
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patients. Ex vivo expanded EPC, isolated from peripheral blood mononuclear cells,

can incorporate into the foci of myocardial neovascularization [126, 127], and

intracoronary infusion of peripheral blood or bone marrow-derived progenitors in

patients with acute myocardial infarction was associated with significant benefits in

post-infarction remodeling [128–135]. Still in observational studies in patients with

myocardial infarction, higher numbers of EPC correlate with better prognosis, more

myocardial salvage [136], viability and perfusion [137], and more collaterals in the

ischemic zone [138]. Randomized clinical trials on autologous bone marrow-

derived cells are mixed; whereas transplanted coronary artery disease patients

display improved left ventricular function at least in the short term [139],

transplanted patients with chronic ischemic heart failure exhibit modest to no

effects on change in left ventricular function [140].

Similar randomized trials of autologous bone marrow-derived cells have been

carried out in patients with peripheral artery disease and showed improved

endothelium-dependent vasodilation [141], ankle brachial index, rest pain, and

pain-free walking time [142], but the degree of functional recovery was not as

robust as seen in animal models. Clearly, these results are obtained from autologous

bone marrow-derived cells, which are heterogenous with scarce number of EPCs,

thus may not closely approximate EPC endpoints. For clinical application of EPC in

neurovascular disease, the available studies are much more limited with only three

observational studies in patients with stroke. In 25 patients with an ischemic stroke,

CD34+ cells peaked 7 days after stroke but generally reverted to baseline after

30 days [143]. Interestingly, higher CD34+ cell levels at 30 days related to higher

numbers of infarcts on magnetic resonance imaging and also to cerebrovascular

function as measured with positron emission tomography scanning (cerebral met-

abolic rate of oxygen and cerebral blood flow). On the other hand, decreased

numbers of clusters of rapidly adhering cells were seen after stroke and in “stable

cerebrovascular disease,” compared to controls free of vascular disease

[144]. Higher age and the presence of cerebrovascular disease in general indepen-

dently related to lower EPC numbers. The discrepancies in the results of these

studies may be due to mismatched controls for age of patients and/or the lack of

methodological design for testing specific hypotheses on the causal role of EPC in

cerebrovascular disease [144]. Although the primary mitigating mechanisms under-

lying stroke pathogenesis and its abrogation by cell therapy are still uncertain, there

is substantial evidence implicating immunological attack upon the brain and/or its

vasculature; widespread inflammatory reactions in stroke may trigger a cascade of

events which alter the integrity of the BBB, resulting in migration of leukocytes

into the CNS. Leukocyte transmigration across the BBB during stroke immune/

inflammatory processes could influence inter-endothelial junctional complex func-

tion leading to vascular endothelium damage and BBB breakdown. Equally a key

component to our mechanism-based thesis is that disruption or dysfunction of the

BBB, preceding entry of harmful substances into the brain parenchyma, could be a

key initial factor in stroke pathogenesis. Thus, restoration of barrier integrity may

have a critical role in preventing stroke progression. Our studies have begun to
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address these questions, particularly, whether endothelial cell replacement can

restore structural and functional properties of the BBB after stroke. Results of

this study will provide the basis for pursuing cell therapy both for non-tPA and

tPA-treated ischemic stroke patients, as well as for patients with neurodegenerative

disorders characterized by BBB dysfunction.

As we extend EPC therapy for BBB repair in TBI, we apply similar concepts of

transplanting exogenous EPC for TBI, stimulating endogenous EPC in TBI, and

augmenting blood flow, angiogenesis and/or vasculogenesis in TBI using drugs. A

soluble factor known as tissue inhibitor of matrix metalloproteinase-3 (TIMP3) is

produced by MSCs and has been demonstrated to mediate the beneficial effects of

MSCs on endothelial function including the structural and functional restoration of

a compromised BBB caused by TBI [145]. Following transplantation of MSCs,

TIMP3 upregulated and attenuated the TBI-associated BBB permeability after TBI;

blocking TIMP3 expression led to a compromised BBB [145]. Repairing the BBB

by the transplantation of exogenous EPCs has also been explored, taking advantage

of EPCs’ capacity to migrate to the site of injury and contribute to the regeneration

of vascular tissue by releasing angiogenic factors and creating structural compo-

nents of capillaries. In addition, BBB repair can benefit from transplantation of stem

cell progenitors and growth factors that are released by the grafted cells to the host

microenvironment facilitating BBB repair and maintenance [146].

11.7 Conclusion

The recognition that BBB breakdown closely accompanies CNS trauma warrants

therapies designed to arrest this BBB dysfunction. Currently, much of the therapy

implemented for CNS trauma does not consider the capacity of BBB damage after

injury. It is our contention that if EPC transplantation promotes restoration of the

vascular endothelium, the clinical effects could be far reaching and substantially

help a large population of patients that may be excluded from the current therapeu-

tic window of neuroprotection for TBI. Although a plethora of accumulating stem

cell research is quickly translating into clinical trials, it is important to gain insights

into the mechanisms of action, which will aid in optimizing the safety and efficacy

of these stem cells in CNS trauma. TBI is a public health problem that afflicts

children and adults, and in the last decade is rampant to our military soldiers.

Almost half a million of visits yearly to the emergency wards are related to TBI.

The need for better understanding of cell death pathways associated with TBI,

especially secondary cell loss, is crucial to developing an effective treatment. Here,

we advance the notion that a treatment regimen directed at attenuating TBI deficits

should consider the pivotal role of BBB repair in order to maintain CNS homeo-

stasis and enhance neuronal regeneration. Structurally and functionally restoring

the BBB in an acute, sub-acute, and even chronic phases of injury setting may

afford therapeutic benefits against TBI. A regenerative mechanism involving the

repair of the damaged BBB by EPC is key to the successful outcome of cell therapy
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in CNS trauma. Cell therapy tailored at EPC recruitment and/or directed secretion

of EPC-soluble factors into the traumatized brain stands as a potent strategy for

BBB repair in TBI.
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Chapter 12

Vascular Actions of Hypothermia in Brain

Trauma

W. Dalton Dietrich and Helen M. Bramlett

Abstract Traumatic brain injury (TBI) is a serious condition that affects approxi-

mately 1.5 million people in the United States each year. Currently, there are no

approved therapies to treat the devastating consequences of severe TBI. Therapeu-

tic hypothermia has a history of showing efficacy both in animal models and

clinical studies. Potential mechanisms by which hypothermia may improve trau-

matic outcome include targeting vascular alterations such as by reducing the

incidence of blood–brain barrier (BBB) permeability. In addition, therapeutic

hypothermia promotes normal vascular reactivity and reduces a variety of inflam-

matory processes that are activated by trauma-induced cerebrovascular damage.

Ongoing research in the laboratory and clinic is demonstrating that therapeutic

hypothermia may indeed protect specific populations of severe TBI patients by

targeting vascular perturbations including altered BBB function.

12.1 Introduction

Therapeutic hypothermia is considered one of the most powerful neuroprotective

strategies for a variety of neurological disorders including traumatic brain injury

(TBI), for reviews see [1–3]. Previous experimental studies have reported that pre-

or posttraumatic cooling reduces contusion volume, protects against neuronal and

axonal damage, and in some cases improves functional outcome [4, 5]. The fact that

temperature reductions protect against a spectrum of neuropathological events that

occur under controlled experimental conditions is important when considering an
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experimental therapy for a very heterogeneous patient population [6–8]. Indeed,

posttraumatic hypothermia has been shown to improve a spectrum of behavioral

abnormalities including sensorimotor as well as cognitive dysfunction frequently

observed in trauma animal models [6, 9, 10]. Early cooling can reduce mortality

rates after severe TBI and limit a wide variety of comorbidities that are associated

with clinical TBI [7, 8, 11].

Early studies showed that one major mechanism by which hypothermia may

protect against ischemic and TBI is by reducing the degree of vascular perme-

ability [1, 12, 13]. Like protection afforded by hypothermia against neuronal cell

death, early cooling strategies following TBI decreases the extravasation of several

vascular tracers across the endothelial barrier. In other studies, abnormalities in

vascular reactivity to vasoactive substances commonly reported after TBI [14] are

improved with early cooling which may be an important mechanism of reducing

secondary injury [15–17]. More recently, the effects of hypothermia in TBI models

have also been reported to include a reduction in patterns of reperfusion injury that

could occur following various surgical interventions to reduce the detrimental

consequences of evolving brain edema [18].

The purpose of this chapter is to summarize previous work in the area of

therapeutic hypothermia targeting TBI. The effects of early cooling strategies on

the vascular perturbations commonly associated with TBI will be reviewed and

discussed. A rich experimental and clinical literature supports the fact that thera-

peutic hypothermia targets a variety of vascular alterations including abnormal

permeability, vasoreactivity, cerebral blood flow as well as posttraumatic inflam-

matory cascades [6]. Importantly, therapeutic hypothermia has now been success-

fully translated to specific TBI patient populations where these vascular

perturbations are observed.

12.2 Effects of TBI on Blood–Brain Barrier Dysfunction

TBI leads to a variety of blood–brain barrier (BBB) alterations that are felt to

participate in some of the long-term consequences of neurotrauma [19–24]. Patterns

of altered vascular permeability have been evaluated in models of both diffuse as

well as focal TBI [25–27]. Various vascular tracers including Evans blue, albumin,

and horseradish peroxidase (HRP) have demonstrated that specific vascular beds

are highly vulnerable to different types of brain trauma [4, 27, 28]. Early electron

microscopic studies by Povlishock et al. [28] showed that in models of more diffuse

injury without overt neuropathology, increased vascular transport across intact

endothelial barriers was demonstrated. In subsequent studies with more focal

areas of cortical contusive injury with associated neuronal damage, more severe

damage to vascular endothelial barriers was shown to lead to extensive HRP

extravasation across injured endothelial cells as well as through tight junctional

complexes [26, 29]. Increased vascular permeability can have detrimental

consequences on normal brain function including producing alterations in ionic
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homeostasis, increasing brain water and causing hemodynamic perturbations

[24]. Indeed, several studies have shown regional correlations between early vas-

cular permeability changes and patterns of neuronal and glial damage or activation

[4, 30]. Thus, altered BBB breakdown after TBI is considered an important

therapeutic target for the acute and more chronic consequences of TBI [21, 23].

12.3 Therapeutic Hypothermia Reduces BBB Breakdown

In 1992, Jiang et al. [12] first reported that hypothermia significantly affected

patterns of BBB permeability after fluid percussion (FP) brain injury in rats. In

that study, pre- and post-cooling to 30 � C had a dramatic effect on tracer extrava-

sation compared to normothermic (37 �C) rats. Increased vascular permeability to

an endogenous serum albumin (IgG) was seen throughout the dorsal cortical gray

and white matter structures and within the underlying hippocampal regions in

normothermic animals. In contrast, hypothermia introduced prior to injury signifi-

cantly reduced albumin immunoreactivity which was confined to the gray–white

interface (Fig. 12.1). Interestingly, pre-traumatic hypothermia also significantly

reduced the acute hypertensive response to trauma that is normally seen in

normothermic TBI animals. Thus, the dramatic reduction in vascular protein tracer

leakage reported in this study could have been due in part related to hypothermia

modulation of systemic blood pressure after TBI.

Using another model of TBI, Smith and Hall [13] also evaluated the effects of

pre-traumatic hypothermia on BBB permeability following controlled cortical

impact (CCI) injury. In that study, animals were subjected to variable periods of

hypotension under either normothermic or mildly hypothermic conditions. In

normothermic animals, extravasation of plasma protein-bound Evans Blue dye

was seen within the injured cortex at 60 min post-injury. In contrast, when brain

temperature was allowed to become hypothermic spontaneously during the study,

reduced BBB permeability was demonstrated. Because previous studies from that

laboratory had shown that oxygen radical formation and lipid peroxidation occurs

at the site of cortical injury, the beneficial effects of spontaneous hypothermia on

altered BBB function were suggested to involve temperature effects upon free

radical-induced lipid peroxidation.

These early studies emphasized the early changes in BBB permeability seen

after experimental TBI and the effects of temperature reductions on early perme-

ability changes. More recently, other studies have now emphasized that some

models of TBI can produce more long-term effects on vascular permeability that

may also participate in the progressive damage and more chronic functional

abnormalities observed in these trauma models [30–32]. For example, in the

study by Habgood et al. [32] evidence for the leakage of small molecule tracers

into the brain was seen up to 4 days after the injury. To determine whether

posttraumatic hypothermia would have a significant effect on these more long-

term vascular perturbations, Lotocki et al. [30] tested small molecular weight
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tracers that remained visible up to several days after moderate FP brain injury in

normothermic rats. Importantly, mild hypothermia (33 � C) initiated 30 min after

the traumatic insult significantly reduced the permeability of these tracers 3 days

later (Fig. 12.2). It should be emphasized that in the clinic, hypothermia is used as

an adjunctive therapy to reduce severe elevations in intracranial pressure in some

severe TBI patients. Thus, the established effects of posttraumatic hypothermia on

alterations in vascular permeability appear to be clinically relevant. The ability of

an early cooling strategy to have profound effects on more long-lasting vascular

perturbations indicates the importance of temperature management strategies in the

days following a traumatic insult.

12.4 Effects of Therapeutic Hypothermia on Alterations

in Vascular Reactivity

The normal complex cerebrovascular responses to altered blood pressure, dilation

to vasoactive substances or hemodynamic changes are all critical in maintaining the

normal homeostasis of the brain [33]. Under normal conditions, the topical applica-

tion of specific vasodilators including acetycholine and adenosine led to significant

vasodilation of pial vessels. After TBI, alterations in regional cerebral blood flow

(rCBF) and cerebral capillary perfusion (CCP) are present that can be a conse-

quence of altered vasomotor function [14, 17, 33–35]. In models of TBI where brain

surface vessel responses can be precisely monitored using a pial window approach,

Fig. 12.1 (a, b) Comparison of blood–brain barrier (BBB) permeability in normothermic and

hypothermic traumatic brain injury (TBI) rats. (a) Typical normothermic (37.5 �C) TBI rat:

permeability changes were found throughout the cortical gray and white matter as well as in the

underlying hippocampi. (b) Hypothermic (30 �C) TBI rat: this is a section from a rat which showed

the greatest permeability. The permeability changes were greatly reduced compared to the typical

normothermic rat. Permeability was confined to the gray–white interface with minimal involve-

ment in the overlying cortical gray matter and reduced involvement in the hippocampi. Unstained,

50-μm-thick tissue sections, � 9. Reprinted from [12] with permission by Springer Publishing
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significant alterations in microvascular dilation are reported to be affected follow-

ing brain injury [14, 15].

In addition to therapeutic hypothermia having significant effects on BBB per-

meability, other TBI studies have reported its effects on vascular reactivity [15, 17,

33]. Importantly, several investigations reported that TBI-induced long-term vas-

cular dysfunction in terms of altered vascular reactivity to vasodilators was signifi-

cantly improved with the use of delayed hypothermic treatment [36]. The ability of

Fig. 12.2 Posttraumatic hypothermia reduces BBB permeability changes seen after moderate

TBI. (a) At 3 and 7 days after TBI, posttraumatic hypothermia significantly reduces the volume of

BDA-3 K protein extravasation in the ipsilateral rat cortex and hippocampus. (b) Representative

serial brain sections stained with DAB showing BBB permeability alterations at 3 days (first and

second column) and 7 days (third and fourth column) in normothermia (left) and hypothermia

(right) animals. (c) 3-D reconstruction of serial sections shown in (b). Red: Hypothermia, yellow:
normothermia. Data are presented as mean � SEM, *p < 0.05, compared to normothermia for the

respective time point and brain region. N ¼ 5 per group. Reprinted from [30] with permission by

Mary Ann Liebert Publishing
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hypothermia to improve vascular reactivity function may be another important

mechanism by which cooling can effect traumatic outcome by promoting impaired

vessels to respond to secondary challenges that commonly occur in patients with

severe TBI [37].

12.5 The Effect of Hypothermia on Hemorrhage

and Inflammatory Responses

In addition to TBI altering the endothelial transport of various tracers across the

vascular endothelium, TBI can also have more dramatic effects on endothelial

integrity and lead to intracerebral hemorrhage. Indeed, in models of severe TBI,

hemorrhagic contusions are commonly seen in vulnerable brain regions including

gray and white matter structures [4, 26]. Thus, strategies that reduce the formation

of intracerebral hemorrhages remain a clinical concern. In this regard, Kinoshita

et al. [38] tested the effect of posttraumatic hypothermia on hemoglobin extravasa-

tion after FP brain injury in rats. In this moderate TBI model, a hemorrhagic

contusion is commonly observed in the lateral cerebral cortex bordering underlying

white matter tracts in normothermic rats. Hemoglobin levels in specific brain

regions were quantified using a spectrophotometric hemoglobin assay. In that

study, 3 h of posttraumatic hypothermia were reported to significantly decrease

the magnitude of intracerebral hemoglobin levels in the traumatized hemisphere as

compared to normothermic animals. These studies were important because they

supported the hypothesis that posttraumatic hypothermia could minimize the more

severe cerebrovascular events associate with TBI that frequently lead to severe

brain swelling and high rates of mortality and morbidity. It also appears that a slow

post-hypothermic rewarming procedure is an important variable in assuring maxi-

mal efficiency with hypothermia treatments [17, 39].

12.6 Hypothermia and Posttraumatic Inflammation

Vascular damage can be associated with brain edema function and multiple post-

traumatic inflammatory events [19, 22, 40, 41]. Trauma-induced damage to vascu-

lar components can include endothelial cell damage and as previously described

cerebral hemorrhage. As a consequence of TBI, a variety of endothelial and

leukocyte adhesion molecules are upregulated, resulting in the enhanced recruit-

ment and extravasation of circulating leukocytes into the brain parenchyma

[42]. Circulating monocytes that gain access to the brain parenchyma can contrib-

ute to macrophage-induced neuronal degeneration. Together with endogenous

astrocyte and microglial activation, these inflammatory cascades have been
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shown to participate in secondary injury mechanisms and are an important target for

therapeutic drug development.

Previous studies from various laboratories have reported that posttraumatic

cooling reduces the infiltration of circulating inflammatory cells [42–45]. Also,

decreased levels of several proinflammatory cytokines and nitric oxide synthase

(NOS) are reported after TBI with modest hypothermia treatment [2, 46, 47]. In a

study by Lotocki et al. [30], posttraumatic hypothermia was shown to significantly

reduce the extravasation of CD68 immunoreactive inflammatory cells. In that

study, quantitative cell counts of CD68 immunoreactive cells indicated a significant

decrease in numbers of infiltrating macrophages in hypothermic animals compared

to normothermia in cortical and hippocampal regions. Interestingly, areas of

increased CD68 cell counts were commonly seen in areas showing alterations in

BBB permeability. The spatial relationships between BBB leakage and CD68-

positive macrophage infiltration indicate a relationship between these early vascu-

lar perturbations and secondary inflammatory cascades.

In another study, Chatzipanteli et al. [42] reported the beneficial effects of early

cooling after TBI on the temporal and regional profile of polymorphonuclear

leukocyte (PMNL) infiltration. In that study, animals were allowed to survive up

to 7 days after trauma and brains were dissected for biochemical analysis of

myeloperoxidase (MPO) activity. In normothermic animals, significantly increased

MPO activity was observed in several traumatized brain regions. In contrast,

posttraumatic hypothermia significantly reduced MPO activity in these vulnerable

brain regions. Because PMNL are some of the earliest inflammatory cells that

accumulate after vascular injury, these results again indicate a relationship between

trauma-induced vascular perturbations and early inflammatory responses.

In related biochemical and immunocytochemistry studies, posttraumatic hypo-

thermia has been also reported to affect hydroxyl radicals, lipid peroxidation, and

NOS activity after TBI [46, 48]. Because nitric oxide leading to oxidative stress is

thought to participate in the pathogenesis of TBI [49–51] the observation that

hypothermia significantly altered constitutive and inducible NOS activity provides

another mechanism by which hypothermia can protect the vasculature and paren-

chyma after TBI. Together, these studies support the hypothesis that temperature-

dependent alterations in vascular pathology including BBB disruption and inflam-

matory cell accumulation could participate in the beneficial effects of posttraumatic

hypothermia on traumatic outcome.

12.7 Biochemical and Molecular Mechanisms

of Hypothermic Protection

An important mechanism by which hypothermia may protect against trauma-

induced vascular damage is by targeting excessive matrix metalloproteinase

(MMP) activity. Previous investigations have stressed the importance of abnormal
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MMP activation in models of brain injury including TBI [52, 53]. Pharmacological

treatments or genetic models targeting specific various MMPs including MMP-3

and MMP-9 have been reported to improve outcome in models of stroke and

Neurotrauma [53]. In a TBI study, Truettner et al. [54] tested whether early

posttraumatic hypothermia would influence the upregulation of MMP-3 and

MMP-9 after moderate FP brain injury. Although levels and activities of MMP-3

and MMP-9 were significantly increased in normothermic rats, posttraumatic

hypothermia reduced MMP-9 activity within vulnerable cortical and subcortical

areas. In contrast, hypothermic treatment did not affect the delayed activation of

MMP-3. Similar investigations were conducted by Jia et al. [55] where again

posttraumatic hypothermia was shown to attenuate both the mRNA and protein

levels of MMP-9 compared to normothermic levels. Taken together, these studies

emphasize the temperature sensitivity of abnormal MMP expression following TBI.

Abnormal MMP activity has been implicated in the pathophysiology of cerebral

ischemia [52]. Thus, a mechanism by which hypothermia protects against BBB

dysfunction after TBI is by reducing the detrimental effects of trauma-induced

increased MMP-9 activity on vascular function.

Subsequent studies by a variety of laboratories have also investigated molecular

mechanisms by which posttraumatic hypothermia can affect inflammatory cascades

after trauma [56, 57]. Several inflammatory genes that are reported to be

upregulated after TBI have been shown to be altered by posttraumatic hypothermia.

Therapeutic hypothermia has been shown to modify various signaling cascades

including tumor necrosis factor as well as ligand–receptor interactions [3,

58]. More recently, abnormal inflammasome activation which is an important

component of the early innate inflammatory response to injury has also been

shown to be activated after TBI [59]. In studies where posttraumatic hypothermia

was initiated after FP brain injury [60], significantly reduced expression of various

inflammatory proteins including caspase 1, caspase 11, and the purinergic receptor

P2X7 was reported. Finally, the possible modulation of specific microRNA patterns

of expression after TBI has also been evaluated in terms of hypothermic

consequences. In one study, Truettner et al. [57] using a microarray strategy

evaluated the expression of 388 rat microRNAs after FP brain injury. Interestingly,

posttraumatic hypothermia led to several of the microRNAs being elevated com-

pared to normothermia while five were reduced by the treatment. These data

indicate that in addition to a variety of cellular consequences of therapeutic

hypothermia in various TBI models, temperature-sensitive molecular processes

including alterations in microRNAs thought to be involved in basic cell processing

events are altered with early cooling.
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12.8 Clinical Studies

The use of therapeutic hypothermia in TBI patients has been utilized in a variety of

clinical investigations with various consequences [7, 8]. Individual institutional

studies testing the efficacy of moderate hypothermia in patients with severe TBI led

to several positive reports. However, disappointing results resulted from several

multicenter trials where large numbers of severe TBI patients were evaluated for

the efficacy of therapeutic hypothermia [7].

Most recently, attention has been directed toward identifying a subpopulation of

severe TBI patients that may be most sensitive to early hypothermic treatment

[8]. In a recent study by Clifton et al. [8], for example, patients undergoing early

decompressive surgery who were cooled prior to the surgical intervention appeared

to be protected with early cooling. This preliminary result may indicate that early

cooling may target some of the early pathophysiological events that are activated in

severe TBI patients where early surgical procedures are warranted.

Evidence for reperfusion injury is seen in many models of brain injury [18]. The

surgical or pharmacologically induced opening of previously occluded or com-

pressed blood vessels leads to immediate reflow of blood into previously ischemic

areas. This hemodynamic response can activate various detrimental consequences

including free radical generation and inflammatory cascades that can damage

vulnerable vascular beds and produce alterations in vascular permeability. Hypo-

thermia introduced prior to reperfusion injury may significantly attenuate many of

these harmful effects. In one recent experimental study that tested this hypothesis in

a subdural hematoma model, early but not delayed cooling prior to decompression

surgery significantly reduced early neuronal and glial damage [18]. In this regard, a

new multicenter clinical trial (HOPES) is now being organized to test the hypothe-

sis that early cooling prior to decompression surgery in severe TBI patients can

have beneficial effects in terms of long-term outcome.

12.9 Summary

Therapeutic hypothermia has been successfully used in a variety of experimental

and clinical situations to target the devastating consequences of TBI. Although

many preclinical studies using a variety of experimental models showed efficacy

with hypothermic treatment in terms of blocking early vascular changes and

improving outcome, these findings have been slow to be successfully translated

to the clinic. As investigators continue to evaluate and clarify the cellular and

molecular mechanisms by which early cooling can protect against vascular

perturbations including BBB damage, this critical knowledge will aid in the further

development of therapeutic strategies to promote recovery after TBI including

combination approaches. Recent biomarker studies of plasma and cerebral spinal

fluid samples have already demonstrated the possibility of using altered BBB
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function as a mechanism to evaluate the biochemical status of the injured brain [61,

62]. It is clear that additional experimental investigations are required to understand

mechanisms by which trauma can damage the neurovascular network so that more

powerful strategies that may include therapeutic hypothermia can be used to protect

and promote repair after TBI.
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Chapter 13

Vascular Responses in Rodent Models

of Traumatic Brain Injury

Xiaoshu Wang, Zhanyang Yu, Zhengbu Liao, Qi Liu, MingMing Ning,

Xiaochuan Sun, Josephine Lok, Eng H. Lo, and Xiaoying Wang

Abstract The heterogeneity of traumatic brain injury (TBI) is considered one of

the most significant barriers to finding effective therapeutic interventions. Among

multiple confirmed pathological events after TBI, vascular response or cerebrovas-

cular pathophysiology is one of the most important pathophysiological components

of TBI, but its role and molecular mechanisms remain largely unknown. This

chapter reviews experimental studies of cerebrovascular pathophysiology, espe-

cially in rodent TBI models. Clinically translational advantages and limitations of

each commonly used rodent TBI models in the study of vascular responses are also

discussed.

13.1 Pathophysiology of TBI

13.1.1 General Pathophysiology of TBI

The heterogeneity of traumatic brain injury (TBI) is considered one of the most

significant barriers to finding effective therapeutic interventions [1]. Classifications

of TBI pathophysiology vary between researchers in use of the terms. Generally,

the first stage of cerebral injury after TBI is characterized by direct tissue damage,

impaired regulation of cerebral blood flow (CBF), and metabolism. The decreased

CBF leads to accumulation of lactic acid due to anaerobic glycolysis and conse-

quently inducing ATP-stores deplete and energy failure, increased membrane

permeability, and consecutive edema formation. The second stage of the
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pathophysiological cascade is characterized by terminal membrane depolarization

along with excessive release of excitatory neurotransmitters and Ca2þ-influx.
The Ca2þ-influx leads to self-digesting (catabolic) intracellular processes by

activating lipid peroxidases, proteases, and phospholipases that result in

increases of the intracellular concentration of free fatty acids and free radicals.

Together, these events lead to membrane degradation of vascular and cellular

structures and vascular dysfunction. Interactions between pathological factors or

cascades may cause neurovascular unit decoupling and cerebrovascular

dysfunction.

13.1.2 Primary and Secondary Brain Damage after TBI

TBI can result in the development of complex neurological deficits which is caused

by both primary and secondary injury mechanisms. Primary injury events encom-

pass the mechanical damage that occurs at the time of trauma to neurons, axons,

glia, and blood vessels as a result of shearing, tearing, or stretching. In addition,

secondary injury evolves over minutes to days and even months after the initial

traumatic insult and results from delayed biochemical, metabolic, and cellular

changes that are initiated by the primary event. These secondary injury cascades

are thought to account for the development of many of the neurological deficits

observed after TBI, and their delayed nature suggests that there is a therapeutic

window for pharmacological treatment to prevent progressive tissue damage and

improve outcome [2]. Intracranial hypertension, ischemic brain injury, cerebral

edema, and other pathophysiologic squeal for cerebrovascular dysfunction, in most

cases, would be more accurately described as pathophysiologic cascades or sec-

ondary insults [3].

13.2 Cerebrovascular Pathophysiology after TBI

Normal brain function depends on the exquisite balance between vascular, neuro-

nal, and glial interactions. The complex interplay between different types of cells in

the neurovascular unit dictates the final evolution of pathogenesis. Cerebrovascular

function is recognized as a key part of the neurovascular unit, a major determinant

of patient outcome after brain injury [4], and it has been hypothesized that therapies

that do not address that dysfunction are unlikely to promote recovery [5]. Among

multiple confirmed pathological events after TBI, the vascular response is one of

the most important pathophysiological components. Tearing of blood vessels by

primary mechanical damage results in dynamic vascular responses, including

abnormalities of vasodilation and vasoconstriction, reduction of CBF, loss of

integrity of blood–brain barrier (BBB), the vasogenic edema, inflammation, and

microthrombosis. It is likely that some of the aspects of cerebral vascular
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dysfunction due to TBI contribute to the increased sensitivity of the injured brain to

secondary hypoxia and hypotension and the increased mortality and morbidity that

occurs due to secondary insults after TBI in humans [4, 6]. Normally, the high

metabolic demand of the brain is met by maintenance of CBF even under altered

systemic blood pressure, through a process termed cerebral autoregulation [7]. It is

achieved by the ability of the brain vasculature to dilate during low blood pressure

and constrict when increased blood pressure in order to maintain its perfusion

within physiological range. Loss of autoregulation can expose the brain to

hypoperfusion during low blood pressure (hypotension) and to excess blood flow

and potentially bleeding during high blood pressure (hypertension) [8]. However,

pathophysiologic classification schemes have not been commonly used in treatment

trials. This may be due, in part, to challenges associated with capturing a spatio-

temporal profile of the patient’s injury, limited availability and usage of sophisti-

cated monitoring techniques needed for measurement of physiologic parameters,

and difficulties in distinguishing inevitable but progressive cell damage from

potentially reversible injury cascades [1].

13.2.1 Reduction of Cerebral Blood Flow

The brain is unusual in that it is only able to withstand very short periods of lack of

blood supply (ischemia). This is because neurons produce energy (ATP) almost

entirely by oxidative metabolism of substrates including glucose and ketone bodies,

with very limited capacity for anaerobic metabolism. Without oxygen, energy-

dependent processes cease, leading to irreversible cellular injury if blood flow is

not reestablished rapidly (3–8 min under most circumstances). Therefore, adequate

CBF must be maintained to ensure a constant delivery of oxygen and substrates and

to remove the waste products of metabolism. CBF is dependent on a number of

factors that can broadly be divided into those affecting cerebral perfusion pressure

(CPP) and those affecting the radius of cerebral blood vessels [9]. Ischemia,

especially pericontusional ischemia in the traumatic penumbra, is one of the leading

causes of secondary posttraumatic brain damage and leads to poor functional

outcome [10]. Generally, CBF is markedly reduced immediately after and during

the first few hours after trauma, especially in the pericontusional region [11]. The

primary lesion evolving at the time of injury increases in size when CBF in the

critically perfused tissue around the contusion (“traumatic penumbra”) gradually

decreases below the ischemic threshold giving rise to secondary injury [12].

Reduced CBF is a feature of many models of experimental TBI. Fluid percussion

injury (FPI), the most commonly used model of experimental TBI, caused 40–50 %

reductions in CBF that occurred within 15–30 min after injury and persisted for

about 4 h [13]. Controlled cortical impact (CCI), another widely used model of

TBI in rats, reduced cortical CBF by about 50–85 % [14, 15]. CBF reductions due to

CCI persisted for at least 3 h after injury, with 85 % and 49 % reductions in

a contused and contralateral cortex, respectively. At 24 h after trauma, a focal
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CBF reduction persists in the vicinity of the injury site [15]. In a weight drop model

of rats, reduction of CBF was detected up to 48 h after TBI in injured cortex

area [16].

13.2.2 Cerebrovascular Autoregulation Impairment

The high metabolic demand of the brain is met by maintenance of CBF even under

altered systemic blood pressure, in a process termed cerebral autoregulation

[7]. It is achieved by the ability of the brain vasculature to dilate during low

blood pressure and constrict when increased blood pressure in order to maintain

its perfusion within physiological range. Loss of autoregulation can expose the

brain to hypoperfusion during low blood pressure (hypotension) and to excess

blood flow and potentially bleeding during high blood pressure (hypertension)

[8]. After TBI, CBF autoregulation (i.e., cerebrovascular constriction or dilation

in response to increases or decreases in CPP) is impaired or abolished in most

patients. The extent and temporal profile of this autoregulatory failure does not

always correlate with the severity of injury. Defective CBF autoregulation may

be present immediately after trauma or may develop over time and is transient or

persistent in nature irrespective of the presence of mild, moderate, or severe

damage [17].

In a closed-head injury of weight drop model in rats, CBF was monitored using

laser Doppler flowmetry along with monitoring of ICP and arterial blood pressure.

Decrease in CBF and increase of ICP was observed as a result of loss of cerebral

autoregulation in injured rats during first 4 h [18]. MRI and spin-labeled carotid

artery water protons as an endogenous tracer was used to measure CBF and CO2

reactivity after TBI with CCI device in rats. During normocarbia, CBF was reduced

within a cortical region of interest (ROI, injured versus contralateral) after TBI.

Within a contusion-enriched ROI, CBF was reduced after TBI. In the contusion-

enriched ROI, only controls showed a significant reduction in CBF, suggesting

blunted CO2 reactivity in the sham and TBI group [19]. In a modified closed-head

injury model of impact-acceleration using weight drop in rats [20, 21] TBI signif-

icantly reduced the ability of the cerebral vasculature to alter cerebral vascular

resistance in order to maintain constant levels of CBF when arterial blood pressure

is changed. This cerebral autoregulation was impaired 24 h after TBI [20]. In

addition to the abolished CBF response to hyperventilation [19], vasodilatory

responses to increases in PaCO2 also were reduced or abolished by the CCI

model of rats [17]. These studies have demonstrated that clinically observed

impairments in blood pressure autoregulation and CO2 reactivity are also detectable

in experimental TBI of rats [17, 22]. Furthermore, there are some reports on a

variety of other cerebral vascular compensatory mechanisms in experimental TBI

of rats. For example, FPI in rats altered CBF–metabolism coupling—the normally

close relationship between CBF and metabolic activity [23]. Posttraumatic cerebral

vasospasm is an important secondary insult that occurs in more than one-third of
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patients with TBI and indicates severe damage to the brain [24]. For example, in a

closed-head acceleration impact model, there was decreased vasoconstriction fol-

lowing TBI, which may be due to changes induced by endothelin-1 induced

pericyte-mediated regulation of microvessel blood flow following TBI. Moreover,

the results also suggested that endothelin receptor-A antagonists ameliorate trauma-

induced hypoperfusion, in part, by inhibiting endothelin-1-mediated upregulation

of alpha-smooth muscle actin in pericytes [25]. The posttraumatic status of vascular

reactivity and autoregulation also has important implications with regard to the

treatment of high ICP, in particular for the use of hyperventilation and pharmaco-

logic management of blood pressure, which have been discussed in detail [26]. Clin-

ical studies suggested TBI patient outcome was correlated with the degree of

autoregulation [27]. TBI can be associated with an imbalance between cerebral

oxygen delivery and cerebral oxygen consumption. Although this mismatch is

induced by several different vascular and hemodynamic mechanisms as indicated

earlier, the final common endpoint is brain tissue hypoxia. Dysfunction of cerebral

autoregulation may be caused by multiple pathogenic factors and their dynamic

interactions, but the pathophysiology and related therapy development remain

largely lacking [4].

13.2.3 Other Cerebrovascular Responses After TBI

Besides the reduced CBF and cerebral autoregulation dysfunction, there are other

pathophysiological mechanism related to vascular response after TBI, such as

edema (cytotoxic and vasogenic edema), BBB dysfunction, vascular inflammation,

microthrombosis, and vascular remodeling. There are some review articles which

summarized these topics [28–33] and are discussed on other chapters of this book.

In this chapter, only a brief introduction is provided below.

13.2.3.1 Brain Edema

The current classification of brain edema relates to the structural damage induced

by the primary or secondary injury [28]. Vasogenic brain edema is caused by

mechanical or autodigestive disruption or functional breakdown of the endothelial

cell layer (an essential structure of the blood–brain barrier) of brain vessels.

Disintegration of the cerebral vascular endothelial wall allows for uncontrolled

ion and protein transfer from the intravascular to the extracellular (interstitial) brain

compartments with ensuring water accumulation. Anatomically, this pathology

increases the volume of the extracellular space. For many years, vasogenic brain

edema was accepted as the prevalent edema type following TBI. The development

of mechanical TBI models (“weight drop,” “FPI,” and “CCI injury”) and the use of

magnetic resonance imaging, however, revealed that “cytotoxic” edema is of

decisive pathophysiological importance following TBI as it develops early and
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persists while BBB integrity is gradually restored. These findings suggest that

cytotoxic and vasogenic brain edema are two entities which can be targeted

simultaneously or according to their temporal prevalence [28, 34, 35].

13.2.3.2 Blood–Brain Barrier Damage

The majority of the models of experimental TBI produce some degree of increased

BBB permeability. Both clinical and experimental investigations demonstrate that

TBI results in BBB opening within minutes and persists for hours to days after

injury, providing further evidence that the cerebral vasculature is functionally and

morphologically damaged by TBI. Evidence from experimental animal models

have demonstrated that BBB damage contributes to posttraumatic inflammation

and edema formation [29].

13.2.3.3 Vascular Inflammation

TBI induces a complex array of immunological/inflammatory reperfusion injury.

Both primary and secondary insults activate the release of cellular mediators

including proinflammatory cytokines, prostaglandins, free radicals, and comple-

ment [36]. These processes induce chemokines and adhesion molecules and in turn

mobilize immune and glial cells in a parallel and synergistic fashion. Brian tissue

infiltration by leukocytes is facilitated via upregulation of cellular adhesion mole-

cules such as P-selectin, intercellular adhesion molecules (ICAM-1), and vascular

adhesion molecules (VCAM-1) [37]. In response to these inflammatory processes,

injured and adjacent tissue will be eliminated and within hours, days, and weeks

astrocytes produce microfilaments and neutropines ultimately to synthesize scar

tissue [38]. The progression of tissue damage relates to direct release of neurotoxic

mediators or indirectly to the release of nitric oxide and cytokines. The additional

release of vasoconstrictors (prostaglandins and leucotrienes), the obliteration of

microvasculature through adhesion of leucocytes and platelets, the BBB leakage

and the edema formation further reduce tissue perfusion and consequently

aggravate secondary brain damage [31].

13.2.3.4 Cerebrovascular Microthrombosis

Cerebrovascular damages leading to subsequent reductions in regional cerebral

blood flow (rCBF) may play an important role in secondary cell damages

following TBI. In a cortical contusion model of rats, histological examinations

revealed microthrombosis formation in the contused area, extending from the

center to the peripheral areas within 6 h post-injury. The rCBF decrease and the

contusion necrosis volume were significantly attenuated by platelet activating

factor antagonist etizolam administration, suggesting that platelet activating
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factor is involved in microthrombosis formation and hemodynamic depression,

resulting in ischemic damages within areas surrounding the contusion [39]. In

rats subjected to CCI, in vivo fluorescence microscopy determined rolling of

leukocytes on the cerebrovascular endothelium of both in arterioles and venules,

leukocyte-platelet aggregates in venules, and microthrombi occlusion in up to

70 % of venules and 33 % of arterioles, suggesting that immediate posttraumatic

decrease in pericontusional blood flow is not caused only by arteriolar vasocon-

striction, but by platelet activation and the subsequent formation of thrombi in the

cerebral microcirculation [33].

13.2.3.5 Vascular Remodeling

The recovery of common functional disabilities after TBI can continue for months

to years. A critical factor for recovery of tissue structure and function is the

availability of oxygen and nutrients in the blood stream. Hemodynamic and cere-

brovascular factors are crucially involved in secondary damage after TBI. In rat

TBI model of LFP, there was widespread ipsilateral and contralateral

hypoperfusion. Hemodynamic unrest may partly be explained by an increase in

blood vessel density over a period of 2 weeks in the ipsilateral hippocampus and

perilesional cortex [40]. Several studies have also suggested that enhanced

neurovascularization, especially in the acute phase after stroke or TBI, improves

motor recovery [41]. One study for chronic vascular response in an experimental

CCI models of rats demonstrated remarkable reduction in CBF in the cortex and

hippocampus but not in the thalamus at 1 year after TBI [42]. In a TBI rat model of

LFP injury, animals were followed-up for 9 months and examined with MRI-CBF,

histologic assessment of vascular density, and neurobehavioral analysis [43]. Exper-

imental results showed that each of the investigated brain areas has a unique pattern

of vascular abnormalities; chronic alterations in CBF could not be attributed to

changes in vascular density; chronic hippocampal hypoperfusion and impaired

performance in hippocampus-dependent memory task may predict a later increase

in seizure susceptibility [43].

The adult central nervous system (CNS) vasculature is extremely stable under

physiological conditions, but is activated after injury [44]. Adult vascular

remodeling includes angiogenesis by mature endothelial cells (that is, the forma-

tion of new capillaries from preexisting vessels) and vasculogenesis (de novo

formation of blood vessels when there are no preexisting ones) by endothelial

progenitor cells (EPCs) [41]. There is a substantial increase in vasculogenesis

following TBI [45]. Pharmacological agents such as erythropoietin (EPO),

statins, bone marrow stromal cells (MSCs), and thymosin beta4 promote angio-

genesis and improve functional recovery in rats after TBI. Neurorestorative

treatments targeting vascular remodeling might be a novel and effective approach

for TBI [41].
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13.3 Rodent Models of TBI in Study of Cerebrovascular

Responses

13.3.1 Commonly Used Rodent Models of TBI

In the past 3 decades, several animal models of TBI have been established using a

variety of species including rodents, cats, pigs, dogs, and nonhuman primates.

However, in the recent 20 years, the use of rodents dominated the TBI field and

comprises today the most widely adopted approach for TBI research [46]. This is

due to several reasons including the simplicity of carrying out the surgery, ease of

utilizing larger groups, limited costs, and available transgenic animal for targeting

specific genes or signaling pathways. Additionally, that rodent TBI models are

commonly used because use of large animals are associated with controversial

ethical issues, difficulty in providing surgical facilities and post-surgery care

and lack of established behavioral testing [47]. Previous literature has provided

excellent summaries of the TBI animal models [47–52]; more details will not be

discussed in this chapter.

The establishment of animal models of TBI shares the ultimate goals of

reproducing patterns of tissue damage observed in humans, reproducible and highly

standardized to allow for the manipulation of individual variables, and to finally

explore novel therapeutics for clinical translation. When confronted with the choice

of the experimental model, it becomes clear that the ideal animal model does not

exist. This limitation derives from the fact that most models mimic either focal or

diffuse brain injury, whereas the clinical reality suggests that each patient has an

individual form of TBI characterized by various combinations of focal and diffuse

patterns of tissue damage. These heterogeneous TBI in humans are additionally

complicated by the secondary insults, modalities of traumatic events, age,

gender, and heterogeneity of medical treatments and preexisting conditions

[49, 52]. There are three specific and most commonly used rodent models of TBI

(see paper) [52], including FPI, CCI and closed-head weight drop impact (WDI)

injury models [47, 50, 52].

13.3.2 Translational Advantages and Limitations of TBI
Rodent Models

13.3.2.1 Fluid Percussion Injury Model

The FPI model of TBI is currently one of the most commonly used and well-

characterized preclinical models of TBI by applying direct brain deformation [53,

54]. This model involves exposing intact dura by trephination craniotomy and

performing impact of a rapid fluid bolus on dura surface by a falling pendulum.
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FPI model can produce mostly focal damage to regions of cortex and hippocampus,

but there is also a significant degree of axonal injury in the ipsilateral corpus

callosum, capsula interna and externa, and thalamus making this model more

clinically relevant [55]. The unilateral FPI may also induce contralateral damage

[53, 54]. The immediate physiological responses to FPI comprise change in

blood pressure [56], elevated ICP [57], reduced and fluctuating CBF [40], and

compromised vascular autoregulation [58, 59]. The increased cerebral vascular

resistance reflecting the enhanced vascular tone or vasospasm is also shown in FPI

models, but usually in larger animal models such as porcine instead of rodent

[60]. The patterns of BBB breakdown after TBI have also been well characterized

in rodent model of FPI [61]. Alteration of BBB permeability and cerebral edema in

rodents are frequently studied subjects in this model, with mechanisms of either

inflammatory infiltration or structural loss of microvasculature [62, 63]. However,

there are a few limitations of the FPI model, such as: (1) the pressure impact

characteristics and the mechanism of tissue injury in FPI model are not very similar

to those observed in clinical cases, making difficulties in comparison; (2) accurate

biomechanical analyses in FPI models are limited; (3) FPI model may be technically

challenging with differences in outcome among technicians and research centers

even at similar setting of severity level [64], thus impairing the reliability and

reproducibility of this model; (4) FPI model can cause relatively higher severity

and morbidity due to disproportional involvement of brainstem and development of

neurogenic pulmonary edema [47, 50, 52].

13.3.2.2 Controlled Cortical Impact Injury Model

CCI model is another widely used animal model of TBI. Its popularity in present

days may partly come from the fact that the most common brain lesion following

human TBI is cortical contusion, which is defined as a focal destruction of brain

tissue with micro hemorrhage [65, 66]. CCI may have the best ability of controlling

or adjusting severity of TBI among all the current models. Some models have an

attached computer-based device to accurately control the impact velocity, impact

depth, and the duration of compression, thus it offers potential advantages over FPI

model. CCI is thought to produce mostly focal brain injury, including local cortical

tissue loss, hippocampal and thalamic damage [67], and cortical spreading depres-

sion [68]. CCI-induced injury may also be widespread or even diffuse including

diffuse axonal injury in the hippocampus and thalamus [69, 70]. As described

earlier, the rat CCI model has been most commonly used the studying cerebrovas-

cular responses after TBI, making this model ideal for studying focal cerebrovas-

cular effects. In addition, CCI can produce specific, distinct, and long-lasting

behavioral deficits; hence it is suitable for analyzing outcomes related to vascular

events. CCI has some limitations including the following: (1) it relatively lacks

power to mimic diffused secondary damage; (2) CCI causes a large amount of

tissue loss in the cortex and even hippocampus, which is not comparable with the

extent of brain injury in human survivors; (3) the craniotomy procedure performed
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in CCI can attenuate raised ICP by mimicking decompression surgery in clinical

cases [71], this may compromise the modeling validity of CCI and leads to

misinterpretation of research data; (4) CCI has less involvement of brainstem and

mild diffused injury that could not produce long-lasting coma and carries much

lower mortality than other models, which limited its clinical relevance [47, 50, 52].

13.3.2.3 Weight Drop Impact Acceleration Injury Model

WDI injury model is a classic model of TBI; it is probably the easiest, fastest, and

cheapest one among all TBI models. The popularity of WDI led to many modifi-

cations to its original design to meet various requirements of TBI studies, but the

core mechanism of impact device in this model never changed. As its name implies,

WDI models employ a weight which is dropped through a guiding apparatus to

impact either the closed skull (closed skull WDI), a metal plate attached to the

vertex, or directly onto dura via a craniotomy (open skull WDI). For vascular

responses, the closed skull WDI model has been widely used in both mice and rats

[72, 73]; this is because the vast majority of clinical TBI cases is closed-head injury

[74]. A typical representation of closed skull WDI is the Marmarou’s weight drop

model [75]. Marmarou’s model has been used in the study of vascular response in a

hemisphere scale or even bigger scope and a wide range of reduced CBF and elevated

ICP have been exhibited due to impaired cerebral autoregulation during the acute

phase following impact [76–78], but without marked blood pressure fluctuation

[79]. WDI model shares most phenotypes of vascular responses with the FPI model,

but its most important feature is the unique advantage of being exempt from craniot-

omy [80, 81]. The integrity of skull provides a better basis to simulate the pathophysio-

logical condition of TBI. Closed WDI model also has limitations such as: (1) the

biomechanics of impact in thismodel is not fully and strictly controlled, likely causing

variation of severity among animals, especially compared with CCI; (2) WDI may

have the highest mortality compared with FPI and CCI; (3) there is a possibility of

“second hit” induced by theweight rebounding from the impact point, whichmay lead

to failure of delivering precise load of injury [47, 50, 52].

13.4 Summary

The heterogeneity of TBI is considered one of the most significant barriers to

finding effective therapeutic interventions. Among multiple confirmed pathological

events after TBI, the vascular response is one of the most important pathophysio-

logical components. It contributes to the increased sensitivity of the injured brain to

secondary hypoxia and hypotension and the increased mortality and morbidity

that occurs due to secondary insults after TBI in humans. A better understanding

of the vascular responses after TBI may lead to new therapeutic strategy develop-

ment. Rodent models of TBI are commonly used to study pathophysiology after
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TBI. Translational advantages and limitations of each rodent TBI model should

be considered for experimental investigations of cerebrovascular responses

after TBI.
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Chapter 14

SAH Models: Review, New Modification,

and Prospective

Sheng Chen, Damon Klebe, Alexander Vakhmyanin, Mutsumi Fujii,

and John H. Zhang

Abstract Subarachnoid hemorrhage (SAH) is a devastating type of hemorrhagic

stroke. It is characterized by spontaneous or traumatic bleeding in the subarachnoid

space and is associated with a high rate of morbidity and mortality. A reproducible

animal model of SAH that mimics the acute and delayed brain injury history after

SAH will be an invaluable tool for exploring the underlying mechanisms of

SAH-induced brain injury and evaluating potential therapeutic interventions. At

present, a number of models have been developed, mainly the double injection

model and the endovascular puncture model. While different species have been

studied, rodents have become the most popular and widely utilized animal subjects.

In this summary, we will explore in detail the various models and animal species.

We will also introduce the emerging modified model, which was recently devel-

oped within the past 5 years, and discuss the prospective study.

14.1 Introduction

When healthy persons are suddenly seized with thunder pains in the head, quickly

laid down speechless, and breathing with stridor, they die in 7 days. It was the

earliest known description of subarachnoid hemorrhage (SAH) from Hippocrates.

AWorld Health Organization report found the annual incidence of aneurismal SAH

ranges from 2.0 to 22.5 cases per 100,000 population in age-adjusted adults

[1]. Although SAH accounts for only 5 % of all strokes, its burden on society is

relevant due to the young age at which it occurs, high mortality and disability, and

poor outcomes [2]. Despite obliterating the offending aneurysm and removing the

risk of rebleeding, the median mortality rate of SAH in epidemiological studies

from the United States is 32 %, although this statistics does not fully account for
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prehospital deaths from SAH [3]. The hope of improving SAH patient outcomes has

not been realized. Hence, further studies on the pathophysiology of SAH remain

highly valued.

Recently, the theory that cerebral vasospasm is the only cause of brain injury in

SAH patients is being increasingly questioned, and hypotheses of other mecha-

nisms contributing to early or delayed brain damage are being discussed

[4]. Delayed vasospasm was regarded as the single most important, treatable

cause of mortality and morbidity after SAH. However, disappointing results from

an endothelin receptor antagonist treatment, clazosentan, were observed in

CONSCIOUS-2 trials [5]. Clazosentan succeeded in steering patients out of vaso-

spasm in a randomized, double-blind, placebo-controlled, phase III trial

(CONSCIOUS-3), but failed to reduce mortality [6]. Currently, more attention

has been focusing on global cerebral injury within 72 h post-ictus, which was

termed early brain injury (EBI) [7]. Multifactorial pathophysiological processes

are considered to be the important triggers in SAH-evoked EBI, which involve

acute elevated intracranial pressure (ICP), reduction in global cerebral blood flow

(CBF), brain edema, oxidative stress, inflammation, and apoptosis [8]. Hence, it is

very important to design and utilize a suitable model according to the intended

research purpose.

Ideally, studies on the pathogenesis and treatment of SAH should be using

human cerebral arteries. However, using live human vessels is clearly not possible

in in vivo experimental studies. In addition, only a little information can be obtained

from postmortem evaluation of arteries taken from humans that died from SAH

[9]. Moreover, there are no naturally occurring animal models of SAH. Hence,

animal models of SAH in various species have been developed for this purpose. The

first SAH model was invented in 1928. They infused blood into the subarachnoid

space of a dog to simulate the lesion occurring in humans, where a small amount of

blood escapes into the subarachnoid space. After its introduction, many techniques

have been used to deliberately produce SAH in animals that recapitulate this vexing

problem in humans [10]. So far, several animal species and SAH models have been

developed to better understand SAH pathophysiology, including monkeys,

baboons, pigs, rabbits, dogs, cats, rats, and mice [11]. Among those species, the

rat is excellent for mimicking SAH because it is relatively inexpensive, easy to

manipulate in a laboratory setting, and has been extensively studied. However, no

animal model perfectly mimics the phenomenon of EBI and cerebral vasospasm in

humans after SAH.

In this review, we will describe both the existing and emerging models and

compare their advantages and disadvantages in order to help you choose the most

suitable models for your aim.
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14.2 In Vivo Models

In vivo experimental models have been used to investigate diverse aspects of SAH,

including its natural history, pathophysiology, diagnosis, and treatment. More than

50 different experimental models have been identified with the aim of reproducing

the clinical sequelae after SAH. These models used two major techniques to

simulate SAH: (1) an artery was punctured, allowing blood to escape and collect

around the artery and neighboring vessels; (2) an artery was surgically exposed and

autologous blood, obtained from another site, was placed around the artery.

14.2.1 Vessel Dissection and Puncture Model

SAH is often elicited by aneurysmal rupture in humans. To closely mimic the

human situation after SAH, many different bleeding techniques have been proposed

and applied in several species, including mice, rats, rabbits, dogs, primates, cats,

pigs, and goats [12].

The vessel avulsion in dogs was the first model used to characterize the biphasic,

vasospastic response of large cerebral arteries after SAH [13]. The authors left a

suture in the anterior cerebral artery (ACA) by a 4–0 silk loose ligature. Then

pulling the suture in the external ear canal produced the ACA rupture. More

importantly, they observed a biphasic phenomenon of SAH-induced vasospasm

using this experimental technique. The acute phase occurred within minutes of the

rupture and lasted no more than 1 h. The chronic phase occurred 3–24 h after the

catastrophic hemorrhage and lasted for days. One clear advantage of this model is

the biphasic phenomenon occurred repeatedly within the animals as they were

awake, which mimics the clinical situation of sudden unconsciousness seen in

humans. However, neurological function in this model was highly variable. A

similar technique was performed to observe a biphasic vasospasm by Nagai and

colleagues [14]. Willis circle was explored after a left subtemporal craniotomy. A

threaded needle (~0.33 mm) was left in the posterior communicating artery (PCoA)

to induce SAH. Their results suggested rapidly increased ICP seemed to be a crucial

factor in producing diffuse early spasm. Asano et al. also performed the internal

carotid artery (ICA) avulsion model by withdrawing a needle that was previously

inserted into the ICA through a small craniectomy in the lateral base of the skull in

dogs [15]. They observed the biphasic ICP pattern, which resulted in reactive

hyperemia after the first ICP peak and failure to recover adequate CBF and EEG

after the second, prolonged ICP elevation. Thus, they suggest an important role for

the no-reflow phenomenon in the acute stage of SAH.

With the development of endoscopic methods, the preferred species in SAH

studies changed from dog to murine. Murine became the most commonly used

animals for SAH induction. Murine are relatively cheap and convenient for housing

care and surgery. They also provoke less opposition from animal rights groups.
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Several early models that focused on vasospasm involved basilar artery puncture

through the midline portion of clivus. In 1979, Barry et al. first tried to induce SAH

by developing a lesion around the wall of the basilar artery with a stereotactically

controlled tungsten needle, thereby emulating the natural occurrence of SAH. They

controlled bleeding under an operating microscope, which is helpful in making a

consistent and reproducible model [16]. Most importantly, this study determined

the suitability of the rat for SAH models, although there were some deficiencies.

The basilar artery puncture method of experimental SAH in rats holds promise for

studying the chronic changes in CBF in the telencephalon, but it failed to produce

chronic cerebral vasospasm and delayed cerebral ischemia [17]. It is widely

accepted that the models utilizing transclival puncture of the basilar artery produce

vasospasm 24 and 48 h after surgery and return to baseline after 72 h. However, the

model presented several limitations, including the need for craniotomy and

arachnoidal dissection or surgical placement of an infusion catheter, small and

slow elevations of ICP, and limited blood distribution. To overcome these disad-

vantages, one new rat SAH model was developed, the endovascular suture tech-

nique [18, 19]. The endovascular perforation results in a very rapid and

reproducible elevation of ICP, which is detectable from the beginning to 72 h

after SAH [20, 21]. The endovascular perforation model exhibits pathological

characteristics, such as rupturing of the main cerebral artery with arterial bleeding,

and the model produces more profound pathophysiological and histological

changes to the brain and cerebral vessels. The surgical procedure involves perfo-

rating the ICA near its intracranial bifurcation between the ACA and the middle

cerebral artery (MCA) by means of a sharp ended 3–0 or 4–0 monofilament suture

inserted through the stump of the external carotid artery (ECA). The suture passes

through the common carotid artery (CCA) bifurcation and into the ICA. The

filament is advanced distally into the intracranial ICA until resistance is felt and

then pushed 2–5 mm farther to perforate the artery. Subsequently, the suture is

withdrawn, producing SAH. The endovascular perforation model is able to repre-

sent clinical situations because it mimics intracranial aneurysmal rupture with a

considerably high mortality ranging between 30 and 50 % after 24 h [22]. The best

advantage of this puncture model is it does not require a craniotomy. Recently, the

puncture SAHmodel is believed to better mimic the pathophysiological events after

aneurysm rupture with a mortality rate similar to the clinical catastrophe seen in

humans (40–50 %). Hence, of all the vessel puncture or avulsion models, the

endovascular perforation model is very popular and most widely applied, especially

in translational studies, although uncontrollable blood distribution is a well-known

weakness of this model. In this approach, the types and sizes of the filament used to

perforate a cerebral artery seems to be correlated with the amount of extravasated

blood [23–25]. Some researchers tried to control the bleeding by keeping the suture

in the artery, but they failed because ischemic development complicated the model.

Numerous transgenic mice have been generated, which are strong research tools.

The transgenic mice are able to isolate a single gene product by either nullifying or

augmenting gene expression. The transgenic models not only have the potential to

provide insights into disease mechanisms but also are useful tools for testing new
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treatments for SAH. The inherent technical difficulty, however, in establishing a

simple, reliable, and reproducible model in mice is the small size of the animal.

With the development of microsurgical technology, the puncture technique was

also adapted to mice. A mouse SAH model was produced by endovascular arterial

rupture in the bifurcation of the ACA and MCA [26]. Recently, the therapeutic

effect of some drugs against EBI was examined based on the mouse endovascular

puncture model [27, 28]. Overcoming the apparent technical impediments in

establishing a mouse model of SAH would be considerably valuable. Increased

efforts should been directed toward developing a simple, reliable, and reproducible

mouse model of SAH.

Non-human primates are very close in genome, anatomy, and physiology to

humans, thus the models of SAH in non-human primates are believed to be the best

candidates for replicating clinical SAH. The puncture monkey model through a

small anterior craniotomy was first reported in 1968 [29]. A penetrating insult to the

wall of a major cerebral vessel is sufficient to induce long-standing constriction in

monkeys. Puncturing the ICA in primates can produce acute and delayed vaso-

spasm [30]. However, a craniotomy is needed and delayed vasospasm was found in

only 65 % of cases. More importantly, non-human primate models are usually time-

consuming and demand complex surgical manipulation, such as anesthesia, angi-

ography, and craniotomy.

Taken together, the endovascular perforation model (a non-craniotomy model)

is believed to closely mimic the acute pathophysiological changes of an aneurysmal

rupture in humans [25, 31] and was, therefore, selected for the investigation of EBI.

However, the lack of control over the hemorrhage volume, resulting in a high

morbidity and mortality rate, significantly impacts its use for therapeutic studies.

14.2.2 Blood Injection Model

The blood injection model, which directly injects blood into the subarachnoid

space, is another widely used technique for inducing experimental SAH. This

technique is able to elicit early and delayed vasospasm in a variety of species,

although its presence depends on the site of injection.

In 1961, autologous blood was injected into the chiasmatic cistern using a small

needle, which was the first to report a “one-hemorrhage” SAH experimental model

[32]. It appears some animals had severe injuries with SAH symptoms. After 1 year,

another new method was introduced to inject blood into the chiasmatic cistern using

a needle passed under the zygomatic arch and directed toward the optic foramen.

This and subsequent studies using the same model in dogs were used to analyze the

effects of dehydrating agents in increased ICP [33, 34]. Also, primate models of

SAH utilizing blood injection into the chiasmatic cistern through a transfrontal

approach generally have high success rates of inducing cerebral vasospasm and

producing high mortality rates, although scarce data have been reported on mortal-

ity and neurological scores [35]. Moreover, the prechiasmatic injection model in
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experimental rats was a suitable candidate to study the acute phase after SAH [36],

because it produced a sudden increase in ICP to MABP levels, a significant

decrease in CBF, and substantial neuronal death, even when observing the distri-

bution of blood clots in the basal cisterns. Additionally, more than 90 % of SAH

cases resulted from rupture of an aneurysm in the anterior circulation [37]. In some

studies, however, the biphasic pattern of vasospasm was present only in small

subgroups of animals after injecting fresh blood into the chiasmatic cistern through

the optic canal following orbital exenteration, and the neurological deficits were

none or only lasting a few hours [38].

To overcome the weakness of the chiasmatic cistern infusion model, a

pioneering model was performed by means of blood injection into the cisterna

magna in a small group of cynomolgus monkeys [39]. In this study, vasospasm

seemed more pronounced with whole blood compared with serotonin, which

corroborated with Echlin’s opinion that “other factors, not serotonin, in blood

cause vasospasm” [40]. The study also demonstrated that introduction of blood

into the cisterna magna induced at least as much or more constriction in the MCA

than other intracranial arteries. Another line of investigation utilized the injection of

autologous erythrocyte hemolysate into the cortex of mice. The arteries in the

subarachnoid space were not directly assessed for vasospasm in this study. How-

ever, it is noteworthy that the hemolysate did not reach the basal cisterns and the

acute mortality rate was 16 % [41]. In addition, vein blood obtained from a dog leg

was injected into the cisterna magna, the subarachnoid space over the cerebral

hemispheres, and, occasionally, the cerebral ventricles. Dogs with injected blood

exhibited an altered clinical course as SAH patients, and pathological changes were

observed in stained sections of their brains. The single blood injection model had

observed maximal narrowing on days 2–4, but the double injection model had

observed maximal narrowing on days 7–10 [12]. To improve the success rate,

repeated injections of blood into the basal cisterns in the head-down position

after injection was stressed to induce cerebral vasospasm, worsen neurological

status, and create dysfunctional autoregulation [42]. In order to increase the preci-

sion of blood injections, stereotactic methods and catheter implantations were

encouraged [43]. The next major advancement in the development of an SAH

model was created by Varsos and collaborators [44]. They performed double-

injections of autologous blood into the cisterna magna 48 h apart via small-gauge

needles in dogs. The “two-hemorrhage” model was certified for better simulating

vasospasm and has been used most frequently in inducing vasospasm after SAH.

This double-injection model resulted in cerebral vasospasm development in 100 %

of animals. This slight modification is a great step in the field of vasospasm study.

This model also demonstrated an acceptable mortality [45]. The simplicity makes it

a widely applied technique. However, there are some considerable drawbacks:

(1) after injection of blood into the cisterna magna, neurological functioning

usually remains intact, and the mortality rate is surprisingly lower than in humans,

(2) because leakage of a considerable amount of blood during injection and after

removal of the needle leads to an insufficient quantity of subarachnoid blood around

the circle of Willis, even with the use of hemostyptic materials, the possibility of

260 S. Chen et al.



excluding animals is high, (3) this model requires two large surgeries to expose the

femoral artery and the atlanto-occipital membrane. The second blood injection

24 or 48 h after the initial injection, which is obscured by the discolored and

nontransparent dura mater, increases the risk of severe injury to the brain stem or

cerebellum [46].

In conclusion, the double hemorrhage model represents a well-established

experimental model frequently employed for delayed cerebral vasospasm, mainly

defined by proximal vessel narrowing and neurological deterioration observed in

the clinic. The great advantage of the SAH injection model is it allows for close

control of subarachnoid blood volumes [47] and has a low morbidity and mortality

rate, which are criteria for an ideal animal model [45].

14.3 In Vitro Model

Generally, there are two kinds of compounds that could produce delayed vasospasm

after SAH: (1) some compounds or their metabolites found in blood, such as

hemoglobin (Hb) and bilirubin oxidation products (BOXes), and (2) compounds

regulated or induced from production of blood around blood vessels directly or

indirectly from blood itself, blood vessels, or brain, such as endothelin or nitric

oxide [48]. Neuron, astrocyte, and vascular smooth muscle cells were grown in

culture and exposed to those compounds to mimic an in vitro model of SAH

[49]. Vascular smooth muscle was predominantly used from CSF in SAH patients

to force generation and reserve oxidative stress for vasospasm, but it is histologi-

cally, metabolically, and functionally abnormal in vessel walls. However, there are

no good alternatives for in vitro SAH modeling that equal in vivo models.

14.4 Emerging Modified Models in the Last 5 Years

A CCA-prechiasmal cistern shunt model was established in which the SAH severity

could be controlled by changing the bleeding time [50]. However, this model has

uncontrolled pressure, is time-consuming, and demands delicate surgical manipu-

lation. Fortunately, a closed-cranium ICP-controlled rabbit SAH model was

performed using an extra-intracranial blood shunt from the subclavian artery into

the cerebromedullar cistern [51, 52]. The blood shunt rabbit SAH model can mimic

both EBI and vasospasm, eliciting acute physiological derangements, provoking

marked and consistent early damage to the brain 24 h post-surgery, and triggering a

high degree of delayed cerebral vasospasm. These findings make this model a valid

tool for investigating pathophysiological mechanisms and novel treatment modal-

ities for SAH. An advantage of this model is the consistent ICP, which is a desirable

characteristic in an experimental SAH model. The initial event of increased ICP is
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considered to be crucial for early physiological derangements that are responsible

for acute brain injury in aneurysmal SAH.

Another modification rat SAHmodel was presented by percutaneous injection of

autologous, non-heparinized blood into the intracisternal space [53]. Once anesthe-

tized, rats were fixed in a prone position in a stereotaxic frame. After finding the

projection of the occipital bone, the needle is advanced toward the foramen

magnum until it punctures through the atlanto-occipital membrane and obtains

cerebrospinal fluid. Autologous blood was withdrawn from the tail and injected

intracisternally. The average time between obtaining the blood and the start of the

injection was very short, so the model did not require treating the blood with

heparin to avoid coagulation at the time of injection. It could reduce the effect of

Heparin in SAHmodels, since Heparin can reduce neuroinflammation and neuronal

apoptosis [54]. This model is simple to perform, minimally invasive, quick, repro-

ducible, and has low mortality, which makes it suitable for future studies on

vasospasm-related delayed SAH complications.

The classical double injection model requires twice large surgeries to expose

both the femoral artery and the atlanto-occipital membrane, which induces severe

damage. To overcome these weaknesses, Dusick et al. set out to refine a minimally

invasive modification that prevents confounding effects of surgical procedures,

reduces leakage of blood from the subarachnoid space, and minimizes risk of

infection [55]. The rat was placed prone with the head downward to 90� in a

stereotactic frame, so that the cisterna magna was aligned with the intermeatal

line. An angiocatheter is advanced in a vertical trajectory level with the external

auditory canals. The needle is slowly advanced to puncture the atlanto-occipital

membrane and observed for CSF. A syringe withdraws a small amount of CSF and

the blood is injected into the subarachnoid space. After 24 h, the procedure was

repeated. This model was feasible and produced neurological deficits as previous

double-injection models. It consequently appears to be an excellent platform for

future laboratories to study neuroprotective treatments for delayed vasospasm and

neurological dysfunction following SAH.

A modified SAH model was presented in mice [56, 57]. Briefly, under general

anesthesia, animals were flipped into the prone position. A mechanical support was

placed under the clavicles to position the head flexed at a 30� angle. Using a

surgical microscope, the posterior cervical muscles were initially dissected through

a suboccipital midline skin incision. The transparent atlanto-occipital membrane

and an underlying intracisternal vein were exposed. Blood was allowed to transect

from the vein to the subarachnoid space through a pair of microjewelers. This

procedure has the advantage of requiring surgery at only one site. The model not

only inherited the advantages of currently used mouse models of vasospasm but

also streamlined the procedure without losing reliable vasospasm development.

To circumvent the disadvantages of directly injecting blood into the cisterna

magna, especially those related to the blind nature of the second injection, this

study, based on the method from Solomon et al. [58], employed the injection of

autologous blood into the cisterna magna via a thin catheter, which was carefully

implanted through a small burr hole in the parieto-occipital. The catheter was left in
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position with a tight-fitting, flexible inner wire, allowing for SAH induction that is

several times safer. Autologous blood was aspirated from a tube in the left femoral

artery. Consequently, one strength of this model is its low mortality rate, only

1.5 %. Furthermore, the authors observed a lower blood volume resulted in a lower

mortality rate. This low-mortality, double hemorrhage model seemed to be suitable

for studying both acute and chronic injury after SAH [46].

14.5 Future Direction of the SAH Model

A suitable animal model to optimize the pathophysiology of SAH in humans

remains a challenge. The limitations of recent models must be carefully considered.

We propose some aspects to improve the SAH model for successful translation of

pathophysiological concepts and therapeutics from bench to bedside.

Previously, neurovascular unit was restricted to endothelial cells, neurons

and glia within millimeters of the cerebral capillary microcirculation. We now

highlighted the roles of vascular smooth muscle, endothelial cells, and perivascular

innervation of cerebral arteries in the neurovascular unit to prevent and progress the

stroke. We also proposed that the vascular neural network should be considered the

key target for therapeutic intervention after cerebrovascular damage in future [59].

All recent models aimed to mimic EBI and delayed vasospasm. However, little

literature focused on long-term studies. Since one-third of SAH patients will

survive and suffer with long-term disabilities, we should pay more attention to

long-term SAH studies. Thus, a suitable model for long-term SAH study should be

developed.

SAH is well known for inducing hydrocephalus, seizures, and other complica-

tions. Most studies report an overall 20–30 % incidence of hydrocephalus after

SAH [60]. Those complications are often associated with unfavorable outcomes

[61]. However, animal models focusing on complications after SAH are very rare.

Future studies should differentiate suitable models in detail that target those

complications.

SAH is also associated with weakness, fatigue, sleep disturbances, anxiety,

depression, posttraumatic stress disorder, as well as cognitive and physical impair-

ment [62]. Symptoms of depression and/or posttraumatic stress disorder have been

shown to be present up to 41 % of post-SAH patients. Those symptoms are usually

associated with white matter injury. The mechanism of post-SAH white brain injury

remains unclear, possibly due to the lack of experimental studies. Thus, there is

great need for development of animal models for post-SAH white matter injury.

Genome-wide association studies have identified novel genetic factors that

contribute to intracranial aneurysm susceptibility. Hence, it is possible to produce

an aneurysm on cerebral vessels experimentally using genetic technology [63]. We

can study aneurysmal SAH using transgenic mice, which is close to the whole

natural history in SAH patients.
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14.6 Conclusion

In conclusion, although there are no ideal models or animal species that can mimic

the natural history in SAH patients, each model can be used to study certain aspects

of the pathophysiological process behind SAH. At present, there are no good

alternatives for in vitro SAH modeling that equal in vivo models. Furthermore,

future models focusing on complications after SAH are needed to improve SAH

research and develop better outcomes for SAH patients.
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Chapter 15

Age and Sex Differences in Hemodynamics in

a Large Animal Model of Brain Trauma

William M. Armstead and Monica S. Vavilala

Abstract Traumatic brain injury (TBI) is a global health concern and is the leading

cause of traumatic morbidity and mortality in children. Despite a lower overall

mortality than in adult traumatic brain injury, the cost to society from the sequelae

of pediatric traumatic brain injury is very high. Predictors of poor outcome after

traumatic brain injury include altered systemic and cerebral physiology, including

altered cerebral hemodynamics. Impaired cerebral hemodynamics, including cere-

bral blood flow and autoregulation following TBI may adversely impact poor

outcome and may be age and or sex dependent. Yet, there is a paucity of informa-

tion regarding changes in cerebral blood flow and cerebral autoregulation after

pediatric TBI by age and sex. In this chapter, we first discuss clinical observations

of pediatric TBI and how these can be used to better mimic TBI in a basic science

large animal model of brain injury, the pig. Mechanistic explanations for age- and

sex-dependent differences of TBI will focus on the spasmogen endothelin-1,

glutamate, and the signaling system mitogen-activated protein kinase. Treatment

strategies used for improvement of cerebral hemodynamics after TBI will consider

the role of pressor choice in outcome. These data advocate for the consideration of

development of sex-based therapies for treatment of hemodynamic sequelae of

pediatric TBI.

15.1 Introduction

Traumatic brain injury (TBI) is the leading form of pediatric trauma and accounts

for 36 % of deaths in US children 1–14 years of age [1, 2]. Despite a lower overall

mortality than in adult traumatic brain injury, the cost to society from the sequelae

of pediatric traumatic brain injury is very high. Clinically, it is necessary to
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understand the pathophysiologic responses in children after TBI in order to opti-

mize mechanistically appropriate therapeutic modalities. In addition to the delete-

rious effects of early hypotension, low Glasgow Coma Scale score, coagulopathy,

hyperglycemia, low compromised CBF, and impaired autoregulation are also

associated with poor outcome after pediatric TBI [3–9]. Yet, little is still known

about changes in cerebral blood flow (CBF) and cerebral autoregulation after TBI.

Moreover, unlike the adult TBI literature, very little is known about the influence of

age and sex on TBI and TBI-related outcomes. Small studies suggest that children

less than 4 years and boys have worse outcomes compared to girls after TBI [1,

10]. Most cerebrovascular data in children are derived from critically ill neonates

but the role of sex has not been typically examined. The paucity of information in

these areas and on the effect of age and sex on the course of pediatric TBI and its

outcomes leaves clinicians without a clear understanding of how to optimally

manage hemodynamics [11]. However, basic science approaches enhance our

understanding of the mechanisms underlying the cerebrovascular pathophysiology

after TBI [11]. In this review, the current understanding of cerebrovascular hemo-

dynamics, including cerebral autoregulation, in TBI will be discussed, focusing on

the influences of age and sex using a large animal (pig) model of TBI.

15.1.1 Types and Models of Injury

Each of the models available for use in the immature can be categorized in terms of

the model having characteristics of one of the two types of brain injury: focal and

diffuse [12]. Focal models of TBI produce either a contusion or a localized regional

area of injury. Clinically relevant focal brain injuries include cerebral contusion and

laceration, as well as hemorrhages and hematomas. Diffuse brain injuries include

cerebral concussion and prolonged traumatic coma caused by diffuse axonal injury.

Some of the focal models of TBI include weight drop, controlled cortical impact,

and subdural hematoma [13]. An example of a diffuse model of TBI is impact

acceleration, while fluid percussion brain injury (FPI) has elements of both diffuse

and focal injuries [13]. FPI, in fact, can be of two types: lateral and medial. A lateral

injury primarily includes cerebral cortical damage whereas a medial injury involves

the brainstem in injury [14, 15]. Diffuse TBI and diffuse cerebral swelling in

general are more common in children than adults [12]. The lateral FPI technique

has been suggested to be a good model for shaken impact syndrome [13], an

example of child abuse.

15.1.2 The Role of Species in Model Choice

Many studies of head injury in immature animals to date have utilized rodent

models. However, rodents have a paucity of white matter. Piglets, in contrast,
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provide many advantages in modeling the human brain. The overall shape, gyral

pattern, and distribution of grey and white matter are similar in pigs and humans

[16]. The growth pattern of the postnatal brain is similar to that of human infants

[17]. The response of the piglet to hypoxia and ischemia appears parallel to that

observed in human infants [18]. Additionally, CBF and metabolism are similar and

the piglet matures in a manner similar to the human with respect to myelination and

brain electrical activity [19]. Selective vulnerability in the white matter similar to

that observed in the human infant has been demonstrated in piglets with a model of

acute subdural hematoma [20]. Therefore, the gyrencephalic pig brain containing

substantial white matter appears to be an excellent choice to model human TBI.

15.1.3 Clinical Observations Inform Basic Science Modeling
of TBI

Much of the data estimating CBF in healthy children and in children with TBI have

been obtained using transcranial Doppler (TCD) ultrasonography. TCD ultrasonog-

raphy is the more commonly used tool to estimate CBF largely because it is a

noninvasive imaging tool operable at the bedside. TCD ultrasonography measures

cerebral blood flow velocity (CBFV) of the basal cerebral arteries. Although it is

not a direct measure of CBF, changes in CBFV generally correlate well with

changes in CBF [21, 22]. Compared to children without TBI, children with TBI

have lower middle cerebral artery velocity [23] and cerebral hypoperfusion (CBF

< 25 mL/100 g/min) is the dominant derangement [24]. Cerebral hypoperfusion is

associated with cerebral ischemia and poor outcome [25–27]. Nonetheless, follow-

ing severe pediatric TBI, CBF may also be normal or high [27] and may result in

cerebral hyperemia and cerebral hemorrhage.

Cerebral autoregulation is a homeostatic process; arterioles dilate and constrict

to maintain CBF nearly constant over a range of blood pressures. In healthy adults,

changes in mean arterial pressure (MAP) between 60 and 160 mmHg or cerebral

perfusion pressure (CPP) between 50 and 150 mmHg produce little or no change in

CBF [28, 29]. Conversely, this adaptive mechanism maintains constant (adequate)

CBF by decreasing cerebrovascular resistance or when MAP/CPP decreases.

Beyond these limits of autoregulation, CBF depends on CPP; hypotension may

result in cerebral ischemia, and hypertension may cause cerebral hyperemia. Hypo-

tension after pediatric TBI is associated with poor outcome [7–9]. Cerebral

autoregulation is impaired more often following severe compared to mild pediatric

TBI [23, 30–32]. Additionally, severity of impaired cerebral autoregulation may be

increased in children with blunt (intentional or abusive) TBI than in children with

non-inflicted TBI [32]. Vavilala et al. show that moderate to severe pediatric TBI

associated with hemispheric differences in cerebral autoregulation are common

(40 %) after focal TBI. Young children with TBI and less than 4 years of age are

more at risk of impaired cerebral autoregulation than older children and there is
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suggestion that after moderate-severe TBI, boys may also have more impairment of

autoregulation compared to girls after adjusting for injury severity [10].

If cerebral autoregulation is impaired, lower blood pressure may result in

diminished CPP and CBF. Decreased MAP causes cerebral vasodilation, increase

in cerebral blood volume, and thus an increase in intracranial pressure (ICP).

Increase in ICP further decreases CPP, leading to more cerebral vasodilation,

resulting in a vicious cycle. Controversy exists regarding empirically increasing

MAP to prevent cerebral ischemia in the presence of impaired cerebral

autoregulation, since theoretically, augmenting MAP in the hyperemic brain

could result in cerebral hemorrhage [33–35]. Impaired cerebral autoregulation has

been associated with poor 6-month outcomes after pediatric TBI [32, 36], but there

is controversy as to whether impairment is a marker of injury or whether it

contributes to poor outcome. We examined the relationship between cerebral

hemodynamic predictors during the first 72 h after injury, including cerebral

autoregulation, and long-term outcome after severe (Glasgow coma Scale score

< 9) pediatric TBI. Ten (28 %) of the 36 children examined had poor outcome.

Independent risk factors for poor 6-month GOS were impaired cerebral

autoregulation and hypotension (SBP <5th percentile). In this study, both impaired

cerebral autoregulation and SBP <5th percentile were independent risk factors for

poor 6-month GOS, suggesting a causal role for impaired autoregulation, indepen-

dent of hypotension on outcome.

15.2 Pediatric Basic Science Models of TBI

Studies of TBI in models involving immature animals have revealed age-related

differences in the mechanisms of injury in the brain [37, 38]. Although several

rodent models of juvenile TBI have been described [38], all have the disadvantage

of not permitting repeated measurements of systemic physiological variables and

regional CBF because of the small size of the subjects. Additionally, rodents have a

lissencephalic brain containing more grey than white matter. In contrast, piglets

have a gyrencepahalic brain that contains substantial white matter similar to

humans, which is more sensitive to ischemic damage than grey matter. A number

of neuroprotectants identified in preclinical rodent stroke and TBI studies have

yielded disappointing results when entered into clinical trials. We speculate that the

reason for failure may rest on these drugs being primarily grey matter protective

owing to the greater amount of grey compared to white matter in the rodent. Others

have used pigs to study TBI. While most have investigated parameters other than

cerebral hemodynamics as an index of outcome post TBI (e.g., lesion volume and

edema) [39–41], one characterized age-related effects on CBF [42]. However, the

injury model used was focal (cortical contusion), not diffuse or mixed focal/diffuse

as in FPI, thought to be a good mimic of diffuse shaken impact and motor vehicle

concussive injury [13].
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15.3 Age- and Sex-Dependent Effects of TBI on Cerebral

Hemodynamics in Piglets

We have endeavored to use clinical observations of TBI in children to inform the

design of basic science studies [11]. First, we were interested in characterizing the

influence of TBI on cerebral hemodynamics. Using newborn and juvenile pigs,

which mimic young (<4 years) and older (�4 years) children [17], the following

were observed: (1) pial arteries constricted more and regional CBF fell and

remained depressed longer in newborn versus juvenile pigs; (2) there were marked

increases in ICP in the newborn, but modest increases in ICP in the juvenile;

(3) there were differences in cerebral oxygenation, an index of metabolism: in the

newborn saturation increased, followed by profound prolonged desaturation of

hemoglobin for oxygen, while in the juvenile saturation increased modestly,

followed by mild desaturation [43]. Since decreases in CBF were associated with

decreased saturation of hemoglobin for oxygen, these data suggested that ischemia

may well occur following TBI, particularly in the newborn pig [43]. Furthermore,

systemic arterial pressure has been observed to increase in adults of other species

[15, 44] and in juvenile pigs [43], whereas systemic arterial blood pressure

decreased following FPI in the newborn pig [43]. Subsequent studies investigated

the time duration for cerebral hemodynamic effects of FPI in these two age groups

of pigs. For example, pial arteries remained constricted and CBF reduced for up to

3 days post-insult in the newborn; by 7 days pial artery diameter and CBF had

returned to pre-injury values [45]. In contrast, pial artery diameter and CBF

reductions had normalized within 8 h post-injury in the juvenile pig [45]. These

studies using an equivalent degree of injury indicate that there are age-dependent

differences in the cerebral hemodynamic effects of brain injury, with the newborn

being affected to a greater degree. Similarly, differences in the effects of TBI on

CBF and pial artery diameter were observed in male compared to female pigs. For

example, pial artery diameter and CBF were reduced more in male compared to

female newborn pigs after equivalent FPI [46, 47]. However, how the force of the

brain insult acts once it enters the skull may well depend on differences in the

composition and compliance of the newborn and juvenile brain. It is also unclear

how developmental parameters such as brain water content or skull dimensions will

affect the biomechanics of the brain insult delivered to these two age groups.

15.3.1 Mechanisms for Age- and Sex-Dependent Effects on
Cerebral Hemodynamics After TBI in Pigs

15.3.1.1 Endothelin-1

Since ethical considerations constrain mechanistic studies in children with TBI, we

have used an established porcine model of FPI that mimics TBI to corroborate
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clinical observations regarding cerebral hemodynamics and autoregulation after

TBI [11]. In the context of the neurovascular unit, CBF is thought to contribute to

neuronal cell integrity and function. Therefore, CBF often is an important thera-

peutic target in strategies for treatment of TBI. One of our early studies investigated

the role of the cerebrovascular peptide spasmogen endothelin-1 (ET-1) [48–50]. We

observed that a larger increase in the CSF ET-1 concentration was associated with a

more robust decrease in CBF in the newborn and male compared to the juvenile and

female pig after induction of a comparable level of FPI [50, 51]. Administration of

the ET-1 antagonist BQ 123 largely prevented reductions in CBF, pial artery

diameter, and impairment of autoregulation during hypotension in both ages and

sexes of pigs [50, 51], along with loss of neuronal cells in the cerebral cortex [52],

indicating the importance of upregulation of this peptide in outcome after TBI.

Subsequent studies were designed to investigate mechanisms whereby ET-1 release

might couple impaired cerebral hemodynamics to histopathology in the setting

of TBI.

Relaxation of blood vessels can be mediated by several mechanisms, including

cGMP, cAMP, and K+ channels [48]. Membrane potential of vascular muscle is a

major determinant of vascular tone and activity of K+ channels is a major regulator

of membrane potential [48]. Activation or opening of these channels increases K+

efflux, producing hyperpolarization of vascular muscle. Membrane hyperpolariza-

tion closes voltage-dependent calcium channels and causes relaxation of vascular

muscle. Direct measurements of membrane potential and K+ current in vitro indi-

cate that several types of K+ channels are present in cerebral blood vessels. In

addition, a number of pharmacological studies using activators and inhibitors have

provided functional evidence that K+ channels, especially ATP-sensitive (Katp)

and calcium-sensitive (Kca) channels, regulate cerebrovascular tone

[48]. Cromakalim and calcitonin gene-related peptide (CGRP) are examples of

Katp channel agonists, while a Kca channel agonist is NS 1619. Vasodilation in

response to these drugs can be used as an index of the intactness of K channel

function after TBI and cerebral ischemia [53, 54]. Pial artery dilation in response to

hypotension is due to activation of Katp and Kca channels [55], thereby giving

functional significance to intactness of K channel function. Since pial artery

dilation in response to Katp and Kca channel agonists is blunted more in the male

than the female after FPI [56], such observations suggest that sex-dependent greater

reductions in CBF and impairment of cerebral autoregulation in the male compared

to the female may relate to more aggravated impairment of K channel function in

that sex. Since an endogenous K channel agonist, adrenomedullin (ADM), is

upregulated in the female but not the male pig after FPI, while exogenous ADM

administration prevents sex-dependent impairment of autoregulation in both sexes,

these data indicate that the presence of an endogenous neuropotectant in the female

contributes to differential sex-dependent outcome post insult [46]. Mechanistically,

ADM achieves cerebrohemodynamic protection through blockade of the

upregulation of the ERK isoform of mitogen-activated protein kinase, a family

of at least three kinases (ERK, p38, and JNK) that are critically important in

hemodynamics after TBI [46, 47, 57, 58]. ET-1 contributes to blunted K channel
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agonist-mediated dilation after FPI via release of activated oxygen (O2
�) which

can then activate ERK MAPK [11, 51, 59]. Because more ERK MAPK is released

after FPI in the male compared to the female [47, 51], there is correspondingly

greater impairment of autoregulation and Katp and Kca channel agonist-mediated

cerebrovasodilation post-injury in males compared to females [11].

15.4 Glutamate

Glutamate is known to bind to each of the three ionotropic receptor subtypes named

after synthetic analogues: N-methyl-D-aspartate (NMDA), kainate, and α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionate (AMPA). Activation of NMDA receptors

(R) contributes to excitotoxicity [60] but also elicits cerebrovasodilation and

represents a mechanism by which local metabolism is coupled to CBF [48]. In

healthy brain, tissue plasminogen activator (tPA) is critical for the full expression of

the flow increase evoked by activation of the mouse whisker barrel cortex [61]. tPA

promotes nitric oxide (NO) synthesis during NMDA receptor activation by modu-

lating the phosphorylation state of neuronal nitric oxide synthase [61]. These

findings suggest that tPA is a key mediator linking NMDA receptor activation to

NO synthesis and functional hyperemia. Glutamatergic hyperactivity occurs in

animal models of TBI, while NMDA antagonists are protective [62, 63]. Although

CBF is thought to contribute to neurologic outcome, little attention has been given

to the role of NMDA in this process. In our studies, NMDA-R-mediated vasodila-

tion is reversed to vasoconstriction after FPI in the piglet [64].

Similarly, tPA upregulation not only enhances excitotoxic neuronal cell death

through the NMDA-R [65, 66] but also contributes to impaired NMDA-R-mediated

vasodilation, autoregulation during hypotension, and histopathology after FPI [58,

67–69] via ERK and JNK MAPK [70]. A potential explanation for the differential

role of tPA in normal and injured brain could relate to increased superoxide

production after FPI [71], which together with increased NO will generate exces-

sive peroxynitrite. Once formed, peroxynitrite could impair cerebrovasodilator

systems post injury. However, the severity of constriction observed with NMDA

after FPI + tPA in the newborn pig is substantial and probably not the sole result of

loss of a dilator, such as NO scavenging by superoxide, but also production of a

vasoconstrictor. While the identity of this vasoconstrictor is not known with

certainty, ET-1 may play a role since it has been found to be upregulated and

contribute to impaired dilation induced by NMDA receptor activation after FPI

[72]. While the NMDA antagonist MK 801 protects against cerebral dysregulation

after FPI [73], its toxicity limits use in humans. We found that glucagon minimizes

the glutamate surge after TBI in mice and pigs, prevents brain tissue damage,

and preserves autoregulation during hypotension by blunting upregulation of tPA

[67, 68].

Based on these studies, we posit that glutamate and tPA act in concert to induce

neurotoxicity. In absence of tPA (tPA null mice), even high levels of CNS
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glutamate occurring after brain injury are weakly neurotoxic. In addition, exoge-

nous tPA is not neurotoxic when glutamate levels are kept low. Based on this, we

propose that tPA and glutamate create a vicious cycle wherein tPA increases the

toxicity of glutamate by increasing the sensitivity of NMDA-Rs to tPA and gluta-

mate increases the neurotoxicity of tPA by signal transduction through NMDA-Rs

that have been activated by tPA [70]. Furthermore, neurotoxicity induced by tPA

increases CSF levels of glutamate [68] and neurotoxicity induced by glutamate

increases the levels of tPA [67, 68], which further exacerbates injury. Break of this

vicious cycle through inhibition of interactions between tPA and NMDA is

predicted to prevent disturbed cerebral autoregulation in the setting of TBI. Exces-

sive tPA released after TBI may cause tissue damage either by over-activating

NMDA-Rs or cause premature clot lysis leading to progressive hemorrhage. Use of

a catalytically inactive tPA variant (tPA-S481A) that competes with wild-type tPA

for binding to NMDA-R through its receptor docking site but cannot activate it,

prevents activation of ERK MAPK and thereby impairment of autoregulation after

FPI [74]. Administration of tPA-S481A at 30 min post-FPI also blocked neuronal

cell necrosis in the CA1 and CA3 hippocampus. More recent studies showing

similar protection of cerebral autoregulation and prevention of histopathology

when administered at 3 h post insult suggest there is a realistic therapeutic window

within which tPA-S481A can improve outcome post TBI (unpublished observa-

tions). An alternative strategy that similarly prevented histopathology in CA1 and

CA3 hippocampus post-FPI was the administration of the synthetic PAI-1 ana-

logue, EEIIMD [69]. However, while peptide antagonists such as EEIIMD may be

of benefit, they are rapidly degraded, suggesting that use of a tPA variant such as

tPA-S481A might have greater therapeutic utility.

15.4.1 Treatment Strategies Currently Used to Improve
Cerebral Hemodynamic Outcome After TBI: Pressor
Choice Influences Outcome

Hypotension and low cerebral perfusion pressure (CPP, mean arterial pressure

[MAP] minus intracranial pressure [ICP]) are associated with low CBF, cerebral

ischemia, and poor outcomes after pediatric TBI [75]. Cerebral autoregulation is

often impaired after TBI and with concomitant hypotension and high ICP, lead to

poor outcome [10]. Current 2012 Pediatric Guidelines recommend maintaining

CPP above 40 mmHg, noting that an age-related continuum for the optimal CPP

is between 40 and 65 mmHg [76–81]. Despite these therapeutic targets, there are no

guidelines regarding how this should be achieved other than therapies to lower ICP

by using mannitol or hypertonic saline [78], the latter which may be desirable

because of the added benefit of increasing CPP beyond what would be expected due

to the drop in ICP [80]. In addition to decreasing ICP, vasopressors to elevate mean

arterial pressure (MAP) are commonly used to preserve CPP by normalizing BP in
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TBI patients with hypotension. However, CPP-directed therapy has remained

somewhat controversial because it has been observed to either have no effect or

in fact worsen outcome [82]. Additionally, CPP has been considered to be a poor

surrogate for CBF [81], since regional or local CBF may be markedly reduced even

if CPP is normal [82]. Since ICP monitors are not universally used to guide CPP

therapy, especially in young children, clinicians often rely on MAP to

estimate CBF.

Three vasopressors commonly used to elevate MAP are phenylephrine (Phe),

norepinephrine (NE), and dopamine (DA) [83], but the pressor of choice often may

be Phe due to its longer duration of action and peak elevation of MAP [84]. How-

ever, when used in our piglet TBI model, we were surprised to observe that while

Phe is protective of cerebral hemodynamics, particularly for autoregulation, in

female piglets, it aggravates cerebrovascular dysregulation in male piglets post

injury [85]. Because of this perplexing observation, we hypothesized that pressor

choice may influence outcome. Indeed, we obtained provocative data indicating

that this may, in fact, be the case in that another pressor, DA, produced the opposite

outcome, equivalent cerebrohemodynamic protection in both male and female

piglets in the setting of TBI [86].

Additional experiments were then designed to utilize the advantage of use of a

basic science animal mimic of the clinical situation to ask mechanistically driven

questions with the intent of understanding why two pressors could produce such

divergent cerebrohemodynamic outcomes. While Phe blunted ET-1 and ERK

MAPK upregulation in female piglets after FPI, there was an unanticipated and

unwanted Phe-mediated aggravation of ET-1 and ERKMAPK upregulation in male

piglets post injury [85]. The latter compounded the already greater release of ET-1

and ERKMAPK in males compared to females after FPI and appeared to contribute

to the sex-dependent impairment of autoregulation [85]. The ET-1 antagonist BQ

123 blocked elevation of CSF ERKMAPK and the aggravation of such elevation by

Phe after FPI [85]. Co-administered BQ 123 with Phe also prevented impairment of

autoregulatory pial artery dilation during hypotension after FPI, supportive of the

intermediary role for ET-1 in sex-dependent Phe-mediated hemodynamic

dysregulation. Papaverine-induced pial artery dilation was unchanged after FPI

and Phe in male and female piglets, indicating the specificity of the Phe effect. In

contrast, DA completely blocked ET-1 and ERK MAPK upregulation equivalently

in male and female piglets after FPI [86]. Taken together, choice of pressor to

elevate MAP achieves differential cerebrohemodynamic outcome mechanistically

due to sex-specific modulatory effects of the pressor on ET-1 upregulation, thereby

influencing subsequent release of ERK MAPK. Figure 15.1 summarizes the

sex-dependent differences in the roles of ET-1 and ERK MAPK in cerebral

hemodynamics after TBI. In particular, this figure illustrates the sex-dependent

differences in cerebral hemodynamics after TBI when treated with Phe and DA to

normalize CPP. This cartoon figure crystallizes the idea that choice of pressor

influences cerebrohemodynamic outcome after TBI.

As noted previously in this review, activation of Katp and Kca channels medi-

ates autoregulation during hypotension [48, 55]. ET-1 contributes to blunted K
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Fig. 15.1 Comparison of proposed mechanisms for Phe (a) and DA (b) in control of cerebral

hemodynamics after FPI. Arrow thickness in proportion to probability of action
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channel agonist-mediated dilation after FPI via release of activated oxygen (O2
�)

which can then activate ERK MAPK [11, 51, 59]. Because more ERK MAPK is

released after FPI in the male compared to the female [47, 51], there is correspond-

ingly greater impairment of autoregulation and Katp and Kca channel agonist-

mediated cerebrovasodilation post-injury in males compared to females [11]. Sys-

temic pressor support with Phe exacerbates dysregulation via aggravation of the

sequential impairment of K channel-mediated cerebrovasodilation in males but

abrogates such impairment and is protective in females after TBI in females but

not males (Fig 15.1) [51, 56]. Whether DA protection of K channel agonist-

mediated cerebrovasodilation after FPI can serve as an explanation for equivalent

prevention of impairment of cerebral autoregulation in male and female pigs post-

insult is an intriguing question for investigation in future studies. Nonetheless, data

from these studies support the hypothesis that pressor choice is important in

determining cerebrohemodynamic outcome after TBI. These data advocate for

the consideration of development of sex-based therapies for treatment of hemody-

namic sequelae of pediatric TBI (Fig 15.1).

However, several somewhat paradoxical observations were also noted in the

above study. Release of a spasmogen like ET-1 that produces greater reductions in

pial artery diameter in males than females should result in a larger decreased

cerebral blood volume and decreased ICP in males compared to females. However,

males in the current studies were observed to demonstrate higher ICP compared to

females after FPI. Blunting abnormal arterial diameter increases during hypoten-

sion would also be expected to increase ICP through increased blood volume, but

ICP was actually lower with the administration of DA. The results of these studies

are also inconsistent with the observations in human studies where DA increased

ICP [87]. We speculate that the relative constrictor/dilator ratio in the cerebral

circulation, in fact, determines the ultimate disposition of ICP, and not just the mere

presence of a spasmogen.

Others have investigated the cerebrohemodynamic effects of DA in the setting of

TBI in basic science animal models as well as in patients. In a rodent impact

acceleration model of rapidly increasing ICP, DA restored CBF through elevation

of CPP [88]. However, despite the restoration of CBF, ICP and edema formation

were not improved by DA [88]. In a second rodent TBI model, cortical contusion,

DA also increased tissue water content [88]. In an adult swine model of FPI,

CPP-directed therapy with combined Phe and DA improved brain oxygenation

and maintained cerebrovascular CO2 reactivity while decreasing brain edema

[89]. When comparing DA to NE in head-injured patients, NE was observed to

produce more significant and predictable increases in TCD flow velocity than DA

[90], while DA increased ICP more for the same MAP compared to NE [87]. No

significant differences between NE and DA on cerebral oxygenation or metabolism

either at baseline or following a CPP intervention were observed in head-injured

patients [91]. However, similar to the TCD flow velocity study, the response to a

CPP intervention with DA on oxygenation seemed to be more variable than that

with NE [91]. DA, then, could be viewed as a pressor whose use in CPP intervention

could lead to an unpredictable outcome. When comparing the therapeutic use of
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Phe, DA, and NE in head-injured patients, Phe was associated with higher MAP and

CPP compared to DA and NE [83].

15.5 Conclusion

Pediatric TBI remains an important topic of research since TBI is the leading cause

of morbidity and mortality in children. However, there is a paucity of data on the

influence of age and sex on cerebrovascular pathophysiology in pediatric TBI. The

basic science model has advanced our understanding of the mechanisms underlying

the observations made in children with TBI. Increasing our understanding of the

mechanisms governing cerebral autoregulation by age and sex is important to

improving outcome in children with TBI. Using a bidirectional translational

approach, our recent data advocate for the consideration of development of

sex-based therapies for treatment of hemodynamic sequelae of pediatric TBI.
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Chapter 16

Neutrophils as Determinants of Vascular

Stability in the Injured Spinal Cord

Alpa Trivedi, Sang Mi Lee, Haoqian Zhang,

and Linda J. Noble-Haeusslein

Abstract While a number of studies have examined the complex roles of leuko-

cytes in the acute and chronically injured cord, few have specifically focused on

neutrophils, where we have only recently begun to appreciate their involvement in

both vascular pathogenesis and early wound healing. Here we address the mecha-

nisms underlying neutrophil-mediated endothelial destabilization, their synergism

with monocytes in modulating permeability, and their putative role as initiators of

angiogenesis in the acutely injured spinal cord. Neutrophils contain a variety of

bioactive molecules that are stored in granules. Studies have shown that certain of

these molecules, and most notably proteases, contribute to endothelial destabiliza-

tion as neutrophils degranulate during their transmigration across this front. Neu-

trophils have historically been regarded as detrimental to the acutely injured cord.

However, there is growing evidence that this may be an oversimplified view as it

fails to take into account their ability to release proteases that degrade the extra-

cellular matrix, releasing latent growth factors that may in turn support early

angiogenesis.

16.1 Introduction

This chapter focuses on how spinal cord injury-induced infiltration of neutrophils

influences vascular integrity and their emerging role as initiators of angiogenesis

during wound healing. Abnormal vascular permeability is evident as early as

35 min after spinal cord injury and persists thereafter for at least 28 days

(Table 16.1). The early trafficking of neutrophils into the injured cord has been

characterized by a number of studies [1–4] with general agreement that this

trafficking begins within hours and peaks at approximately 24 h post-injury.
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There is, however, some disagreement with regard to when trafficking of neutro-

phils into the injured cord ceases. While trafficking has been reported to be resolved

within the first week post-injury [2], others describe a more prolonged time course

of infiltration corresponding to two distinct peaks—1 day post-injury followed by a

second peak at 2 weeks [5]—that may persist for even months after injury [1]. It has

been hypothesized that prolonged trafficking may be due to continuous expression

of chemotactic factors that serve to stimulate recruitment of these cells to the

injured cord [6].

While we have yet to fully appreciate what neutrophils may be doing in the more

chronically injured cord, it is noteworthy that they are restricted to zones of tissue

degeneration at 3–14 days and to areas of fibrosis at 28 days post-injury [5]. Impor-

tantly, neutrophil-mediated vascular interactions in the injured cord are likely

influenced by both timing and context. Thus, while the temporal pattern of infiltration

of neutrophils corresponds to early abnormal vascular permeability, it is conceivable

that these leukocytes may be involved not only in vascular dysfunction but also

angiogenesis, where newly forming immature vessels exhibit a leaky phenotype.

16.2 Overview of the Endothelial Cell

The endothelium is only one component of the neurovascular unit, which also

includes pericytes, astrocytes, neurons, and the extracellular matrix [7]. Here we

focus on the endothelial cell, and as a working definition, we will consider the

endothelial cell proper that is flanked on the luminal and abluminal sides by its

glycocalyx and the basal lamina, respectively.

Glycocalyx: For a more complete discussion of the endothelial glycocalyx, please

refer to the review by Schmidt and colleagues [8]. In brief, this structure is<0.1 μm in

thickness and is primarily composed of proteoglycans of the syndecan and glypican

families that carry highly sulfated heparan, chondroitin and dermatan sulfates, as well

as receptor-bound hyaluronan (Fig. 16.1). These glycosaminoglycans form a charged

tight meshwork [9] that serves to regulate paracellular protein and fluid transit [10].

Table 16.1 Abnormal vascular permeability after spinal cord injury: time course studies

Species

Type of

injury Tracer

Time course for vascular

leakage References

Mouse Contusion Luciferase 35 min–14 days [31]

Rat Contusion [14C]-alpha-Aminoisobutyric acid 3–28 days [83]

Rat Transection Horseradish peroxidase 15 min–24 h [84, 85]

Rat Contusion Horseradish peroxidase 3 h–14 days [86]

Rat Contusion Longitudinal dynamic contrast-

enhanced MRI

3–56 days [87]

Rat Contusion Horseradish peroxidase 1 h–2 days [88]

MRI magnetic resonance imaging
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The endothelial cell proper: Endothelial cells within the central nervous system

(CNS) are characterized in part by two classes of proteins that join adjacent

endothelial cells, namely, adherens junctions and tight junction. Adherens junctions

(VE-cadherin, β-catenin, or γ-catenin) are intercellular junctional complexes that

join adjacent endothelial cells by linking through homophilic adhesion or formation

of multimeric complexes. VE-cadherin binds to β-catenin and γ-catenin which in

turn binds to the intracellular proteins α-catenin, α-actinin, vinculin, and zonula

occludens-1 (ZO-1). These interactions mediate anchorage to the actin cytoskele-

ton. Adherens junctions play an important role in contact inhibition during endo-

thelial cell proliferation and paracellular (between cells) transmigration of

leukocytes [11]. Extravasation of neutrophils has been shown to involve disorga-

nization of the junctional components VE-cadherin and β-catenin [12].

Tight junctions are composed of both transmembrane (claudins, occludins,

junctional adherens molecule (JAM) endothelial cell-specific adhesion molecule)

and intracellular proteins (ZO-1 and cingulin) that seal the paracellular spaces

between overlapping endothelial cells. These endothelial adhesion molecules are

localized on the apical surface of the cell or within the junction. Endothelial tight

junction proteins are involved in intercellular contacts and interactions with intra-

cellular proteins, such as ZO-1, and the actin cytoskeleton and associated proteins,

such as protein kinases, small GTPases, and heterotrimeric G-proteins [11]. Of the

Fig. 16.1 Modes of neutrophil transmigration. Neutrophils tether, roll, adhere, crawl, and finally

transmigrate. (A) Paracellular migration reflects migration between adjacent endothelial cells

where neutrophil-derived proteases degrade the junctional complexes. (B) Transcellular migration

occurs across the apical surface of the endothelial cell and is initiated by endothelial-neutrophil

adhesion. These adhesion molecules are exposed as a result of loss of the glycocalyx. Neutrophils

form actin-rich podosomes and are associated with invaginations of the endothelium. Movement

through the cell is facilitated by formation of both pores and vesicles
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tight junction proteins, it is JAM-A, a subtype of JAM, that makes direct contact

with neutrophils, a critical first step in their paracellular transmigration (Fig. 16.1).

Endothelial cells also express other adhesive proteins, including platelet endo-

thelial cell adhesion molecule (PECAM). This transmembrane protein is concen-

trated at intercellular contacts and expressed on both leukocytes and endothelium. It

promotes adhesion via homophilic and heterophilic (αVβ3-integrin) binding. In

addition PECAM also forms bonds with intracellular proteins such as protein-

tyrosine phosphatase, SHP-2, and β-catenin.
Basal lamina: The basal lamina is composed of nidogens, perlecan, laminins,

fibronectin, heparan sulfate proteoglycans, and collagen type IV [11].

16.3 Neutrophil Transmigration

The glycocalyx: During inflammation, the glycocalyx changes its properties such

that leukocyte rolling and adhesion may be facilitated. Cytokine-mediated activa-

tion of proteases, secreted by endothelial cells or neutrophils, partially degrades the

glycocalyx thus facilitating the exposure of the selectin family of adherent mole-

cules and hence tethered rolling of leukocytes. The importance of the glycocalyx is

best illustrated in studies where this structure has been enzymatically removed. The

end result is an abnormal increase in endothelial permeability and neutrophil

adhesion to the endothelium (see review [8]).

There have been no studies to date that have addressed neutrophil/glycocalyx

interactions in the injured spinal cord. Nevertheless, there has been a detailed

analysis of the glycocalyx in response to spinal cord injury [13]. In these early

studies, electron microscopy, combined with cationized ferritin, revealed this

anionic charged interface is evenly distributed along the endothelial front. In

response to spinal cord injury, there is a loss of these anionic properties that

coincides with abnormal permeability to the protein tracer horseradish peroxidase.

Such findings suggest that anionic sites contribute to vascular stabilization. Of note,

the loss of the glycocalyx is transient with regeneration of this structure by 3 days

post-injury. Such regeneration is likewise demonstrated in mice, infused with tumor

necrosis factor-α (TNF-α), where the damaged glycocalyx is restored by 5–7

days [14].

The endothelial cell proper: The process of neutrophil transmigration is a

regulated, complex, multistep process. Neutrophils interact with different parts of

the endothelium leading to its activation (upregulation of adhesion molecules) and

migration that begins with tethering, rolling, and finally adhesion (Fig. 16.1).

Molecular players of these processes on both the neutrophils and endothelium are

well defined [8, 15, 16]. After adhesion, neutrophils migrate along the endothelium

and ultimately transmigrate. While transmigration may occur through the cyto-

plasm of the endothelial cell (transcellular route) in the CNS, the preferential route

for neutrophils is between adjacent endothelial cells (paracellular route)

(Fig. 16.1) [8].
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For neutrophil transmigration to occur, there is a rapid transition from

nonadherent to an adherent state. The first step is tethering and rolling of neutro-

phils along the endothelium. This involves upregulation of adhesion molecules on

the endothelium. The rolling step involves L-selectin expressed on neutrophils and

E- and P-selectins expressed on inflamed endothelium. Firm neutrophil adhesion to

endothelial cells is mediated by the interaction of leukocyte integrins (CD11a,

CD11b, CD11c/CD18) with endothelial intercellular adhesion molecule-1

(ICAM-1). During neutrophil transmigration via the paracellular route, ICAM-1

clusters beneath the adherent neutrophil along with JAM-A and PECAM-1 to

facilitate adhesion and migration.

There is indirect evidence that disruption of tight junction proteins by

transmigrating leukocytes contributes to destabilization of endothelial cells after

spinal cord injury [17, 18]. This is inferred by the demonstration of the loss of

transmembrane proteins occludin and claudin-5 as well as the intracellular tight

junction component ZO-1 in spinal cord vasculature, which also appear abnormally

leaky. While disruption of these proteins by leukocyte transmigration may be

transient, in pathologic conditions activated neutrophils can facilitate abnormal

endothelial permeability by virtue of releasing cytotoxic molecules during their

transmigration [8].

Basal lamina: Constituents of the basal lamina serve as substrates for proteases,

released from activated neutrophils, allowing these leukocytes to migrate across

this interface [19]. Neutrophils adhere to those regions of the basal lamina that have

reduced expression of matrix proteins such as laminin and collagen IV (low

expression regions, LER). These regions coincide with endothelial cell junction

and gaps between pericytes. Neutrophil transmigration is facilitated by their release

of neutrophil elastase as well as other proteases, which collectively serve to

increase the size of LER [15] and degrade junctional complexes [20–22].

16.4 Neutrophils, Their Granular Contents, and Cytokines

As noted in the preceding paragraphs, activated neutrophils interact sequentially

with the glycocalyx, the endothelial cell proper, and the abluminal basal lamina.

These collective interactions contribute to transient destabilization that is in part

attributed to release of granular contents as neutrophils transmigrate across this

interface.

Various effector molecules are presynthesized and stored in neutrophilic gran-

ules and released upon activation of neutrophils. Neutrophilic granules are divided

into three groups, azurophilic, specific, and gelatinase, based on their granular

contents (Table 16.2). Granules, derived from the fusion of vesicles that bud from

the Golgi apparatus [23], vary in content depending on the maturity of the neutro-

phils. While Table 16.2 provides a comprehensive description of the contents of

these granules, we will focus on those contents that have been linked to endothelial
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destabilization and/or studied in the context of spinal cord injury, namely,

myeloperoxidase (MPO), gelatinase, and neutrophil elastase.

Azurophilic granules are the largest granules and are also known as primary or

peroxidase-positive granules based upon their content of MPO, an enzyme respon-

sible for the oxidative burst. Neutrophil elastase, a potent proteolytic enzyme, is

likewise located in azurophilic granules. Gelatinase granules contain the gelatinase,

matrix metalloproteinase-9 (MMP-9), which is not complexed with its inhibitor and

as such can be quickly activated upon its release [24].

When activated, neutrophils degranulate and release pro-inflammatory media-

tors that activate endothelial cells [25]. Cytokines such as TNF-α, interleukin (IL)-

1β, and IL-17 activate endothelial cells leading to expression of adhesion molecules

including P-selectins, E-selectins, and ICAMs. These activated endothelial cells

then interact with neutrophils that then tether through L-selectin, roll, and finally

transmigrate.

16.5 Neutrophil-Directed Destabilization

of the Endothelium

Release of granular contents, including neutrophil elastase, MMP-9 and MPO, from

activated neutrophils mediates abnormal vascular permeability.

Matrix metalloproteinases (MMPs): Of the proteases conveyed by infiltrating

neutrophils, MMP-9 is a central player in vascular destabilization. Substrates for

MMP-9 include constituents of the endothelial basal lamina (specifically laminin-5,

fibronectin, heparan sulfate, and collagen type IV) [26] and tight junction proteins

(occludin and claudin-5) [27].

Immunologically depleting neutrophils prior to spinal cord injury result in

reduced MMP-9 activity in the injured rodent cord demonstrating that neutrophils

are the principal source of this protease in the injured tissue [28, 29]. Similarly,

neutrophils are thought to be a key source of MMP-9 in the injured human spinal

cord [30].

There are several lines of evidence linking MMP-9 to vascular destabilization in

the injured spinal cord. Abnormal vascular permeability to the protein luciferase

corresponds to peak activity of MMP-9 in the injured cord [31, 32] (Table 16.1).

Spinal cord-injured mice, deficient in MMP-9, or spinal cord-injured wild-type

mice, treated with the broad-spectrum MMP inhibitor, GM6001, result in stabili-

zation of the barrier [32] (Table 16.3). Similar to findings with GM6001, intrathecal

administration of the selective gelatinase inhibitor SB-3CT results in reduced

MMP-9 activity and stabilization of the barrier [33]. Administration of other

drugs including fluoxetine, valproic acid, and atorvastatin likewise reduces abnor-

mal vascular permeability in rodent models of spinal cord injury, as a result of

diminished MMP-9 activity [34–36] (Table 16.3). This reduction in vascular

permeability is at least in part correlated with attenuation in the degradation of
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tight junction molecules including occludin and ZO-1, [34–36], which are known

substrates for MMP-9 [37, 38].

Neutrophil elastase: Activated neutrophils may damage endothelial cells by

releasing inflammatory mediators and proteases including neutrophil elastase that

degrades constituents of the endothelial basal lamina. The damaging effects of

neutrophil elastase are best revealed by pharmacologic inhibition of this protease

after spinal cord injury [39–41]. A variety of inhibitors of neutrophil elastase have

been shown to improve neurologic recovery after spinal cord contusion and com-

pression injuries (Table 16.3). This benefit is at least in part due to their ability to

stabilize the endothelium, as evidenced by reduced trafficking of neutrophils

[39–41] and vascular leakage [41], and greater preservation of endothelial cell

integrity.

Myeloperoxidase: Upon their activation, neutrophils produce reactive oxygen

species (ROS) through a process referred to as respiratory burst. The respiratory

burst is primarily characterized by the production of the superoxide anion radical,

the first ROS produced by neutrophils upon their interactions with a variety of

stimuli, such as, cytokines, growth factors, and opsonins. Azurophilic granules

contain MPO which reacts with hydrogen peroxide and converts it to hypochlorous

acid, which is more reactive than superoxide. Early studies implicated ROS in

endothelial injury [42] and barrier disruption after spinal cord injury [43]. As might

be expected, spinal cord-injured MPO knock-out mice show reduced production of

hypochlorous acid relative to wild-type controls (Table 16.3). Similar to studies of

neutrophil elastase, MPO deficiency resulted in reduced trafficking of neutrophils

[44]. Given the relationship between neutrophil transmigration and barrier disrup-

tion in pathologic states, it is likely that reduced trafficking of neutrophils into the

injured cord is associated with stabilization of the barrier.

Neutrophil extracellular traps (NETs): Activated neutrophils release NETs,

which consist of decondensed DNA associated with proteases [45] including

elastase, cathepsin G, and proteinase-3 (found in azurophilic granules) and

MMP-9 (found in gelatinase granules). While NETs have not been studied in spinal

cord injury, there is evidence for their involvement in brain ischemia. A recent

study by Allen and colleagues [45], using both in vivo (middle cerebral artery

occlusion) and in vitro models, shows that IL-1-activated neutrophils transmigrate

across the endothelium. In vitro studies using inhibitors to all of the proteases

rescued neurotoxicity in the presence of transmigrated neutrophils. These studies

suggest that proteolytically cleaved products generated by the proteases, and hence

proteases themselves, are the main mediators of neurotoxicity.

There is in vitro evidence that endothelial cells, when activated, induce NETs

and in fact are susceptible to NETosis-mediated cell death [46]. Whether NETs

are generated in the injured cord has yet to be determined. However, given

the potential importance of this emerging field to both vascular disruption and

secondary damage, studies are warranted to advance this work in the context of

spinal cord injury.
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16.6 Strategies to Reduce Trafficking of Neutrophils

into the Injured Spinal Cord

A number of genetic, pharmacologic, and immunologic-based studies have suc-

cessfully reduced neutrophil trafficking into the injured spinal cord. Of the pro-

teases listed in Table 16.3, deficiency/blockade of MMP-9 [32–36], MPO [44], or

neutrophil elastase [39–41], all constituents of neutrophilic granules, results in

improved neurological outcomes after contusion or compression injury to the spinal

cord, and in the case of MMP-9 and neutrophil elastase, their deficiency stabilized

the barrier.

The most studied transmembrane proteins are β2-integrins (CD18/CD11) and

the immunoglobulin superfamily. Binding of Mac-1 (expressed on neutrophils) to

ICAM-1 (expressed on endothelial cells) is involved in neutrophil rolling along the

endothelium [47]. Notably, blockade of α4β1 integrins, which are expressed on

leukocytes and regulate endothelial adhesion [48–50], reduces migration of these

immune cells into the injured spinal cord and results in neuroprotection with

enhanced neurologic recovery (Table 16.3) [51–53]. Similarly, administration of

a monoclonal antibody against the CD11d subunit of the leukocyte CD11d/CD18

integrin in a murine model of spinal cord injury reduces neutrophil infiltration and

is associated with reductions in MPO activity and ROS [54, 55] (Table 16.3).

ICAM-1 is integral to vascular dysfunction after spinal cord injury. Spinal cord-

injured animals, deficient in ICAM-1 via the use of immunologic or genetic

approaches, result in a marked decrease in trafficking of neutrophils into the injured

cord [56, 57] (Table 16.3). In addition, there is a significant reduction in spinal cord

edema, improved spinal cord blood flow, and enhanced neurological recovery [56]

(Table 16.3).

16.7 Synergism Between Neutrophils and Monocytes

in Vascular Destabilization

Neutrophils facilitate trafficking of monocytes into the injured cord and impor-

tantly, it is their collective presence that influences stabilization of the barrier after

spinal cord injury.

Trafficking of leukocytes: Neutrophils, the first leukocytes to arrive at the site of

injury, secrete cytokines and chemokines thus launching communication networks

and issuing instructions to practically all other immune cells. Neutrophils recruit

monocytes through several different mechanisms, including expression of

chemoattractants and release of granular contents. The classical monocyte

chemoattractants including MCP-1, MIP-1α, and MIP-3α [58, 59] are elevated in

the injured rodent spinal cord [60, 61]. Moreover, proteins, stored in neutrophilic

granules, such as proteinase 3, azurocidin, Ll-37, and cathepsin G, induce monocyte

recruitment [19, 62–64]. Monocyte-chemotactic activity is not only predominantly
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in the defensin-containing fraction of the neutrophilic granules, but defensins

themselves may play a role in the recruitment of monocytes by neutrophils

[65]. Finally, neutrophils indirectly affect monocyte recruitment via upregulation

of endothelial adhesion molecules, increase of transendothelial permeability, stim-

ulation of expression of chemoattractants by other cells, and modulation of chemo-

kine activity through the proteolytic processing by protease activity [19]. The

importance of neutrophils in directing infiltration of monocytes is most evident in

studies in which trafficking of monocytes was found to be reduced in neutropenic

animals [64, 66]. This relationship has been confirmed in spinal cord injury where

neutropenia, resulting from treatment with anti-Ly6G antibody, results in a reduc-

tion of infiltrating monocytes in the acutely injured cord [29].

There are several lines of evidence supporting synergism between neutrophils

and monocytes in disrupting the barrier. The first key study involved a model of

viral meningitis, which produces a massive recruitment of monocytes and neutro-

phils into the meninges as well as prominent abnormal vascular leakage [67]. Neu-

trophil and monocyte depletion studies were used to determine the dependency of

vascular leakage on these leukocytes. Vascular stabilization was only achieved

when both leukocyte populations were depleted. More recently, a similar strategy

was used to determine the extent to which these leukocytes influenced barrier

leakage after spinal cord injury [29]. Depletion of neither neutrophils nor mono-

cytes stabilized the barrier. However, depletion of both neutrophils and monocytes

resulted in partial preservation of barrier integrity. Such findings emphasize

complementary pathogenic functions of neutrophils and monocytes in promoting

vascular destabilization.

16.8 Neutrophils as Candidate Initiators of Angiogenesis

Background: Historically neutrophils have been thought to be key mediators of

early secondary pathogenesis in the injured cord by virtue of their capacity to

release damaging proteases [68]. Indeed, efforts to reduce infiltration of neutrophils

or target these proteases using genetic, pharmacological, and immunological

approaches have yielded beneficial neurological outcomes (Table 16.3). However,

in the past several years, independent studies have examined neurological outcomes

in neutropenic animals after spinal cord injury. Neutrophil depletion by anti-Gr-1

antibody treatment in the injured cord resulted in either no neurological benefit [29]

or in fact was detrimental to neurological recovery [69]. These findings suggest that

the adverse interactions of neutrophils in the injured cord may be countered by a

more favorable contribution to other biologic events. One scenario may be

neutrophil-directed angiogenesis.

The timing of infiltration of neutrophils and the products they secrete may be

critical in initiating angiogenesis in the injured cord. Neutrophils accumulate within

the acutely damaged cord at a time when angiogenesis is emerging [18, 31,

70]. This timing and proximity provides opportunity to influence the local
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environment. While neutropenia results in an early decrease in mRNA levels of

growth factors including VEGF in the acutely injured cord [69], there have been no

studies to date that have explored the impact of this on angiogenesis in the injured

spinal cord.

Angiogenesis after spinal cord injury: After spinal cord injury there is loss of

vessels at the lesioned epicenter by 1–3 days post-injury [18, 70, 71]. Thereafter,

vascular density increases by 7 days to control, uninjured levels [31]. Increased

vascular density is most likely due to angiogenesis [70], where microvessels exhibit

irregular contours and are immature in that they are leaky and do not express the

glucose-1 transporter [31].

The concept that neutrophils participate in angiogenesis is not novel. In fact,

their proangiogenic role has been well established in tumor models [72, 73] as well

as in a brain model of angiogenesis [74]. Neutrophils trigger angiogenesis by

rapidly releasing their secretory granules filled with prestored cytokines and

chemokines (i.e., CXCL1, CXCL8), proteases (i.e., MMP-9, neutrophil elastase)

[75, 76], and growth factors (i.e., VEGF) [77, 78] (Fig. 16.2).

Benelli and colleagues showed that Gr-1-mediated neutrophil depletion reduced

CXCL1- or CXCL8-driven angiogenesis in a murine Matrigel model [75]. These

neutrophil-derived chemokines in addition to functioning as chemoattractants also

induced endothelial cell proliferation and differentiation. Binding of CXCL8 stim-

ulated fast degranulation of MMP-9 from neutrophils which in turn processed

CXCL8 thus making it a more potent chemokine [79].

Neutrophils release proteases including neutrophil elastase and MMP-9 that

degrade the extracellular matrix thus allowing endothelial cells to proliferate and

migrate. Degradation of the extracellular matrix also serves to release a wide range

of sequestered cytokines, chemokines, growth factors, and their cognate receptors

resulting in their activation [80] (Fig. 16.2).

One of the most studied neutrophil-derived proteases in the context of angio-

genesis is MMP-9. MMPs have broad substrate specificity and are associated with

tissue inhibitors of metalloproteinases (TIMPs). Several key studies have confirmed

neutrophil-derived MMP-9 as a major contributor to angiogenesis. In the first study,

MMP-9, purified from neutrophils, was evaluated in an angiogenic model. A major

finding was that neutrophil-derived MMP-9 had high angiogenic potency that is

related to its unencumbered TIMP-free status [24]. Such a finding may have strong

implications in the injured spinal cord as there is an elevation of MMP-9 in the

acutely injured cord [32] which is most likely derived from neutrophils [29]. In

further support of MMP-9 in neutrophil-directed angiogenesis are studies of focal

angiogenesis in the brain [74]. Neutropenia resulted in reduced angiogenesis and

MMP-9, with the latter finding consistent with neutrophils serving as the primary

source of this protease in this brain model of angiogenesis. A final key finding

comes from studies of a model of early stage pancreatic islet cell carcinogenesis.

MMP-9 expressing neutrophils were involved in the initial angiogenic switch that

occurs in previously nonangiogenic lesions [81]. This angiogenic switch is thought

to occur through the activation/release of latent VEGF which is stored in the

extracellular matrix [82].
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16.9 Summary

Our focus here has been on neutrophils as modifiers of vascular stability where we

have addressed their involvement in both the acutely injured spinal cord as well as

early angiogenesis. Neutrophils are the first innate responders to the injured spinal

cord. Through a well-characterized series of molecular events, they home to the

injured cord, where they come in contact with three major interfaces, namely, the

glycocalyx, endothelium, and basal lamina. Of these structures, the least studied has

been the glycocalyx, which completely covers the endothelial cells and bears an

overall anionic surface charge, due to its carbohydrate moieties. In the injured

spinal cord, there is a transient loss of the glycocalyx, which likely facilitates

neutrophil interactions with the underlying endothelium. At and within each of

these interfaces, neutrophils transiently disrupt the architecture during their trans-

migration across the vascular front which leads to vascular destabilization as

evidenced by leakage to circulating proteins.

Neutrophils are a storehouse of proteases, including neutrophil elastase,

myeloperoxidase, and MMP-9, that are released from granules during their trans-

migration across the endothelial front. Tight junction-related proteins and the basal

lamina each contain substrates for these proteases, and as such transmigration is in

part dependent on the degradation of these substrates.

While abnormal endothelial permeability is thought to arise from transmigrating

neutrophils by virtue of disrupting endothelial tight junctional complexes, this is not

Fig. 16.2 Effects of neutrophil-derived products on angiogenesis. Neutrophil-derived MMP-9 is

TIMP-free and hence bioactive. It digests the basal lamina, which is critical in the initial steps of

angiogenesis that includes endothelial cell activation, migration, and proliferation. In addition,

MMP-9 has the ability to digest the extracellular matrix and matrix-bound pro-angiogenic factors

such as VEGF, making them bioavailable. VEGF is a potent angiogenic factor that promotes

endothelial cell proliferation, migration, and tube formation and is presynthesized, stored, and

released upon neutrophil activation
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the case for the injured spinal cord. In a series of experiments, employing tech-

niques to deplete circulating neutrophils or monocytes, neither approach resulted in

stabilization of the endothelium. Rather, partial stabilization was achieved when

both leukocyte populations were depleted. These findings emphasize the synergism

between these leukocytes and provide a much-needed awareness when considering

strategies intended to stabilize the vasculature after spinal cord injury.

The inflammatory cascade has often been described as a two-edged sword, as it

embodies both detrimental and beneficial functions in the CNS. However, rarely is

this concept considered in the context of neutrophils where they have been primar-

ily attributed to barrier disruption and secondary pathogenesis in the acutely injured

cord. Depletion of neutrophils leads to unfavorable outcomes after spinal cord

injury, suggesting that they may do more than initiate tissue damage. It is now

becoming increasingly clear that these leukocytes play a key role in angiogenesis in

a variety of non-CNS models as well as in the brain. The potential for a similar

involvement in the injured cord has yet to be studied.

With the development of new genetic tools that influence functionality of

activated neutrophils together with complimentary pharmacologic approaches,

there is opportunity to study neutrophils in the complex environment of the injured

cord where vascular destabilization and angiogenesis are superimposed upon a

terrain of secondary tissue damage. With a long-term goal of developing therapies

to improve recovery after spinal cord injury, a more detailed, mechanistic analysis

of neutrophils will serve as a foundation for developing novel therapies that block

the adverse effects of these leukocytes without interfering with putative beneficial

roles in wound healing.
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Chapter 17

Blood Biomarkers for Acute CNS Insults:

Traumatic Brain Injury and Stroke

Olena Glushakova, Stefania Mondello, and Ronald L. Hayes

Abstract Proteins that are expressed in the central nervous system (CNS) are often

detectable in peripheral blood and the search for biomarkers or biological signals

for specific diseases and injury processes, including traumatic brain injury (TBI),

has rapidly expanded. Currently no accurate biochemical assessment exists for

objectively identifying the extent of damage following TBI. The ability to accu-

rately determine the extent of initial severity of primary brain damage after TBI in

the acute care setting is critical for the establishment of accurate neurologic

prognosis and the guidance of appropriate therapeutic strategies (Nat Rev Neurol

9, 192–200, 2013; Neurotherapeutics 7, 100–114, 2010). This chapter will review

the most current literature concerning the novel utility of blood biomarker assess-

ment for the diagnosis and prognosis of patients with TBI.

17.1 Introduction

17.1.1 Traumatic Brain Injury and the Need for Biomarkers

According to the most recent data from the Center for Disease Control and

Prevention, approximately 1.6–3.8 million people sustain a TBI in the United States

alone, resulting in 52,000 deaths [1]. Moreover, TBI is the leading cause of combat

deaths and it has been estimated that 15–25 % of all injuries sustained in warfare

during the previous century involved TBI [2, 3]. In addition to severe TBI, more

than 1.4 million people are treated and released from emergency departments [4]

and the number of TBIs of mild to moderate severity far outnumbers those with

severe injury [5–7]. Recent evidence suggests that participation in sports involving
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contact and/or collisions may alter regional brain metabolic processes [8–10] and

increase the risk of catastrophic neurodegenerative diseases [11–18], including

chronic traumatic encephalopathy (CTE) which has been linked to repetitive

concussion brain injuries [19–23]. Since diagnosis of CTE can only be made

upon postmortem examination, the need for improved diagnosis and management

of concussion in living athletes is also of great importance. Because the clinical

symptomatology of concussion primarily reflects functional disturbances, the abil-

ity to detect and monitor TBI in living individuals is also essential to the design of

therapeutic and rehabilitative strategies to improve posttraumatic outcome. It

remains important to stress that TBI can no longer be regarded as a single clinical

entity but rather as a spectrum of heterogeneous brain injuries that differ for each

individual who requires individual assessment and appropriate personalized man-

agement to mitigate and/or prevent long-term neurological dysfunction.

During the past 2 decades, interest has increased exponentially in the elucidation

and characterization of novel and selective biomarkers for TBI. Biomarkers that

reliably reflect the extent of neuronal, axonal, and glial damage and/or microscopic

pathologic events could conceptually become an important tool to both diagnose

injury severity and predict clinical outcome in patients with TBI. Moreover, the

impaired integrity of the blood–brain barrier (BBB) following moderate–severe

TBI may facilitate the presence of detectable levels of biomarker proteins of brain

damage in circulating blood. A PubMed search of “traumatic brain injury and

biomarkers” on May 20, 2013, resulted in over 1,700 references. Since no single

biomarker is likely to be diagnostic of TBI due to the complexity of the human

nervous system and the heterogeneity of posttraumatic events following brain

trauma, a combination of biomarkers that represent different brain cell populations

with different subcellular origins will most likely provide the most optimal evi-

dence of the underlying biochemical mechanisms involved with posttraumatic

degenerative cascades and neurobehavioral dysfunction.

17.1.2 Blood Biomarkers of Acute Brain Injury

S-100B: Perhaps the most extensively studied TBI biomarker, S-100B, is a glial

protein, one in a larger family of calcium-binding proteins (S100 proteins) that help

regulate intracellular calcium concentrations [24]. S-100B is mainly expressed in

astrocytes and has been postulated to be a marker of astrocyte injury or death

[25]. Two homodimeric proteins, S100-A1 (possessing two alpha subunits) and

S100-B (possessing two B subunits), have been identified, together with an aB

heterodimer [26]. Increases in serum S-100B were found in amateur boxers who

received direct blows to the head vs. those who had a history of blocking head

blows [27], in female soccer players after a competitive game [29] and elevations

reported in the acute phase after mild TBI [30–32]. In more severe TBI patients,

elevated serum S-100B has also been shown in a number of studies to reliably

correlate with GCS scores and neuroradiologic findings at time of hospital
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admission [33–35] as well as post-injury outcome [25, 35–48]. Two of these studies

have suggested that assessment of serum S-100B can differentiate between patients

with mild and severe TBIs [36, 37, 39, 43, 46, 49]. Recently, Defazio et al. [50]

reported that serum S-100B obtained on admission and levels of S100B and plasma

D-dimer obtained at 24 h were predictive for poor patient outcome status assessed

72 h post-admission. Moreover, in addition to S-100B, serum levels of S-100A1B

and S100BB were also found to be elevated following pediatric TBI [51–54] in a

manner related to outcome following severe TBI [55]. Although recent studies by

Tavarez et al. [56] and Bouvier et al. [57] have suggested that S-100B may be a

useful adjunct to the clinical evaluation and aid in minimizing the necessity of

neuroimaging in pediatric patients with mild TBI, others [51] have suggested that

S-100B may not be clinically useful as an independent screening test to select

children with mild TBI who may need a cranial CT. Interestingly, a recent study by

Lange et al. [58] suggested that the diagnostic utility of S-100B for detecting

severity of TBI is highly accurate in sober brain-injured patients but compromised

in the presence of acute alcohol intoxication. Despite the early interest in this

protein as a sensitive biomarker of TBI-related astroglial damage, it has recently

become clear that S-100B is also present in oligodendrocytes, microglia, and even

extracerebral tissue including adipocytes and chondrocytes [59, 60]. Elevated

levels of S-100B have also been observed in trauma patients not presenting with

TBI [29, 62–64] and others presenting with hemorrhagic shock or circulatory arrest

[65, 66]. It has also been reported that hospital stay in the NICU alone will induce

significant increases in S100B when compared with healthy subjects [67]. More-

over, the measurement of S-100B has been shown not to be useful as a predictive

biomarker of brain damage in pediatric TBI (children less than 2 years of age) based

on its high normative values in this population [68–70]. Consequently, despite its

early promise, the utility of this protein as a reliable TBI diagnostic biomarker

remains uncertain.

Glial fibrillary acidic protein (GFAP): Glial fibrillary acidic protein, a type III

intermediate filament, comprises the central cytoskeletal framework of astrocytes

and is believed to be found only in central nervous system (CNS) glial cells and not

outside the CNS [71, 72]. The reactive gliosis that is known to occur following CNS

injury with concomitant upregulation of GFAP makes this protein an attractive

candidate biomarker for TBI (see [73] for good review). Several studies have

suggested that TBI results in elevated serum concentrations of GFAP [40, 47,

74–76] and that the measurement of this biomarker may predict both the severity

of injury [25, 39, 40, 46, 77–79] and clinical outcome [25, 47, 75, 80]. Honda

et al. [81] compared the sensitivity and specificity of GFAP, S-100B, and NSE in

TBI patients (GCS ranging from 5 to 14) and reported that GFAP showed the most

optimal specificity for injury severity (88.9 % when compared with 27.8 % for

S-100B and 22.2 % for NSE). Although Metting et al. [30] found elevated levels of

GFAP in patients with mild TBI and abnormal CT/MRI findings, serum levels of

this biomarker did not predict patient outcome at 6 months post-injury. Circulating

levels of GFAP have also been suggested to be reflective of injury severity

following pediatric TBI [54, 82, 83].
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Myelin basic protein (MBP): Myelin basic protein (MBP) is localized in the

myelin sheath surrounding myelinated axons and was shown over 30 years ago

to be released into the systemic circulation in individuals suffering from demyelin-

ating diseases and in those sustaining TBI [84–86]. Serum MBP was recently

shown to be elevated up to 2 weeks in an experimental model of TBI [87]. However,

its sensitivity as a predictive biomarker of injury severity in pediatric TBI has been

more recently challenged [52].

Neuron-specific enolase (NSE): Neuron-specific enolase, a protein localized in

the cytoplasm of neurons and involved with regulating intraneuronal chloride levels

during neural activity [88], has been proposed to be a specific biomarker for

neuronal damage. Rapid elevations in serum NSE have been reported in TBI

patients [36, 38, 47, 89]. Several studies have suggested that serum NSE may be

useful as a predictor of short-term outcome in children with TBI [90–92]. Similarly,

Ross et al. [93] suggested the utility of serum NSE as an aid to outcome prediction

in adult TBI. Moreover, Berger et al. [68] evaluated serum NSE (as well as S100B

and MBP) in children who sustained non-inflicted TBI (motor vehicle crashes and

other accidents) and inflicted TBI (child abuse and shaken baby syndrome). These

observations suggest that there may be an important ischemic component to TBI

associated with child abuse vs. non-inflicted brain trauma [94]. A delayed increase

in serum NSE, consistent with delayed neuronal death, was observed in those

children with inflicted TBI but not after non-inflicted TBI. Increases in serum

NSE (and S-100B) have been reported in amateur boxers [27], even after an

extended post-bout period, suggestive of sustained release of this brain-specific

protein [95, 96] while serum NSE elevations have been described in elite female

soccer players after a competitive match [97]. Serum NSE has also been shown to

add prognostic value to other neurobehavioral determinants of outcome assessed in

the acute period following mild TBI [32]. However, methodological and technical

issues associated with the pharmacokinetics of NSE (its slow elimination makes it

difficult to distinguish between the extent of primary and secondary damage) have

encumbered the accuracy of this protein as a diagnostic screening tool [93,

98]. Additionally, NSE has been shown to be released by blood during hemolysis,

introducing a potentially significant artifact and source of error in trauma patients

sustaining TBI [99, 100].

Ubiquitin C-terminal hydrolase L-1 (UCH-L1): Ubiquitin C-terminal hydrolase

is a highly enriched and abundant neuronal protein that is resistant to degradation

and able to diffuse into the systemic circulation after neuronal injury [101]. It is

known to be involved in either the addition or removal of ubiquitin from metabolic

proteins via the ATP-dependent pathway, thereby playing a critical role in ablation

of damaged, misfolded, or overexpressed proteins in neurons both under normal

conditions and in response to pathological insults [102, 103]. Serum UCH-L1 levels

were found to be significantly increased in laboratory models of experimental TBI

[104]. Elevated serum levels of UCH-L1 have been reported to be associated with

abnormal BBB function after TBI [105] and several recent reports have also

suggested that the elevated serum levels of UCH-L1 observed following human

TBI are correlated with injury severity and clinical outcome, including GCS,
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evolving lesions on CT, and 6-week mortality [106]. Other studies have supported

these observations in both human TBI [79, 107–111]. Mondello et al. [109] recently

confirmed strong specificity and selectivity of serum UCH-L1 in the diagnosis of

severe TBI (vs. controls) and the prognostic value of this biomarker in

distinguishing severe TBI survivors from nonsurvivors. Early studies of mild to

moderate TBI [111, 112] reported that UCH-L1 is detectable in serum within 1 h of

injury and that its posttraumatic serum concentrations are predictive of injury

severity and associated with GCS scores and the extent of lesions observed by

brain imaging. Other than these recent reports, no persuasive studies have been

conducted, to date, concerning UCH-L1 levels in peripheral blood following

mild TBI.

Microtubule-associated protein-2 (MAP-2): Microtubule-associated protein-2

(MAP-2) is a dendritically enriched protein and marker of synaptic plasticity that

has been observed to increase after TBI. Mondello et al. [113] have recently

reported that severe TBI patients had significantly higher serum MAP-2 concen-

trations at 6 months post-injury when compared to normal controls. In these studies,

increased plasma MAP-2 levels correlated with GOSE and LCFS scores at

6 months, while significantly lower serum levels of MAP-2 were observed in

patients who showed worsened outcome (vegetative state). These data underscore

the potential utility of circulating MAP-2 as a biomarker for emergence to higher

levels of cognitive function and suggest that remodeling of synaptic junctions and

neuroplasticity processes occur up to several months following severe TBI in

humans.

Neurofilament (NF-H): Neurofilaments are comprised of neuron-specific inter-

mediate filaments consisting of one light subunit (NF-L) plus either a medium chain

subunit (NF-M) or heavy chain subunit (NF-H) [114]. Phosphorylated heavy chain

neurofilament (pNF-H) is the extensively phosphorylated, axon-specific form of the

NF-H subunit of neurofilament and represents one of the most abundantly distri-

buted axonal proteins. Serum concentrations of NF-H have been reported to be

unrelated to isolated changes in BBB integrity and the use of serum pNF-H as a

biomarker of axonal loss released into the systemic circulation following

TBI-associated white matter injury has been proposed [115, 116]. Serum levels of

NF-H were found to be increased from 1 to 14 days in an experimental model of

mild acceleration–deceleration TBI [87]. Serum NF-H concentrations have also

been shown to remain elevated at 204 days following pediatric TBI in patients who

had a poor prognosis while acute serum decreases were predictive of improved

outcome [54]. These same authors have previously suggested that hyper-

phosphorylated NF-H may be a useful sensitive predictor of mortality following

brain injury in children [117].

Tau- and amyloid-related proteins: Serum amyloid-A levels have been reported

to be rapidly increased in brain trauma patients [118]. Tau protein is found

abundantly in thin nonmyelinated axons of cortical interneurons [119]. Although

increases in plasma tau protein have been reported to occur in comatose patients

treated with hypothermia after cardiac arrest [120] and following hypoxic brain

injury from cardiac arrest [121], few studies have evaluated serum tau levels after
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TBI. Serum tau has been shown to increase from 1 to 14 days in a model of

experimental acceleration–deceleration TBI [87]. A recent pilot study reported an

increase in plasma tau concentrations of more than 3,005 over control levels in

amateur boxers following a single bout [122]. Circulating tau may therefore

represent a useful serum biomarker for brain injury associated with mild or repet-

itive TBI [19]. Despite the recent development of novel ultrasensitive digital

ELISA techniques, capable of single-molecule arrays [121], little additional work

has been performed to evaluate the potential utility of this biomarker in the

diagnosis and treatment of TBI.

AlphaII-spectrin: AlphaII-spectrin is a major structural component of the cyto-

skeleton, particularly abundant in axons and in presynaptic terminals [123], and a

major substrate for cysteine proteases calpains and caspase-3 involved in necrotic

and apoptotic cell death. Proteolytic cleavage of αII-spectrin by calpain results in

signature products of molecular weight 150 kDa (SBDP150) and 145 kDa

(SBDP145), while the major cleavage product of αII-spectrin associated with

caspase-3 proteolysis has been found to be a 120 kDa fragment (SBDP120) [123,

124]. Since calpain and caspase-3 represent two classes of the known major

executioner proteins involved with necrosis and apoptosis following TBI

[125–130], concurrent measurement of these SBDPs can provide important infor-

mation concerning the underlying cell death mechanisms involved with

TBI-associated axonal damage [25, 131].

Inflammatory cytokines and markers of metabolic/oxidative stress: Circulating
cytokines and inflammatory proteins and acute phase reactant proteins have been

observed to be elevated after CNS injury suggested to be biomarkers of CNS

dysfunction and damage following TBI (see [132–134] for recent reviews).

Although interleukin-1beta (IL-1β), a pro-inflammatory cytokine, has been shown

to contribute to the development of posttraumatic astrogliosis [135], there is a

paucity of studies reporting circulating IL-1 changes after TBI, perhaps because

this protein has proved difficult to measure following human TBI [136]. Serum

levels of IL-1β obtained within 6 h of injury were found to correlate with GCS after

severe TBI [137]. Serum interleukin-6 (IL-6) has been shown to be elevated

following TBI and useful for the differential diagnosis of elevated ICP in these

patients [118, 138, 139]. Tumor necrosis factor alpha (TNF-alpha), another

pro-inflammatory cytokine released by CNS microglia, astrocytes, neurons, and

endothelial cells, is known to stimulate neutrophil and monocyte recruitment [28,

140–142]. Increased serum TNF-alpha levels have been reported in serum from

TBI patients [143, 144]. Although Crespo et al. [145] found no correlation between

acute increases in serum TNF-alpha and mortality in severely injured TBI patients,

more recently, Stein et al. [146, 147] reported that increased serum TNF moderately

correlated with subsequent increases in ICP or decreases in CPP following

severe TBI.

Acute phase-reactive protein C-reactive protein has been shown to rapidly

increase in serum of TBI patients [118]. Plasma levels of biomarkers of lipid

peroxidation (thiobarbituric acid reactive species/TBARS) and protein oxidation

(carbonyl) have been reported to increase significantly within the first 70 h after
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severe TBI but were not related to mortality or patient outcome [148]. MicroRNAs

are small RNA molecules that are expressed endogenously in the CNS and play an

important role in regulating gene expression. Recently, serum levels of the

microRNA let-7i (and CSF levels as well) were found to be elevated in the acute

post-injury period following experimental blast TBI [149]. Recently, serum levels

of angiopoietins, important regulators of vascular structure and function, whose

release into serum is believed to be hallmark indicators of vascular injury, have

been suggested to be a promising biomarker for TBI [150]. These authors empha-

size the study of the ratio of angiopoietin-1 (expressed in intracerebral and pial

vessels) to angiopoietin-2 (minimal expression in brain microvessels) to assess

posttraumatic BBB breakdown. Since injury to peripheral organs can cause

increases in serum inflammatory markers, the measurement of these biomarkers

may not provide high specificity for the extent of brain damage associated with TBI.

17.1.3 CSF Biomarkers of Acute Brain Injury

Since circulating cerebrospinal fluid (CSF) is in direct contact with the CNS

extracellular space, biochemical sequelae of tissue injury should be accurately

reflected by proteins released directly into the CSF. It is therefore generally

assumed that the CSF represents an optimal source of biomarkers of TBI

[131]. However, the invasiveness of lumbar puncture makes this sampling tech-

nique difficult (e.g., for concussed athletes) with the exception of those patients

admitted for moderate–severe TBI where an accessible CSF drain may be inserted

as part of routine clinical care.

S-100B: Unlike studies of serum S-100 proteins, there is a paucity of analyses of

CSF levels of S-100 after TBI. Berger and colleagues [68, 151] reported elevations

in CSF S-100B concentrations after severe TBI in infants and children. Using

lumbar puncture after a bout, slightly elevated levels of s-100B have been recently

reported in amateur boxers [152]. Acute elevations in S-11B concentrations in CSF

(up to 3 days) have been reported to be predictive of clinical deterioration to brain

death following severe TBI (but less so than NSE measurements) [153], and

elevations in CSF S-100B were associated with episodes of intracranial hyper-

tension and cerebral hypoperfusion during a week of ICP monitoring in patients

sustaining severe TBI [146, 147]. CSF S-100B levels were found to be reflective

also of the severity of posttraumatic secondary insults in severe TBI [154]. More

recently, CSF levels of S100B measured over the first week following severe TBI in

adults showed a superior predictive power regarding outcome over single point

estimates [155]. In a novel biomarker study after experimental blast TBI, S-100B

showed an acute increase at 6 h post-injury which returned to baseline values by

24 h [156].

GFAP: Neselius et al. [152] also evaluated GFAP in CSF obtained via lumbar

puncture from amateur boxers and, similar to S-100B, observed the marginal

elevation in CSF GFAP concentrations following a bout. Levels of GFAP in
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ventricular CSF have been shown to be markedly elevated in patients with severe

TBI and analysis of this biomarker was recently used to improve the predictive

power of the IMPACT outcome assessment [108]. Unlike S-100B, CSF levels of

GFAP showed a biphasic pattern of increased concentrations, first increasing by

6 h, returning to baseline by 24 h and increasing again thereafter at 72 h post-injury,

and remaining increased up to 2 weeks [156] following experimental blast TBI.

Recently, novel antibodies detecting human GFAP and GFAP breakdown products

have been developed and found sensitive to detect changes in CSF following

penetrating experimental TBI and after severe TBI in human patients [157, 158].

Neuron-specific enolase: In both adult and pediatric patients with severe TBI and
coma, CSF concentrations of NSE were found to correlate with mortality (higher

levels in nonsurvivors than survivors) and/or with TBI severity scores, including

GCS and GCS [93, 151, 159–163]. More recently, Bohmer et al. [153] reported that

acute CSF levels of NSE (up to 3 days post-injury) were superior to S-100B and

GFAP in predicting poor outcome following severe human TBI. Cerebrospinal

NSE levels were also found to be associated with episodes of intracranial hyper-

tension and cerebral hypoperfusion following severe TBI in human patients

[147]. Following experimental blast TBI, CSF concentrations of NSE showed a

biphasic pattern similar to GFAP, with levels significantly increased at 6 h, decreas-

ing to baseline by 24 h, with a secondary increase at 72 h that remained significantly

elevated up to 2 weeks post-injury [156]. However, as for serum measurement of

NSE, CSF concentrations of NSE may be artificially elevated following hemolysis,

thereby reducing the specificity of this marker for CNS damage following TBI.

UCH-L1: CSF concentrations of UCH-L1 have been shown to be elevated in

laboratory models of experimental TBI [104] and in CSF obtained from patients

with severe TBI [162]. Mondello and colleagues [39, 164, 165] reported that CSF

concentrations of the deubiquitinase UCH-L1 could be used as a valuable prognos-

tic indicator of patient outcome following severe TBI. Another recent study con-

firmed found that CSF levels of UCH-L1 were elevated following severe TBI and

that higher peak UCH-L1 concentrations, measured by ELISA, were associated

with GCS and evolving lesions on computer tomography. The magnitude of

UCH-L1 elevation was also associated with mortality at 6 weeks post-injury [106].

Neurofilament-light (NF-L ) and phosphorylated Tau (pTAU): Light chain

neurofilament (NF-L) and tau are abundant in neuronal axons: NF-L is highly

expressed in large-caliber myelinated axons projecting into deep brain layers

[166], while tau protein is found abundantly in thin nonmyelinated axons of cortical

interneurons [119]. CSF levels of these proteins have been proposed as possible

sensitive biomarkers for axonal damage and degeneration [167–169]. Increases in

CSF NF-L have been reported in amateur boxers that returned to normal only

following a minimum of 3 months rest period [95]. Similar elevations of lesser

magnitude were observed for CSF T-tau concentrations. These observations were

confirmed in a more recent study on Olympic boxers [122]. The magnitude of NF-L

elevation was also found to be correlated with number and severity of blows to the

head and the reported intensity/severity of blows sustained [95]. The greater rise in

CSF NF-L when compared with tau is suggestive of greater damage to long
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myelinated axons in white matter following repetitive TBI [48]. These observations

suggest that assessment of CSF NF-L and tau proteins may have clinical utility for

monitoring the extent of axonal damage in boxes and other athletes subjected to

repetitive TBI [19]. Additionally, elevated levels of pNF-H have been reported in

ventricular CSF in patients with severe TBI [162]. Elevated levels of T-tau in CSF

following severe TBI have also been observed [170–172] and correlated with

outcome at 1 year post-injury [171, 173].

Amyloid-related proteins: Intra-axonal accumulation of beta-amyloid (AB) and

its precursor amyloid precursor protein (APP) has been reported after brain trauma

in humans [174–187], even in long-term survivors [188]. Presumably, AB is

released into the tissue surrounding damaged axons (where it may lead to

posttraumatic plaque formation) and may leak into CSF via a compromised BBB.

To this end, ventricular CSF levels of AB-40, AB-42, and APP have been shown to

increase during the first week following severe TBI [189, 190], but not following

milder TBI associated with boxers [95, 152]. Recently, Mondello et al. [191]

reported that in severe TBI patients, increases in CSF concentrations of alpha-

synuclein occur and suggested that these changes may reflect widespread

neurodegeneration and secondary posttraumatic neuropathologic events.

AlphaII-spectrin breakdown products (SBDP): Elevated CSF levels of SBDPs

have been reported following experimental TBI [125]. Similarly, elevated SBDPs

were reported in CSF in humans [192, 193] following TBI that were associated with

both severity of brain injury and outcome. These studies suggest that the bio-

markers of proteolysis differentially associated with calpain and caspase-3 activity

have distinct temporal profiles in CSF following TBI that are suggestive of a

prominent role for calpain-induced proteolysis. Siman et al. [162] evaluated 11

neuron-enriched protein biomarkers in CSF from patients with severe TBI, includ-

ing 14-3-3beta, 14-3-3zeta, UCH-L1, three distinct phosphoforms of NF-H, NSE,

alpha spectrin, and three calpain- and caspase-derived fragments of alpha spectrin,

and found that nine were significantly elevated between 24 and 96 h post-injury.

Subsequent studies have shown that SBDPs in CSF are significantly elevated in TBI

patients who died when compared with survivors [194, 195]. Increases in CSF

levels of the biomarkers SBDP145 and SBDP120 were observed to be strongly

predictive for mortality at 3 months post-injury.

Albumin: The CSF/serum ratio of albumin, a protein synthesized predominantly

by the liver, is generally regarded as an accurate biomarker of BBB integrity

[196]. Elevated concentrations of albumin in CSF, believed to represent a

compromised or damaged BBB, have been reported following severe TBI [197].

Inflammatory cytokines and markers of metabolic, oxidative stress and cell
death: TBI is known to initiate an acute and chronic inflammatory response in the

injured brain that is reflected in increases in CSF concentrations of

pro-inflammatory cytokines. Initial studies by McClain and colleagues [198, 199]

originally described increases in CSF concentrations of interleukin-1beta (IL-1β)
and interleukin-6 (IL-6) following severe TBI in human patients [200] reported

increased CSF levels of IL-1 and IL-6 following severe TBI and observed that peak

CSF IL-1 concentrations correlated with 3-month clinical outcome. In both adult
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and pediatric TBI, elevated CSF IL-1β concentrations were shown to be reflective

of poor GOS [201] and other studies have reported that elevated CSF Il-1β
concentrations are associated with poor outcome and increased ICP in severely

brain-injured patients [202, 203]. Increases in CSF levels of IL-1β have been

recently reported to be accurately reflective of injury severity in an experimental

model of TBI [204]. Increases in CSF levels of IL-6 have been shown to occur

between 3 and 6 days post-TBI [136] and have been related to functional outcome

in pediatric TBI [205]. Similar elevations in CSF levels of TNF-alpha have been

reported after severe TBI, but no correlation with outcome has been established

[136, 144, 147, 202, 203]. Both acute and/or delayed elevations in levels of other

CSF inflammatory proteins have subsequently been reported following TBI, includ-

ing interleukin-8 (IL-8), interleukin-10 (IL-10), activin A, complement-derived

soluble membrane attack complex (sC5b-9), and MCP-1 [61, 94, 136, 197, 200,

203, 206–217]. Anti-inflammatory cytokines (Il-10 and transforming growth factor-

beta (TGF-β)) are known to counteract the deleterious effects of the

pro-inflammatory cytokines and have also been shown to be elevated following

TBI. Increases in CSF levels of IL-10 have been shown to occur within 24 h

following severe TBI and are associated with a corresponding decrease in

TNF-alpha levels [194, 218]. In children with severe TBI, IL-10 has been reported

to correlate with outcome, including mortality [206, 207]. Levels of TGF-β in CSF

have also been found to rapidly increase in the acute posttraumatic period and

remain elevated for more than 3 weeks post-injury [219]. However, since plasma

levels of inflammatory proteins are normally higher than CSF, passive leakage

across a compromised BBB may result in elevated CSF levels in the absence of

neuroinflammation [131], thereby potentially reducing the sensitivity of CSF pro-

and anti-inflammatory biomarkers in the assessment of TBI severity. Other proteins

related to metabolic and oxidative stress and/or cell death pathways (e.g., adeno-

sine, Bcl-2, matrix metalloproteinases 3 and 9, adrenomedullin, and cytochrome C,

a putative biomarker of apoptosis) have also been reported to increase in CSF

following severe TBI in adults and children [209, 220–227]. Activated caspase-9

and cytochrome C were elevated in the CSF of patients with severe TBI with a weak

correlation observed between CSF caspase-9 and neurologic outcome [228]. Wag-

ner et al. [229, 230] more recently demonstrated the prognostic value of Bcl-2 and

cytochrome C profiles, measured in the acute (first 6 days) posttraumatic period

following severe TBI in adults. Similarly, CSF levels of cytochrome C and high-

mobility group box 1 (HMGB1), a ubiquitous nuclear protein that is released from

damaged/necrotic cells as well as from immune cells, have been recently reported

to predict outcome after TBI in infants and children [231]. Evaluation of CSF levels

of complement activation via analysis of the “membrane attack complex” C5b9 in

CSF demonstrated that increases in C5b9 reflected serious secondary insults in

patients with severe TBI [154]. Adamczak et al. [232] have also recently reported

that biomarkers of the “inflammasome,” a regulator of the immune response that

activates caspase-1 and IL-1β and includes the inflammasome proteins ASC,

caspase-1, and NALP-1, are elevated after severe TBI. Expression of each individ-

ual biomarker protein was correlated significantly with the GOS at 5 months
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post-injury and found to be significantly higher in patients with unfavorable out-

come (death and severe disability).

17.1.4 Biomarkers in Acute Ischemic Brain Injury/Stroke

17.1.4.1 The Global Burden of Stroke

Stroke is the second leading cause of death worldwide and the third leading cause of

death in the United States. In the United States, stroke is the leading cause of

disability and the third leading cause of death, with 800,000 people experiencing

strokes per year. Stroke remains an important global health burden [233]. As the

third leading cause of death in the United States, stroke affects 700,000 Americans

annually [234]. Every 45 s someone in America has a stroke and every 3 min

someone dies of a stroke [234]. Stroke is likely to continue as the most prevalent

cause of disability, despite the declining incidence of stroke, as the overall popu-

lation ages [233].

17.1.4.2 Potential Uses of Biomarkers in Stroke Management

In coronary artery disease, the use of serum biomarkers, initially creatinine kinase

and now troponin, has improved the diagnosis, triage, and disposition of patients

with chest pain. The initial triage of the patient with chest pain is now done by

emergency room personnel, often without cardiology consultation, with heavy

reliance on ECG and biomarker activity. In a similar manner, a sensitive and

specific cerebral biomarker could impact the delivery of stroke care in an equally

important manner.

A clinically useful biomarker for the diagnosis of stroke does not currently exist.

Unlike current diagnostic tests for stroke which include subjective neurological

assessments and expensive neuroimaging scans, a low-cost, blood-based biomarker

assay will potentially provide the first objective measure of stroke-associated brain

injury. Rapid and objective discrimination of stroke type in acute care environ-

ments is likely to increase the number of ischemic patients receiving thrombolytic

therapy, promoting their recovery and saving millions of healthcare dollars per

year. Biomarkers could improve stroke care by allowing early diagnosis by

nonexpert clinical providers, serial monitoring of patients, and rapid assessment

of severity of brain injury.

A cerebral biomarker would complement present neuroimaging modalities for

the diagnosis of stroke. The use of biomarkers would be of particular value in

identifying patients with nonlocalizing or transient neurological symptoms or when

neuroimaging cannot be obtained or is nondiagnostic. This would avoid delays in

triaging stroke (or TIA) patients to appropriate care centers and allow expedited

treatment of patients at high risk for early stroke recurrence.
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Certain biomarker signatures could help the selection of appropriate treatment

plans for patients with acute stroke. In “wake-up” stroke, where stroke onset is

uncertain, low or, alternatively, high biomarker levels could identify recent or

relatively remote stroke onset respectively. This information could be used in

conjunction with acute neuroimaging patterns (e.g., diffusion perfusion

mismatch) to determine if salvageable tissue is present and lead to a more

appropriate therapy [235]. It is conceivable that an early high biomarker activity

could identify patients at risk for secondary complications of stroke, particularly

intracerebral hemorrhage [236]. In those patients caution may be warranted, while

low levels of biomarkers may identify patients at lower risk of bleeding, who

would benefit from more aggressive revascularization measures or antithrombotic

regimens. Certain biomarker signatures may also identify patients at risk for

developing malignant edema, for which presently no clinical or imaging pre-

dictors exist [236, 237].

Following biomarker activity during the first few days of hospitalization may

lead to further insights into stroke progression. Often stroke symptoms worsen or

fluctuate for unclear reason. Possible causes of worsening include infections,

fever, metabolic derangements, edema, or continued ischemia. Serial monitoring

of biomarker activity could potentially identify patients with ongoing ischemia

who may benefit from more aggressive stroke management.

S100B: Several studies have demonstrated that serum concentrations of S100B

are significantly increased following stroke with the serum concentration increasing

up to 48 h after symptom onset and the peak occurring within the first 24 h after

infarction. Significant correlations between S100B concentration in blood and the

size of infarction area were also demonstrated in a variety of clinical or experi-

mental studies [202]. While S100B might not be a useful single biomarker for

differentiation between acute ischemic, hemorrhagic, and stroke mimics, it shows

potential as clinical biomarker for stroke in a panel of biomarkers.

GFAP: Initial studies in stroke demonstrated increased serum concentrations of

GFAP in ischemic stroke vs. controls [168]. In stroke a recent prospective study by

Foerch et al. [27] included 93 patients with IS and 42 patients with ICH within 6 h

after symptom onset. GFAP was detectable in serum of 81 % of ICH patients but

only 5 % of IS patients. The mean GFAP concentration in serum was significantly

higher in patients with ICH. A subsequent multicenter study [225] of S100B,

neuron-specific enolase (NSE), GFAP, and activated protein C-protein C inhibitor

complex (APC-PCI) demonstrated a significant ability of GFAP to distinguish ICH

from ischemic stroke. GFAP has also been shown to be a sensitive serum biomarker

of brain damage in patients with smaller lacunar lesions or minor stroke [19]. In a

recent publication, GFAP showed a late upregulation at 24-h postischemia/reper-

fusion injury, indicating the presence of reactive gliosis in the middle cerebral

artery territory [49].

αII-Spectrin BDPs: These signature cleavage products are apparent in brain

tissue and CSF after brain ischemia [238, 239]. SBDP 145 and SBDP 150 provide

a highly sensitive measure of calpain activation primarily associated with oncotic

cell death. However, calpain can in some situations contribute to apoptotic cell
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death [132]. Thus, SBDP 150 is primarily associated with calpain-mediated oncosis

but to a lesser extent also results from caspase-3-mediated apoptosis. SBDP

145 could result from some lesser amount of apoptotic cell death. SBDP120 is a

sensitive measure of caspase-3 activation associated exclusively with apoptotic cell

death.

The ability to monitor both calpain and caspase-3 activation during the acute

period of CNS injury is a major advantage of αII-spectrin over other biomarkers.

Indeed, preliminary data obtained from CSF of severely injured TBI patients

indicate that accumulation of calpain- and caspase-3-mediated SBDPs ran show

different temporal patterns of expression that vary in each patient [61, 115]. Similar

patterns of changes in SBDP 150 and SBDP 120 were observed following sub-

arachnoid hemorrhage [156]. This variability emphasizes the heterogeneous nature

of CNS pathology after stroke and points to important implications for individual-

ized treatment of brain-injured patients tailored to specific neurochemical cascades

in the injured brain.

MAP-2: Dendritic damage after CNS injury, including stroke, has not been

studied thoroughly. Mattson et.al. [240] reported that apoptotic changes can occur

locally in synapses and dendrites, stressing the role of dendrites in propagating

apoptotic signals to the soma and perhaps explaining the early dendritic degener-

ation seen in a variety of CNS disorders, including cerebral ischemia and

Alzheimer’s disease. MAP-2 loss has been documented following ischemic damage

[19, 50] and excitotoxic lesioning [49]. Studies in our laboratory have documented

MAP-2 loss, a dendritically enriched protein [241, 242].

MAP-2a/2b is largely located in neuronal cell bodies, dendrites, dendritic spines,

and postsynaptic densities. MAP-2a/2b colocalizes with actin in dendritic spines

and postsynaptic densities, which may modify microfilament stability. Although

MAP-2 is not exclusively present in dendrites, it is important to note that it is highly

enriched in the microtubule network in dendrites which are known to be vulnerable

to ischemic damage.

UCH-L1: It has been suggested that UCH-L1 plays a critical role in the removal

of excessive-oxidized or misfolded proteins both during normal and neuropatho-

logical conditions [67, 102, 143, 210]. Based on this important neuronal function

and its high specificity and abundance in the CNS, we have selected UCH-L1 as a

candidate biomarker for brain injury. Levels of UCH-L1 are elevated in CSF and

serum following experimental middle cerebral artery occlusion [135].

βIII-tubulin: Class III tubulin is abundant in the brain and predominantly

expressed during fetal and postnatal development [143]. During neurogenesis, the

distribution of class III β-tubulin is neuron associated in progenitor cells in the

cerebellum and in differentiating precursor cells in the subventricular zone.

Although βIII tubulin has been identified as a biomarker in brain injury [210], little

work has been performed to evaluate the utility of this biomarker in experimental

models of stroke.
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17.2 Inflammatory Cytokines, Markers of Metabolic

Oxidative Stress and Cell Death

In the area of stroke research, Allard et al. have identified PARK7 (DJ-1) protein

and nucleotide diphosphate kinase A protein as potential ischemic stroke markers,

but their brain specificity and distribution have not been well characterized

[243]. Endothelial monocyte-activating polypeptide II precursor (EMAP-II) is

another potential microglia biomarker identified by differential neuroproteomics

[244, 245], which is unregulated in the CSF and plasma after experimental stroke.

These biomarkers could represent different pathways that can be at play at various

time points after the initial injury. Finally, neuroinflammatory-linked cytokines

[interleukin (IL)-6, IL-8, tumor necrosis factor-α (TNF-α), and MMP9] have been

also studied in the area of stroke biomarkers. It is also appropriate to think of stroke

biomarkers as a continuum of biomarkers that might be released at different time

points following the initial brain injury event [246].

17.3 Biomarker-Based Stroke Management: Therapeutic

Implications

Precise diagnosis of stroke patients is typically made by trained clinicians,

supported by neuroimaging, usually a brain computed tomogram (CT), in some

cases supplemented by diffusion- and perfusion-weighted magnetic resonance

imaging (MRI). This allows ready differentiation of ischemic stroke from hemor-

rhagic ones. However, CT is often normal in the acute phase of stroke and negative

in the presence of small ischemic lesions or in certain brain locations (posterior

fossae). As a result, a diagnosis of stroke often requires clinical interpretation by

highly trained personnel. Emergency room personnel, likely the first providers to

see a patient with potential stroke, are less confident in making a diagnosis in the

absence of objective laboratory confirmation. Stroke diagnosis is further compli-

cated by the diversity of presenting symptoms. In the presence of focal deficits (i.e.,

weakness), stroke is relatively obvious, but with nonlocalizing symptoms such as

delirium, seizures, dizziness/vertigo, or transient symptoms, the diagnosis can be

more challenging. The presence of aphasia (left hemisphere) or profound neglect

(right hemisphere) is often interpreted as confused delirium and is frequently

misdiagnosed by nursing or primary care physicians even in hospitalized patients

[247]. Stroke mimics include postictal states, hemiplegic migraines, brain tumors,

epilepsy, encephalopathies, and at times metabolic derangements (e.g., hypoglyce-

mia), all of which make the early diagnosis of stroke difficult. The diagnosis of

transient symptoms, such as a transient ischemic attack (TIA), essentially viewed as

a stroke equivalent, is difficult for trained clinicians, with substantial disagreement

even between neurologists themselves [248, 249]. On the other hand, MRI can be

helpful if ordered, but MRI is not readily available in all facilities and requires
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cooperation of frequently agitated patients and may be contraindicated in some

patients. In addition, the need to identify patients with acute stroke or TIA is

highlighted by the high incidence of early stroke recurrence. Approximately 11 %

of TIA patients will experience a stroke at 90 days and half of those will occur

within 48 h. Identifying such patients early would allow secondary stroke preven-

tion treatment to be implemented more rapidly. The difficulties of stroke diagnosis

are greatly increased in the acute settings. In the treatment of acute stroke, intra-

venous tissue plasminogen activator (i.v. tPA) has to be administered within 3 h of

symptoms onset (although this window may be closer to 4.5 h). Pressed for time, a

careful clinical diagnosis or complete neuroimaging evaluation may not be possi-

ble. Only 45 % of all stroke patients receive i.v. tPA, in part due to the reluctance of

non-neurologically trained emergency room personnel to administer a potentially

dangerous treatment to patients with unclear diagnosis [250]. In addition, the

presence of intracranial hemorrhage, in which case these agents are

contraindicated, must first be ruled out. Therefore, blood biomarker-based diag-

nostic test in the differential diagnosis of acute stroke will be highly valued in

stroke clinical onset. In one recent stroke biomarker study which includes 100 stroke

patients, it was reported that MMP-9 and D-dimer were found to be effective

separately at differential diagnosis of ischemic–hemorrhagic stroke; there was no

significance for S100β [251]. However, S100β and BNP have no place in the

differentiation of hemorrhagic from ischemic stroke when used individually. How-

ever, when combined with BNP, D-dimer, MMP9, and S100β, it has more signif-

icance. Thus, it would be better to use a panel of biomarker tests rather than being

used individually to differentiate hemorrhagic from ischemic stroke [252]. To this

end, we have assessed a panel of the glial markers S100β and GFAP and UCH-L1

by ELISA in patient serum 1, 2, 3, 4, and 7 days after stroke onset. Of interest, all

biomarkers increased poststroke indicative to be a good measure to evaluate brain

damage [253].

17.4 Summary

In summary, ideal biomarkers for both TBI strokes that have been identified and

validated with preclinical animal models need to be translated and validated in

clinical studies as well. They should be tested in terms of their ability to detect

injury magnitude as well as drug-based biomarker level reduction. A direct com-

parison of biomarker occurrence between preclinical models and biomarker data

from human clinical studies would allow investigators to gain considerable insight

into the validity (or challenges to the validity) of the employed preclinical animal

models. Finally, the sensitive and specific cerebral biomarker could impact the

delivery of TBI and stroke care in a critically important manner.
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Chapter 18

Biomaterials for CNS Injury

Teck Chuan Lim and Myron Spector

Abstract Given the complexity of the tissue environment after CNS injury, appro-

priate delivery and deployment of therapeutic agents (e.g. small molecules, nucleic

acids, proteins and cells) are as critical as the identification of the therapeutic agents

themselves. Biomaterials are non-viable materials devised to interact with biolog-

ical systems. Taking a plethora of forms ranging from nanoparticles, microspheres,

porous scaffolds and hydrogels, biomaterials can be designed to interact with the

injured CNS on a molecular, cellular or even tissue level. They have naturally

emerged as powerful tools that can navigate therapeutic agents through the spatial

and temporal challenges of the ever-evolving milieu in the injured CNS. This

chapter highlights the roles that biomaterials play in neuroprotection, repair and

regeneration (by protecting molecules and targeting them toward the CNS, sustain-

ing long-term release of drugs and providing structural support for endogenous/

transplanted cells) and details the strategies they employ in each of these roles.

Overall, the numerous applications of biomaterials in the injured CNS not only

illustrate the state of the art but also reflect the trend of biomaterials becoming

increasingly engaged in an intimate partnership with therapeutic agents to ulti-

mately materialize effective treatment for CNS injury.

18.1 Introduction

A hallmark of the central nervous system (CNS) is a diverse array of cells playing

intricate roles in a highly complex tissue organization. In the event of CNS injury,

such complexity is further layered with dynamic processes including inflammation

and injury-induced neurogenesis. Several chapters in this book have detailed the

significant strides made in dissecting this complexity and unraveling the underlying
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mechanisms. The newfound knowledge provides the valuable basis for potential

therapies, but translation to clinically relevant approaches has been challenged with

its own complexities. Robust transport barriers, which exist to isolate and protect

the CNS, have to be carefully penetrated or circumvented for the delivery of

therapeutic agents administered systemically. The numerous processes that unfold

after injury continue to evolve over time in an interconnected fashion and often

cause therapeutic targets to shift in a dynamic and interwoven fashion. Distinctive

CNS injury responses such as expression of growth inhibitors and stromal lique-

faction further pose a challenging environment for transplanted or endogenous cells

to operate in.

Just as extracellular matrices in the CNS are critical enablers of molecular and

cellular functions, so too can biomaterials facilitate protective or reparative

responses to CNS injury. Biomaterials—nonviable materials intended to interact

with biological systems—can be prepared from a large variety of natural and

synthetic polymers into diverse forms such as nanoparticles, microspheres,

hydrogels, and spongelike scaffolds and can accommodate the wide array of

therapeutic agents (e.g., small molecules, nucleic acids, proteins, and cells). With

their various forms spanning across several orders of magnitude in their physical

dimensions, biomaterials readily interact with elements of the CNS on a molecular,

cellular, and tissue level. They therefore have the potential to steer therapeutic

agents through the aforementioned complex aspects of the CNS injury milieu,

ensuring that they preserve their integrity and function as well as meet spatial and

temporal requisites. Therapeutic agents contribute to the various phases of CNS

injury, namely, the acute phase of neuroprotection, the subacute to chronic phase of

repair, and the long-term phase of remodeling and regeneration. In this chapter, we

survey the various forms of biomaterials which can play helpful roles in each of

these stages: (1) nanoparticulate materials that protect their drug cargo and direct

their delivery into the CNS, (2) repository materials that provide sustained release

of therapeutic drugs, and (3) scaffolding materials that provide structural support

for endogenous/transplanted cells.

18.2 Nanoparticulate Materials for Efficient,

Targeted Delivery

In the aftermath of CNS injuries, much attention is paid to the sizable area of tissues

around the injury core that, albeit spared from the full brunt of the injury, steadily

undergo degeneration under the influence of secondary damage mechanisms (e.g.,

excitotoxicity, ionic imbalance, oxidative stress). The potential aggravation of

neurological impairment upon the loss of these compromised tissues, coupled

with the limited prospects of regenerating tissues that can fully replace the highly

specialized structure and functions, compel the need for neuroprotective agents to

slow/halt the secondary damage mechanisms while time still allows. To administer

neuroprotective agents, systemic delivery or intranasal routes are generally pre-

ferred due to concerns that other routes with an invasive nature may further perturb
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the injured CNS tissue and be counterproductive to any protective effect offered by

the administered agents.

Delivery of any substance into the CNS via systemic delivery or intranasal

routes is, however, challenging. Substances dispatched into the systemic circulation

or nasal cavity may suffer stability issues and are subjected to efficient clearance by

reticuloendothelial system (RES) or nasal mucociliary mechanisms, respectively.

Blood–brain barrier (BBB) or nasal mucosa, both of which contain tight and

adherent junction proteins, efflux transport proteins, and drug-metabolizing

enzymes, further restricts the passage of therapeutic agents into the CNS such

that only a minuscule proportion, typically less than 2 %, of the administered

dose enters the CNS. Therapeutic regimens commonly resort to increasing doses

to compensate for these impediments, but the required magnitude of increase often

runs the risk of substantial side effects.

Nanoparticles have emerged as highly effective solutions to address these chal-

lenges (Fig. 18.1). With diameters that vary from 10 to 1,000 nm, nanoparticles are

sufficiently sized to serve as protective vehicles, which can encapsulate drugs by

adsorption or covalent linkage (Fig. 18.2a) and yet remain sufficiently small to traverse

the BBB and nasal mucosa. In one study, nanoparticles prepared from a synthetic

biodegradable polymer, poly(lactide-co-glycolide) (PLGA) were used to encapsulate

and deliver superoxide dismutase (SOD), a free radical scavenger, in a focal cerebral

ischemia-reperfusion injurymodel [1]. Freely solubleSOD,which is disadvantaged by

its short half-life of 6 min in vivo and limited permeability across the BBB, conferred

no benefit to the injury outcome and failed to prevent animal death. In contrast, SOD in

nanoparticles displayed dramatically improved efficacy, leading to 65 % reduction in

infarction volume and 75 % survival among the injured rats. In another instance,

erythropoietin formulated into PLGA nanoparticles putatively underwent much

enhanced stability and BBB-crossing to achieve therapeutic efficacy at a dosage that

was 16 times lower than freely soluble erythropoietin and might potentially lessen

potential side effects such as capillary sludging [2]. In addition to being prepared as

nanospheres, nanoparticles can be formulated as nanocapsules, liposomes,

dendrimers, and micelles (Fig. 18.1). Each form carries certain unique attributes and

can suitably cater to the application of specific therapeutic agents. For example, when

delivering hemoglobin as an oxygen carrier to the ischemic rat brain after stroke injury,

liposomes not only prevented renal clearance, extravasation, and hypertensive

response that were generally associated with free hemoglobin but also assumed a red

blood cell-like structure that featured an aqueous core to house the protein and a thin

lipid shell to facilitate efficient oxygen diffusion [3]. On the other hand, polymeric

micelles, formed via the self-assembly of amphiphilic polymers into a hydrophobic

core ensheathed by a hydrophilic corona, have been shown to aptly incorporate drugs

with poor water solubility. When used to deliver methylprednisolone, a water-

insoluble corticosteroid, to inhibit inflammation after spinal cord injuries in rabbits,

polymeric micelles increased the half-life of the drug by sevenfold and helped avoid

megadoses that could potentially lead to wound infections, pneumonia, and sepsis [4].

Nanoparticles can further host moieties via bulk entrapment or by adsorption or

chemical conjugation to their surface to minimize their clearance and lengthen the
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window of opportunity for the nanoparticles and their therapeutic cargo to enter the

CNS (Fig. 18.2b). For nanoparticles entering the blood circulation en route to the

CNS, the most common example is polyethylene glycol (PEG), an inert, hydro-

philic polymer that has already been employed in several Food and Drug Admin-

istration (FDA)-approved protein conjugate drugs [5] and used widely with

nanoparticles for CNS applications. The appeal of PEG largely lies in its ability

to form a hydrophilic shield that (1) blocks the adsorption of opsonins, (2) reduces

engulfment by macrophages, and (3) helps the nanoparticles to evade clearance by

the RES [6]. The resulting benefit, as shown in an in vivo study investigating

polycyanoacrylate nanoparticles in mice and rats [7], is evident—PEG increased

the circulatory half-life of coated nanoparticles, affording them sufficient time to

penetrate into the deep regions of the brain (e.g., striatum, hippocampus, hypothal-

amus, and thalamus) even without any modification to the BBB permeability. Also

of note, related to penetration into the CNS, PEG has also been recently shown to

render densely coated nanoparticles minimally adhesive, allowing them to spread

rapidly within the brain extracellular space even when they are larger than 64 nm,

the size limit for appreciable movement through the brain [8]. Nonetheless, PEG

should be used with caution regarding (a) the possibility that depending on its

coating density, PEG adopts a mushroomlike conformation, instead of a brushlike

one, and becomes less effective in shielding the nanoparticle surface [9], and (b) the

plausible elicitation of anti-PEG IgM, which actually triggers a counterproductive

accelerated blood clearance phenomenon [10] and may necessitate a switch to

alternative hydrophilic polymers such as poly(N-vinyl-2-pyrrolidone) [11]. For

nanoparticles administered via the intranasal route, cationic polymers (e.g.,

chitosan [12]) and cationic molecules (e.g., stearylamine [13]) are typically used

to cope with clearance by the nasal mucociliary mechanisms. Such cationic

Fig. 18.1 Types of nanoparticles for drug delivery into the CNS. Liposomes are vesicles com-

posed of an aqueous core enclosed in one or more phospholipid bilayers. Nanocapsules are

similarly structured vesicles with a polymer-based shell and either an aqueous or hydrophobic

core. On the other hand, nanospheres have a polymeric matrix throughout the entire volume.

Dendrimers are macromolecules with a globular structure characterized by repeated branches. The

highly ordered architecture on the surface of the dendrimers offers a molecular template that

accommodates and precisely controls surface functionalization. Depending on the nature of the

polymer used, nanospheres and dendrimers may possess with a hydrophilic or hydrophobic core.

Micelles are another type of vesicles with a core-shell structure formed through the self-

organization of amphiphilic molecules. In physiological environments that are usually aqueous

in nature, hydrophobic regions of the molecules condense to form a core while hydrophilic regions

are exposed in the exterior to form a shell
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moieties serve as mucoadhesives that interact electrostatically with the negatively

charged sialic acid residues in mucous proteins, thus prolonging the residence time

of nanoparticles in the nasal cavity and enhancing their transport into the brain.

Nanoparticles can also steer their biodistribution toward the CNS and thereby

minimize the side effects of their therapeutic cargo on non-CNS tissues. The

general principle for this is to host targeting moieties that mediate the binding of

the nanoparticles with receptors that are highly expressed on the BBB microvas-

cular endothelial cells or olfactory nerves and to exploit the transcytosis of the

receptors for nanoparticle transport (Fig. 18.2c). Targeting moieties for the BBB

can take the following forms: (1) antibody (e.g., monoclonal antibody against

transferrin receptor has been shown to enhance the transport of caspase inhibitor-

loaded nanoparticles for neuroprotection after brain ischemia [14]); (2) ligand (e.g.,

insulin and thiamine for insulin receptors and thiamine transporters, respectively);

(3) peptide, which can be subcategorized into viral capsid protein-derived cell-

penetrating peptide (e.g., TAT peptide for lipid raft- and receptor-dependent endo-

cytosis [15]), opioid mimic (e.g., synthetic opioid peptide with a single amino acid

substitution to target δ/μ opioid receptors without the potential opioid effect [16]),

and Kunitz domain-derived peptide (e.g., Angiopep to target low-density

Fig. 18.2 Functional architecture of nanoparticles. (a) Therapeutic drugs, which can occur in the

form of small hydrophilic or hydrophobic molecules, proteins (e.g., growth factors and anti-

bodies), and nucleic acids (e.g., plasmid DNA and small-interfering RNA). (b) Nanoparticle

surface may be functionalized with PEG to reduce opsonization and clearance by the RES or

with mucoadhesives (such as chitosan or stearylamine) to bind with mucous proteins and prolong

residence time within the nasal cavity. (c) Nanoparticle surface can also be functionalized with

moieties to target the BBB or olfactory neurons. (d) Nanoparticles of select materials (e.g.,

platinum or carbon) can undertake functional roles such as quenching ROS to achieve

neuroprotective effects
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lipoprotein receptor-related protein 1 [17]); and (4) nonionic surfactants for pro-

moting adsorption of endogenous targeting molecules (e.g., polysorbate-80 for the

adsorption of apolipoprotein E which in turn targets low-density lipoprotein recep-

tors [18]). On the other hand, targeting moieties for olfactory nerves include lectins

(such as wheat germ agglutinin [19] and ulex europaeus agglutinin I [20]) that bind

to the olfactory receptors. Not surprisingly, new targeting moieties are continuously

being uncovered as part of the ongoing effort to reduce side effects. Among them,

glia-specific TD2.2 peptide [21] as well as neuron-specific Tet1 peptide [22]

represents a promising class of moieties that can enable specific targeting toward

individual neural cell types. Antibodies for fibrin and the analogous peptide deriv-

atives identified through phage display techniques are another class of interest

given their potential in enabling the novel thrombolytic approaches where fibrino-

lytic nanoparticles home specifically toward thrombus and benefit ischemic strokes

without the usual hemorrhagic risk [23].

Finally, while nanoparticles are commonly noted to be highly effective delivery

vehicles, it is important to recognize that nanoparticles may also feature unique

material attributes to undertake neuroprotective roles by themselves (Fig. 18.2d).

For instance, nanoparticles made of platinum present the catalytic metal at a high

surface/volume ratio, hold high electron density on their surface, and have acted as

potent reactive oxygen species (ROS) scavenger to ameliorate brain damage and

neurological impairment in ischemic and reperfusion injury [24]. Carbon

nanoparticles also improve cerebrovascular dysfunction after controlled cortical

impact-induced traumatic brain injury by providing graphitic structural domains

that do not require supporting detoxifying molecules such as catalase or glutathione

and completely annihilate ROS [25]. In another example, nanoparticles made of

chitosan, a cationic biopolymer that has been shown to induce the fusion of small

phospholipid bilayers [26], facilitate neuronal membrane sealing in addition to

delivering hydralazine to trap toxic byproducts of lipid peroxidation after CNS

trauma [27].

18.3 Repository Biomaterials for Local and

Sustained Release of Therapeutic Drugs

As CNS injury progresses with time, the focus of intervention shifts from

neuroprotection to remodeling, repair, and regeneration. Along with this shift

come new challenges, the most prominent of which is the need to have a protracted

presence of therapeutic agents to cater to the relatively prolonged nature of the

underlying events. Rather than relying on repeated administration of nanoparticles, a

preferable approach is to establish a local, sustained release mechanism at the site of

interest. Such an approach bypasses the recurring difficulty of crossing the BBB or

olfactory epithelium, offers a direct way of targeting a specific tissue region, and

most importantly, delivers a steady stream of therapeutic drugs without large fluc-

tuations between concentrations that are ineffectively low and prohibitively high.
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Experimentally, this is frequently achieved via continuous infusion using osmotic

pumps. For clinical applications, the use of osmotic pumps on a chronic basis is,

however, fraught with difficulties. Much emphasis is understandably placed on

biomaterials that can act as a depot for releasing therapeutic drugs with the desired

kinetics.

Repository biomaterials commonly occur in the form of microparticles.

In contrast to nanoparticles, they possess a significantly smaller surface area/

volume ratio, which works in the favor of retarding the diffusive loss of their

therapeutic cargo from their surface. In addition, at a length scale that is similar

to or larger than most cells in the CNS, they tend to be more resistant against

phagocytosis by individual cells than nanoparticles and are better suited for staying

localized at their sites of application. Repository biomaterials may also be of an

even larger length scale (~millimeters) by taking the form of hydrogels, which are

physically or chemically cross-linked polymer networks with high water content.

In addition to sharing the aforementioned advantages with microparticles,

hydrogels have the further benefit of having the sheer size to remain stably

anchored when applied outside the CNS parenchyma. As such, they can be depo-

sited at intrathecal [28, 29] or epicortical [30, 31] locations (Fig. 18.3) to

completely avoid any disturbance to the CNS parenchyma.

Through the calculated selection and use of different materials, microparticles

and hydrogels can be tailored to adopt various strategies to store therapeutic drugs

and release them locally in a sustained fashion in the CNS. One strategy is physical

entrapment which usually involves the polymeric matrix within the microparticles

or hydrogels impeding the diffusion of the loaded drug or to only allow drug efflux

upon the degradation of the entrapping matrix (Fig. 18.3a). PLGA, a biodegradable

polymer that undergoes hydrolysis into lactic and glycolic acids at a rate controlled

by the lactide/glycolide ratio used during polymerization, is a classical example for

this strategy. When formulated into microparticles for delivering nerve growth

factor (NGF), it led to a continuous release of NGF for at least 6 weeks and could

be introduced adequately close to axotomized neurons to promote their survival

[32]. Recently, physical entrapment is also achieved by using lipid microtubules as

hollow containers that limit drug efflux to only the miniscule openings on the ends

of the tubular structures. The lipid microtubules were successfully employed after

spinal cord hemisection injury to deliver chondroitinase ABC to remodel the

inhibitory extracellular matrix and enhance axonal sprouting around the lesion [33].

Other than physical entrapment, affinity between the polymeric matrices and the

loaded drugs can also extend drug efflux over time (Fig. 18.3b). Such affinity may

be introduced by choosing a polymer that serves as a binding partner to the loaded

drug. For instance, acidic gelatin, instead of its basic counterpart, was selected for

its anionic nature to undergo electrostatic complexation with cationic growth

factors [34]. When used in the form of microspheres to deliver insulin-like growth

factor-1 or hepatocyte growth factor in the ischemic mouse brain, the sustained

release effectively increased the number of new neurons in subventricular zone as

well as their migration toward the injured striatum [35]. Alternatively, binding

domains for the drug may be conjugated onto the polymeric matrices to institute
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affinity with the loaded drug. Using peptide engineering and a transglutaminase-

based conjugation technique, heparin was covalently linked to fibrin matrices for

the delivery of heparin-binding growth factors [36]. When employed in a spinal

cord hemisection model, the heparin-based fibrin matrices controlled release of

neurotrophin-3 and enhanced neural fiber sprouting by 54 % relative to unmodified

fibrin matrices [37]. In the most extreme option for slowing or even halting drug

diffusion, the polymeric matrices can be covalently conjugated with the drug such

that drug release occurs solely by cleavage of the covalent links or degradation of

the matrices (Fig. 18.3c). While this option runs the risk of weakening the bioac-

tivity of the drug due to chemical modifications of the drug, it has been successfully

demonstrated in hyaluronic acid hydrogels conjugated with Nogo-66 receptor

antibody. In both brain ischemic and spinal cord hemisection injuries, the hydrogels

enhanced axon regrowth, proving their biodegradability and their ability to release

bioactive antibodies to block inhibitory signaling via the Nogo-66 receptor [38, 39].

Clearly, regardless of the choice of biomaterials, there is an inevitable limit to

the amount of drugs that can be stored and to the duration over which their release

can be sustained. In cases where the need for proteinaceous drugs extends into a

timeframe measured in months and years, the logical inclination is to use repository

biomaterials to encapsulate and immunoisolate protein-releasing cells instead

(Fig. 18.3). In theory, cells may be genetically modified to overexpress any protein

of interest and secrete them for indefinite periods of time as long as the cells remain

Fig. 18.3 Repository biomaterials for sustained delivery of drugs to a local tissue environment.

Biomaterials, commonly in the form of microparticles and hydrogels, are implanted into targeted

regions of the CNS parenchyma to store and release drugs over time. Hydrogels, in particular, may

also be deposited at intrathecal and epidural locations. Strategies for sustained drug release include

(a) physical entrapment, (b) drug-binding mechanisms, or (c) chemical links which tether drugs

and release them only with material degradation or link cleavage. Chemical links may further

incorporate domains to respond to specific stimuli. For highly extended protein release, bio-

materials may take the role of an immunoisolating barrier to allow microencapsulation of

protein-producing cells
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uncompromised and have their metabolic demands well supported. Along with this

change of approach for releasing proteins, different material characteristics are

desired in repository biomaterials. For instance, the indispensable trait is selective

permeability, which is extremely critical for the transport barrier around the

protein-releasing cells to permit efficient exchange of secreted proteins and waste

with nutrients and oxygen while preventing immune cells and antibodies from

accessing the grafted cells. Polysulfone, a material whose selective permeability

has been well tested in hemodialysis, is a natural candidate and has been used to

encapsulate vascular endothelial growth factor (VEGF)-secreting hamster kidney

cells in the ischemic rat brain to support post-injury angiogenesis [40]. Alginate/

poly-L-ornithine also proved to be an adequate encapsulating matrix for genetically

modified fibroblasts to survive at least 1 month after grafting into the injured spinal

cord of adult rats and produce brain-derived neurotrophic factor (BDNF) for

promoting axonal growth [41]. Additionally, while biodegradability is sought

after in drug-storing biomaterials to ensure their disappearance after drug depletion,

persistent materials are ideal here to ensure the integrity of the selectively perme-

able barrier over time. In an example where nondegradable poly(acrylonitrile-co-

vinyl chloride) was used, NGF-secreting hamster kidney cells remained stably

immunoisolated and active in NGF expression 13.5 months after grafting into the

lateral ventricles of adult rats, thereby bringing about marked hypertrophy of

cholinergic neurons [42].

The current state of repository biomaterials remains mostly with the capability to

deliver a single type of therapeutic drug with predetermined release kinetics. Given

that this approach falls far short of providing the multitude of signals typically

involved in the contextually dependent progression of events after CNS injury, a

long road lies ahead for repository biomaterials with much attention paid to

devising programmable and stimuli-responsive delivery. Programmable delivery,

which involves releasing multiple factors with a specific sequence of choice, is

particularly important to handle the appearance of different intervention targets at

varying times during injury progression. It has already been applied with promising

outcomes in areas such as neovascularization and bone regeneration and has

spurred the inception of several delivery systems that can potentially be applied

to the injured CNS tissue. These include hydrogels (e.g., polymer blends of

hyaluronan/methyl cellulose [43] and carbomer/agarose [44]) that engender fast

and slow diffusion kinetics for small molecules and proteins, respectively,

hydrogel-incorporating microspheres to each carry a protein and regulate its release

kinetics differentially (e.g., hyaluronic acid hydrogels and PLGA microspheres to

deliver BDNF and VEGF, respectively [45]), and hydrogels with distinct binding

mechanisms for different proteins to independently vary their release kinetics (e.g.,

PEG hydrogels that bind to cationic proteins and hexahistidine tagged proteins via

electrostatic interactions and metal ion chelation, respectively [46]). Stimuli-

responsive delivery ensures the release of drugs only on demand, thereby minimiz-

ing nonspecific effects of the drugs and allowing the drugs to be conserved for use

over a longer timeframe. A proof of concept has already been demonstrated with

hydrogels that can release chemotherapeutic agents in response to the heightened
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MMP activity [47] and can conceivably be extended to CNS injury once appropri-

ate stimuli and their associated release mechanisms are identified.

18.4 Scaffolding Materials for Transplanted/Endogenous

Cells

Often derived from polymers naturally present in extracellular matrices or amena-

ble to physical and chemical modification to recapitulate features of ECM, bio-

materials have widely been used as scaffolding materials in various tissues. Given

the high tendency for stromal liquefaction and formation of structureless cavities

after CNS injury (Fig. 18.4a), biomaterials become of paramount importance in

terms of providing stromal support for endogenous or transplanted cells in CNS

lesions. For example, in a rat model where focal cerebral ischemia led to a cystic

cavity in the cerebral cortex, Matrigel, a hydrogel constituted from extracellular

matrix proteins secreted by Engelbreth-Holm-Swarm mouse sarcoma, made the

critical difference in allowing transplanted human neural precursor cells to survive

8 weeks after transplantation and mediate a ~50–60 % reduction in infarct

cavity volume [48]. In another example, implantation of N-(2-hydroxypropyl)-
methacrylamide hydrogels into a chronic spinal cord lesion (formed 5 weeks after

a balloon-induced compression injury in adult rats) contributed to the survival of

transplanted mesenchymal stem cells for as long as 5 months, permitting them to

promote infiltration of myelinated axons and functional improvements [49].

A similar trend has been observed with endogenous cells in the injured CNS. The

presence of a peptide nanofiber scaffold in the lesion caused by a 2-mm-deep

transection of the optic tract in the hamster midbrain was deemed necessary as a

bridge for axons to regenerate through the lesion, reconnect with target tissues, and

restore functional vision [50]. By serving as structural support in surgically created

cortical cavities, collagen-glycosaminoglycan scaffolds also made possible the

infiltration of endogenous neuronal precursors which otherwise only migrated up

to the lesion boundary [51]. Finally, the importance of scaffolding biomaterials was

definitively illustrated in a study where polyglycolic acid scaffolds were implanted

into cystic lesions resulting from a unilateral hypoxia-ischemic brain injury [52]. In

this instance, only cystic lesions implanted with scaffolds enabled neurons derived

from neural stem cells (NSCs) grafted into the lesion to innervate the contralateral

hemisphere as well as host neurons from contralateral hemisphere to innervate the

lesion.

With numerous possibilities for base materials (natural or synthetic polymers),

multiple physical forms [preformed sponges, electrospun fibers, microspheres, and

hydrogels (Fig. 18.4b–e)], and abundant ways to further chemically modify the

scaffold surface, a huge number of permutations has been investigated for their

applicability in supporting cells in CNS lesions. The collective knowledge gener-

ated from such studies has now made it possible for scaffolds to be engineered

based not simply on a general notion of mimicking the brain ECM but on an array of
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design criteria. Of the essential properties that have emerged, the most familiar and

routinely applied criterion is the cell adhesiveness of the scaffolds. This stems from

the fact that cell attachment to the scaffolds is a fundamental requisite for both anti-

anoikis signaling and cell migration and, thus, essential for scaffolds to succeed as a

structural support in cystic CNS lesions. Clearly, the most straightforward strategy

is to rely on the presence of cell-adhesive ECM proteins in the scaffolds. Along this

line, collagen [53, 54], its denatured form gelatin [55], fibronectin [56], and laminin

[57] have either been used as the base material or surface coating for scaffolds

applied in the injured brain or spinal cord. The amino acid motifs Arg-Gly-Asp

(RGD), which mediates binding of fibronectin with the integrin family of receptors,

and Ile-Lys-Val-Ala-Val (IKVAV) and Tyr-Ile-Gly-Ser-Arg (YIGSR), which

account for binding with laminin-binding proteins, have also been employed for

the modification of scaffolds as alternatives to the full ECM proteins [58–60]. Their

efficacy in accommodating neurite extension, axonal growth, and cell infiltration

validates the ability of these molecular motifs to recapitulate the binding affinities

of fibronectin and laminin with cell types found in the CNS and strongly signals

their significance as a progressive way for decorating scaffolds and manipulating

their cell adhesiveness with molecular precision. In fact, with the discovery of

other domains that are involved or related to cell adhesion (e.g., Pro-His-Ser-Arg-

Asn to synergize cell binding with RGD [61, 62]), it is reasonable to expect these

molecular motifs to impart scaffolds with an increasingly thorough mimicry of

ECM in their binding to transplanted or endogenous cells.

Another critical scaffold property is the directionality of scaffold features, i.e.,

pore orientation for porous preformed sponges and fiber alignment for electrospun

Fig. 18.4 Scaffolding materials in CNS lesions. Proteolysis of ECM in the injured tissue often

results in stromal liquefaction and the formation of a cystic lesion. (a) Cells (e.g., transplanted or

endogenous neural progenitors) and regenerating axons are strongly hindered in this structureless

environment. Biomaterials can serve as scaffolding materials to introduce the crucial structural

support in the cystic lesion. This may occur in the form of (b) preformed porous scaffolds,

(c) electrospun fibers, (d) hydrogels, and (e) microspheres
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fiber scaffold. Both pore orientation and fiber alignment have been areas of focus

for scaffolds devised for the spinal cord in recognition of its pronounced level of

directionality. Several types of uniaxially porous scaffolds have been prepared over

the years through techniques such as freeze-drying with a uniaxial thermal gradient

[54], oriented diffusion of ions into ionically cross-linkable hydrogels [63],

templating with microfibers [64], and injection molding [65]. Similarly, aligned

fiber scaffolds of various materials have been fabricated via collection of the fibers

on a drum rotating at an appropriate speed [66, 67]. While axon regrowth after

spinal cord injury is usually so randomly oriented that the axons fail to extend

across the lesion [68], it was effectively guided to proceed in a linear fashion into

these scaffolds and, in some cases, completely through the scaffold to reach the

distal cord tissue. A further step was taken with the creation of a multicomponent

porous scaffold featuring a NSC-seeded inner portion with randomly oriented pores

to emulate the gray matter of spinal cord and an outer portion with uniaxially

oriented pores to emulate the white matter and guide regenerating axons after a

hemisection injury [69]. By better matching the region-specific pore orientation of

the spinal cord, the scaffold created an appropriate combination of a NSC-mediated

trophic support zone and a guidance zone for regenerating axons to produce

persistent recovery in hindlimb function. Compared to the spinal cord, studies on

the directionality of scaffold features are less strongly motivated and far fewer for

the brain, since axons and neurites do not extend only in a single predominant

direction throughout the brain. It has appeared that pore orientation and fiber

alignment are still properties relevant for the brain given that they influence the

accessibility of spaces into which endogenous cells can infiltrate. In a study

examining scaffolds with different pore orientations in the healthy adult brain,

scaffolds with pores oriented toward the apposing brain tissues increased infiltra-

tion of endogenous astrocytes [70]. On the other hand, for electrospun fiber scaf-

folds in the brain, randomly oriented fibers translated into porosity for

accommodating neurite growth into the scaffold while aligned fibers prevented

the neurites from penetrating into the scaffold [71].

In addition to the above, several noteworthy scaffold properties have emerged

through extensive in vitro studies. One of them is surface topography, which

involves micro-/nano-grooves, pillars, holes, and roughness. Through precise

tuning of the feature attributes such as groove depth [72], groove width [73], and

inter-pillar distance [74], surface topography can affect contact guidance of the

cells and influence cell behaviors such as alignment of neuronal cell body and

neurites. First shown to differentially influence the differentiation of mesenchymal

stem cells into neurons, myoblasts, or osteoblasts across 0.1–40 kPa [75], substrate

modulus is another scaffold property important to neural cells. Across the smaller

range of 0.1–10 kPa, it has been demonstrated to affect differentiation of NSCs,

with soft substrates favoring neuronal differentiation and hard substrates favoring

glial differentiation [76, 77]. Given the electrical activity of neurons, electrical

properties of scaffolds have also been found to be potent modulators of neural cells.

In several studies, piezoelectric scaffolds composed of polyvinylidene fluoride-

trifluoroethylene fibers induced human neural progenitors to undergo enhanced
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neuronal differentiation and neurite extension [78], while highly conductive carbon

nanotubes interfaced tightly with neuronal membranes, favored back-propagating

action potentials [79], and enabled neurons to modulate their synaptic strength

[80]. Finally, the cross-linking process of scaffolds, especially injectable hydrogels

that cross-link in situ in the presence of their cell cargo, has also been brought into

attention as a novel scaffold property to influence transplanted cells positively in

the injured CNS. As shown in injectable gelatin-hydroxyphenylpropionic acid

hydrogels, the cross-linking process, which involves minute amount of oxidants

being rapidly generated and consumed, preconditions encapsulated NSCs, mark-

edly increases their oxidative stress resistance, and can potentially augment their

survival in the injured CNS where free oxidative radicals become prevalent

[81]. Overall, these scaffold properties are likely to open up new avenues of

supporting and influencing transplanted and endogenous cells in the injured CNS

as they shift from in vitro to in vivo applications.

It should be noted that the current state of the art for biomaterials has yet to

resolve the mutual exclusivity between the injectability of the scaffolds and precise

control over anisotropic and highly ordered features (i.e., oriented pores, aligned

fibers, nano-/microgrooves or pillars with regular spacings). This has been a natural

consequence of the fact that the fluidity often required for injection through a needle

is not ideal for maintaining a highly ordered structure. The application of scaffolds

in the injured CNS tissue should therefore involve deliberation over this constraint.

For example, one may conclude that for a lesion deep within the injured brain, the

use of injectable materials, such as hydrogels or microspheres, to minimize pertur-

bation to healthy brain tissue surrounding the lesions exceeds the importance of the

use of preformed scaffolds whose oriented pores or fibers may not be the most

essential. New classes of biomaterials, such as the recently reported injectable

cryogels that recover their macroporous architecture after compression and flow

through a small-bore needle [82], may resolve this constraint in the not-too-distant

future.

18.5 Combinatorial Approaches

Against the multifaceted nature of the injured CNS, biomaterials have demon-

strated the ability to adopt a large assortment of functionalities and, thus, the

versatility to fittingly handle each individual intervention target. However, many

of these targets are intertwined so intimately that they often have to be addressed in

a coordinated fashion to derive any measurable benefit. In face of this, one of the

greatest strengths of biomaterials is their utility as a platform to integrate multiple

functionalities and orchestrate a combinatorial approach. The importance of such

biomaterial-mediated combinatorial approaches has already been underscored in

several applications. In one of them, in which NSCs were transplanted into a spinal

cord hemisection lesion as potential neuronal replacements, fibrin scaffolds conju-

gated with heparin for affinity-based controlled release of neurotrophin-3 and

platelet-derived growth factor were used to concurrently address the absence of
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structural support in the lesion as well as the typical poor survival and uncontrolled

differentiation of the transplanted stem cells [83]. Compared to groups with

unmodified scaffolds and those without the scaffolds altogether, the combination

of scaffolds with protein delivery systems was significantly more effective in

enhancing the number of neural progenitor cell (NPC)-derived neurons and

would be a useful approach to emulate in future attempts of stem cell transplanta-

tion. In another example, VEGF-releasing PLGA microspheres were employed to

resolve the lack of structural support for transplanted NSCs and the absence of

vasculature to sustain long-term viability of the transplanted cells in brain cavitary

lesion resulting from ischemic strokes. This combinatorial approach successfully

supported the transplanted NSCs to form a primitive de novo tissue and promoted

its neovascularization [84]. For the spinal cord, therapeutic molecules have also

been meaningfully integrated with scaffolds with directional features. In one

instance, uniaxially porous collagen scaffolds releasing chondroitinase ABC for

the remodeling of the growth inhibitory environment enabled the infiltration of

growth-associated protein 43-positive axons into hemisection lesions [85]. In

another instance, which is one of the most elaborate combinatorial approaches

attempted to date, extramedullary chitosan channels, adult brain-derived NPCs,

Nogo-66 receptor protein, and three growth factors (i.e., FGF-2, EGF, and PDGF)

were pooled into a single biomaterial-facilitated treatment for a complete transec-

tion injury in spinal cord [86]. The various components present drove numerous

events, namely, better NPC survival, enhanced differentiation toward oligodendro-

cyte, reduced differentiation into astrocytes, and increased number of myelinated

fibers in the channel, which all culminated into increased area of bridging tissue

between the spinal cord stumps.

18.6 Concluding Remarks

A therapy for sufficiently managing/improving the injured CNS remains elusive.

Part of the reason lies in the many and myriad unknowns surrounding CNS injuries.

The other part likely lies in the inability to cope with the exceedingly complicated

CNS tissue environment and deploy therapeutic agents in a fully effective manner.

Through rational material design and formulation, biomaterials provide the means

to deliver therapeutic agents in a controllable fashion, provide a favorable environ-

ment for reparative cells, and thus optimize intervention for CNS injury as much as

available knowledge allows. Emerging knowledge about the degenerative and

regenerative processes following CNS injury is certain to inform synthesis and

formulation of biomaterials, which in turn will provide better tools for further

investigation as well as more effective treatments for the injured CNS.

The future of biomaterials for CNS injuries lies in three particular areas of

development. First, biomaterials with established functionalities in the CNS,

through the discovery of better alternative materials, can have their efficacy further

optimized. Second, biomaterials can adopt increasingly advanced functionalities

such as nanoparticle targeting with cellular or even subcellular specificity,
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programmable and stimuli-responsive delivery of multiple factors, and multiface-

ted scaffold effects that span across the chemical, geometrical, mechanical, and

electrical domains. Third, combinatorial approaches can integrate a greater number

of functionalities as well as present the functionalities with temporal precision and

at carefully titrated levels. Through these areas, biomaterials are projected to

become progressively more sophisticated to match the complexity of CNS injury

and increasingly adept in managing the challenging tissue environment.
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Chapter 19

Isolated Blood Vessel Models for Studying

Trauma

Eugene V. Golanov

Abstract Abnormalities of cerebrovascular circulation are one of the salient con-

sequences of traumatic brain injury. Severity of cerebral blood flow disregulation is

associated with the negative clinical outcome. Regulation of cerebral blood flow is

complex and differs from regulation of blood flow in other vascular beds. Basic

vascular tone formed by interaction of vascular smooth muscle cells and endo-

thelium provides background for other regulatory mechanisms. Understanding

of traumatic brain injury-induced abnormalities of basic vascular tone formation

and its adjustment using isolated brain vessel model is important for unveiling

the pathophysiological mechanisms of brain trauma and development of new

therapeutic approaches.

19.1 Cerebral Blood Flow and Trauma

Cerebral blood flow (CBF) abnormalities are one of the salient consequences of

traumatic brain injury (TBI) [8, 18, 19]. CBF disregulation regularly observed after

TBI leads to metabolic crisis even without overt ischemia and to low levels of

oxygenation especially after severe TBI [1, 3, 24, 59]. Abnormalities of CBF

correlate with the negative outcome [10, 56].

Maintenance of normal brain activity critically depends on the continuous ade-

quate blood supply. Total interruption of blood or oxygen supply to the brain results in

loss of consciousness and cessation of EEG in less than 30 s [39, 47, 57] followed by

neuronal anoxic depolarization within 2–3min [2] and irreversible neuronal and brain

damage [43, 44]. Complex system of cerebrovascular circulation control provides

uninterrupted blood supply adequate to maintain normal brain activity and differs

from circulation in other organs [20, 22, 34, 37].
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TBI results in damage of cerebral vasculature [46, 53, 60] and mechanisms of

dynamic regulation of CBF. One of the fundamental mechanisms of CBF mainte-

nance is a global adjustment of cerebrovascular resistance (CVR) in response to

changes in systemic blood pressure, known as cerebral autoregulation. Auto-

regulation is determined by the basal tone of cerebral vessels [51]. Cerebral

autoregulation arguably is the main mechanism regulating CVR to maintain CBF

relatively stable within arterial pressure (AP) limits between ~50 and 160 mmHg

[20]. Autoregulatory function is severely affected by TBI. Most pronounced feature

of autoregulation disorder is its inability to maintain adequate level of CBF at lower

levels of arterial pressure [9, 13, 14, 21, 48]. Another fundamental feature of CBF

regulation adjustment of CBF in response to blood and brain tissue levels of carbon

dioxide (CO2) is also blunted [14, 30, 31, 52].

19.2 Nervous Tissue and Vascular Components

The size, vessel wall structure, and location allow to divide the brain vasculature in

relation to the parenchyma into extrinsic and intrinsic components [42]. The extrinsic

component includes larger conductance vessels, pial vessels, and penetrating arteries

isolated from the parenchyma by Robin-Virchow space. In contrast to other organs,

the brain surface and penetrating vessels constitute the main component, ~50–60 %,

of total vascular resistance [23]. The extrinsic part of cerebral circulation receives

heavy extrinsic autonomic innervation [20, 33, 34, 49]. The sympathetic innervation

originates from the superior cervical ganglion. The major mediators released by

sympathetic nerve endings are noradrenalin and neuropeptide Y and exert a vasocon-

strictor effect. Parasympathetic innervation arises from the sphenopalatine, otic, and

trigeminal ganglia. Parasympathetic nerve endings release acetylcholine, vasoactive

intestinal polypeptide, nitric oxide, calcitonin gene-related peptide, substance P,

neurokinin A, and pituitary adenylate cyclase-activating polypeptide [20, 33].

Intrinsic brain circulation does not receive direct innervation from extrinsic or

intrinsic nerves fibers [12]. Basal lamina of intraparenchymal arteries comes into direct

contact with brain parenchyma. Intracerebral arterioles and capillaries are practically

completely ensheathed by astrocytic endfeet and pericytes [5, 36, 37]. The latter have

been recognized to exert properties of contractile cells and participate in the regulation

of capillary diameter [15, 61]. The coordinated complex of these closely apposed

elements interacts functionally and determines capillary diameter and blood–brain

barrier permeability, and has been termed “neurovascular unit” (NVU) [17, 36].

Astrocytes and pericytes ensheathing intraparenchymal vessels receive numer-

ous contacts from intrinsic neurons. The intrinsic innervations alter the tone of brain

microvessels by modulating the activity of NVU elements [33]. Distant intrinsic

innervation arises from various structures including the nucleus basalis (cholinergic

pathway), locus coeruleus (noradrenergic pathway), and raphe nuclei (serotoniner-

gic pathway). There are data suggesting that the so-called subthalamic vasodilator

area [26] may also directly innervate cortical neurons [50]. While the exact
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pathways remain to be established, the available data suggest the existence of direct

or indirect intrinsic innervations of NVU resulting in changes in microvascular tone

arising from fastigial cerebellar nucleus [4], nucleus solitary tract [26], and the

medullary cerebrovasodilator area [25].

Thus, CBF is controlled by the myriad various mediators, which tremendously

complicate the analysis of TBI-induced abnormalities. However, all these control-

ling mechanisms ultimately affect the principal basic system of vascular smooth

muscle cell (VSMC) and endothelial cell forming a vascular wall. Endothelial-

VSMC complex is a basic unit of circulation including cerebrovascular. Constant

basal tone of the resistance arteries determined by pressure and flow provides a

background for other vasoactive influences [35]. The distinctiveness of cerebro-

vascular circulation is that majority of the resistance is localized outside of the brain

and rests with the extrinsic part of cerebral vasculature.

Basic vascular tone is formed by stretch of VSMC, mechanism of which is still

poorly understood [41]. Coordinated response of VSMC is important for the mainte-

nance of uniform tone of particular vessel segment. It is thought that synchronization

of the vascular tone in the microcirculation is achieved through gap junctions,

including endothelial and myoendothelial gap junctions [55]. Endothelium being

responsive to sheer stress plays a critical role in controlling cerebrovascular tone

interacting with VSMC through myoendothelial gap junctions [22, 58].

The activity of extrinsic and intrinsic components of the cerebral circulation is

closely coordinated. Because extrinsic component of cerebral circulation is the

major determinant of CBF and is responsible for about two thirds of overall cerebral

vascular resistance [23], changes in the intrinsic circulation require adjustments of

the resistance of external pial arteries. It is probably achieved through vascular-

conducted response [7, 38, 40]. Gap junctions formed by one or more connexin

proteins (Cx37, Cx40, Cx43, and Cx45) exist between the VSMC, endothelial cells,

and astrocytes. These cells can communicate through hemichannels and convey

the signal (such as Ca2+ or endothelial derived hyperpolarizing factor (EDHF), in the

case of communication between VSMC and endothelial cells) triggering retrograde

vasodilation/vasoconstriction in the respective surface resistance vessels [16].

19.3 Isolated Vascular Models and Mechanisms

Studying effects of TBI in isolated cerebral vessels allows to explore abnormalities

of the basic VSMC-endothelial complex which provides background vascular tone

of CBF and to unveil the mechanisms of TBI-induced CBF anomalies.

Myogenic tone provides basis for the phenomenon of CBF autoregulation, which

is abnormal following TBI. Midline fluid percussion abolishes dilation of isolated

middle cerebral arteries (MCA) in response to decrease of intravascular pressure as

early as 5 min after the injury in rats [45]. Importantly, resting diameter of MCA

harvested from injured rats is 40 % more which is in line with the recently reported

observation of doubling of the diameter of pial vessels following TBI [54]. After

severe controlled cortical impact (CCI), myogenic response as determined by the
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changes of the vessel diameter at the lower end of testing pressure (20–40 mmHg) is

attenuated ipsilaterally at 2 and 24 h after the injury. At 24 h after the injury, MCA

contralateral to the injury side is also affected. However, myogenic responses are

not completely abolished, and damaged MCA is able to maintain constant diameter

at increasing pressure. At 120 h no significant differences in responses are observed

[27]. Mild CCI fails to significantly affect myogenic response. No differences

are also observed between pressurized pial branches of MCA and penetrating

vessels [29].

Cerebral blood flow response to changing levels of CO2 is one of the basic

cerebrovascular responses. Normal isolated cerebral vessels are also responsive to

CO2 changes. CO2 reactivity is known to be attenuated after TBI in vivo. However,

while mild CCI attenuates CO2 responses in vivo by ~80 %, it fails to attenuate it in

pressurized isolated MCA branches and penetrating vessels in rats [29]. Based on

their observations, authors concluded that in vivo responses are mediated by the

vascular “milieu.”

Endothelial derived nitric oxide (NO) is one of the key factors regulating

cerebral vessels tone [22]. Severe CCI does not affect the response of pressurized

perfused MCA harvested 24 h after the injury. However, constricting effect of

L-NAME, nitric oxide synthase (NOS) inhibitor, in contra- and ipsilateral vessels

was diminished. Along with preservation of the dilatory response to NO donors,

these observations suggest the decreased NO production following TBI. At the

same time, vasodilator effect of P2Y1 receptor agonist increases [28]. Vasodilation

in response to luminal application of ATP, which induces NO- and EDHF-

dependent vasodilation, was not affected after 1 or 24 h after mild CCI. Effect of

ATP is attenuated by combined application of L-NAME and indomethacin, but not

in vessels harvested 24 h after CCI suggesting augmentation of EDHF mediated

component of vasodilator response [32].

Similarly to CO2 responses, responses to serotonin (5-HT) are also preserved

when tested in MCA and posterior cerebral artery rings after fluid percussion

[11]. Importantly, parenchymal arteries, which do not receive direct (extrinsic)

innervation, are almost unresponsive to 5-HT application [12].

Unfortunately our understanding of the TBI effects on the functioning of the

basic VSMC-endothelium unit is still very limited. Thus, recently it was established

that TBI induces changes in expression of mRNA and protein of Cx43 and 45 in

endothelial and VSMC [6], suggesting that normal interaction between VSMC and

endothelial cells is modified in the aftermath of TBI.

19.4 Conclusions

Systematic exploration of the models of perfused brain vessels offer numerous

advantages to unveil TBI effects on cerebral circulation. Analysis of the abnormalities

of the basic system forming basal tone of cerebral vessels which provides background
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for the action of numerous other factors allows addressing the pathophysiological

mechanisms of TBI-induced CBF abnormalities and discovering new ways to

improve therapy.
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Chapter 20

Managing Edema and Intracranial Pressure

in the Intensive Care Unit

Brian M. Cummings, Phoebe H. Yager, Sarah A. Murphy, Brian Kalish,

Chetan Bhupali, Rebecca Bell, Zenab Mansoor, Natan Noviski,

and Michael J. Whalen

Abstract Despite several decades of intensive research efforts in the laboratory

and the clinic, treatment for traumatic brain injury remains supportive and directed

towards controlling intracranial pressure (ICP). First-line therapies for ICP control

include positioning to promote jugular venous drainage, sedation and muscle

relaxation, modest hyperventilation, and hyperosmolar therapy. Second-line thera-

pies include barbiturate coma, systemic hypothermia, and decompressive

craniectomy. Although all of these therapies can be used to treat intracranial

hypertension, none have been shown to improve outcome in patients with TBI.

This chapter reviews the current therapies used for ICP control with an emphasis on

children with TBI.

20.1 Introduction

Case Presentation: A 17-year-old female involved in a high-speed motor vehicle

accident was found by Emergency Medical Services personnel 30 ft from her car,

unconscious. Her left pupil was dilated and nonreactive to light, and she was

unresponsive to painful stimuli. Her physical examination and mechanism of injury

suggested a high risk for brain edema and intracranial hypertension, which could

result in brain herniation and death if left untreated. She was endotracheally

intubated and hyperventilated, administered mannitol 1 g/kg intravenously, taken

to a nearby hospital for further stabilizing treatment, and then transported by

helicopter to a tertiary care facility for definitive treatment of severe traumatic

brain injury. A head CT scan obtained on admission to the PICU disclosed

significant cerebral edema (Fig. 20.1), and an intracranial pressure (ICP) monitor

was placed revealing an opening pressure of 30 cm water. She was given
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intravenous fentanyl and propofol for sedation and vecuronium for muscle relaxa-

tion and hyperventilated to a PaCO2 of 35. Intracranial hypertension persisted and

she was administered hypertonic saline, followed by intravenous pentobarbital to

induce coma. Despite these therapies intracranial hypertension (ICP >30) recurred

and hypothermia was induced to a core temperature of 32 �C. ICP decreased rapidly

and remained below 20 cm H2O for 5 days. Upon rewarming, ICP increased to

30–40 cm H2O and she underwent decompressive craniectomy. She eventually

recovered with significant residual intellectual and emotional disabilities.

This case highlights a number of clinical therapies used in the intensive care unit

(ICU) to control intracranial hypertension in patients with traumatic brain injury.

The clinical sequelae of post-traumatic cerebral edema may range from increased

ischemic brain injury to life-threatening cerebral herniation syndromes. Thus, most

of the therapeutic measures in patients with TBI focus on management of cerebral

edema and intracranial hypertension. Unfortunately, no controlled studies have

shown that ICP monitoring improves outcome, and no studies have documented

beneficial effects on outcome of any agent used to control intracranial hypertension

in TBI patients.

20.2 Threshold for Treatment of Intracranial Hypertension

ICP is monitored using a number of invasive techniques, including intra-

parenchymal probes, subdural probes, and intraventricular catheters. Theoretically,

treatment is initiated at a threshold ICP value at which cerebral perfusion is

impaired or the risk of herniation increases.

Current guidelines recommend consideration of treatment of ICP at 20 mmHg

[1]. In children, this recommendation is based on low-quality class III studies that

demonstrate ICP levels greater than 20 mmHg are associated with poor outcome

Fig. 20.1 Head

computerized tomography

scan obtained 6 h after

injury. Note diffuse cerebral

swelling and midline shift
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[2–8]. The majority of pediatric studies have used 20 mmHg as a threshold for

treatment of ICP and have assessed outcomes prospectively or retrospectively [2–4,

7, 8]. There have been some adult studies [9, 10] as well as a pediatric study [11]

that suggested improved outcome when a lower treatment threshold of 15 mmHg

was used. There have been no randomized controlled trials in children or adults

examining outcome as a function of predefined ICP treatment values.

In children, optimal ICP treatment thresholds likely vary with age. Cerebral

perfusion pressure (CPP) is defined by the mean arterial pressure (MAP) minus

ICP. In young children, MAP is generally lower compared to adolescents and adults,

and therefore, it is reasonable to expect that younger children may require lower ICP

thresholds to maintain the same CPP. A study in healthy children has shown that the

lower limit of pressure autoregulation is similar in young and older children

[12]. This suggests that ICP thresholds may need to be lower in younger children

compared to adults in order to preserve CPP above the autoregulatory limit.

In addition to variation with age, ICP treatment thresholds may vary with pathol-

ogy. Herniation syndromes may occur at ICP levels below 20 mmHg, particularly in

the case of bifrontal or temporal injuries [13]. Thus global ICPmeasurement may not

accurately reflect the potential for cerebral herniation with focal lesions. Xenon-

enhanced CT studies have demonstrated decreased cerebral blood flow (CBF) in and

around contusions, suggesting enhanced susceptibility to ischemia [14]. Because we

do not routinely measure CBF or cerebral ischemia in TBI patients, defining an

optimal CPP and treatment threshold for ICP is problematic. CBF is often dimin-

ished early after severe TBI, whereas it may normalize or increase over several days.

These dynamic changes in blood flow adaptation, along with age-based variation in

cerebral vascular physiology, injury pathology, and the clinical exam, must all be

considered when estimating the ICP threshold for treatment in a given patient.

20.3 Hyperventilation

For many years, hyperventilation was considered a mainstay of therapy for acute

traumatic brain injury. This was largely based on a study in which 6 of 85 children

with severe head injury demonstrated acute brain swelling associated with

increased CBF despite a decrease in cerebral metabolic rate of oxygen consumption

[15]. The authors hypothesized that this was due to a period of acute cerebral

hyperemia and vasodilation placing patients at greater risk of intracranial hyper-

tension. Hyperventilation lowers the partial pressure of carbon dioxide in the blood,

which leads to cerebral vasoconstriction, a drop in cerebral blood volume, and

reduced ICP. The ensuing increase in CPP was thought to promote blood flow to

ischemic regions of the brain.

Subsequent to the aforementioned study, a number of pediatric studies examining

the cerebrovascular response following severe brain injury found that cerebral

metabolic autoregulation may remain intact in many patients. Sharples et al. [16]

measured serial cerebrovascular resistance values in 17 children with severe head

injuries (Glasgow coma score range 3–8) and reported that, in most cases,
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cerebrovascular resistance was either within or above normal range, refuting the

hyperemia hypothesis [16]. Using xenon-enhanced CT, Stringer and colleagues

showed that severe hyperventilation (end-tidal CO2 as low as 8–19 mmHg) follow-

ing acute brain injury induces secondary brain ischemia to injured as well as healthy

regions of the brain [17]. Adelson and colleagues also employed xenon computed

tomography to measure CBF in 30 children with severe traumatic brain injury over

the first 9 days following injury [18]. They found that CBF less than or equal to 20ml/

100 g/min occurred frequently within the first 24 h and that this level of CBF was

associated with poor outcome if it occurred at any time after injury [18]. These data

suggest that hyperventilation early after severe TBI might promote increased cere-

bral ischemia in children with lowCBF. Another study employingmicrodialysis and

thermodiffusion blood flow probes found that even brief periods of hyperventilation

induce a significant rise in lactate and glutamate (both mediators of secondary brain

injury), particularly in the first 24–36 h after injury [19]. They also observed a

decrease in CBF in the region adjacent to the primary injury. Interestingly, the

authors noted a more significant decrease in local CBF during the later hyperventi-

lation trials (3–4 days post injury) compared to the earlier trials (24–36 h post injury),

suggesting that CBF alone may not be sufficient to detect local brain ischemia

[19]. In adults, a classic study by Muizelaar et al. [20] suggested worse 3- and 6-

month outcome in a subgroup of adults with TBI who were hyperventilated as early

therapy for intracranial hypertension. Although outcome did not differ between

hyperventilated and control groups at 12 month, this study widely influenced clini-

cians against routine hyperventilation in adults with TBI.

The cellular and molecular mechanisms responsible for the rapid cerebral

vasoreactivity seen with abrupt changes in blood PaCO2 are complex and not

fully understood. Work by Kontos and Lassen supported the hypothesis that

changes in CBF are mediated by changes in brain extracellular pH that occur

with rapid diffusion of CO2 across the blood–brain barrier [21, 22]. However,

other studies suggest that alterations in blood PaCO2 affect CBF via production

of nitric oxide (NO), a powerful vasodilator. Fathi et al. [23] exposed endothelial

cells and astrocytes to varying degrees of hypo- and hypercapnea while maintaining

pH constant and found that NO production and cerebral blood vessel diameter

increased with hypercapnic and decreased with hypocapnic conditions [23]. Inter-

estingly, vasoreactivity observed with changes in PaCO2 was short lived, in part

due to rapid compensatory mechanisms that maintain pH within a tightly regulated

range during persistent hypocarbia [23]. In rabbits, pial arteriolar vasoconstriction

wanes significantly as arterial and cerebrospinal fluid pH normalizes over 24 h of

induced hyperventilation (PaCO2 25 mmHg) [24]. From these observations, the

authors concluded that preventive hyperventilation beyond 24 h may not sustain

reduced ICP and may, in fact, lead to situations where unattainable pCO2 is

required to induce cerebral vasoconstriction during acute elevations in ICP.

Based on the limited available literature addressing the role of hyperventilation

in management of acute pediatric brain trauma, the first edition of the Guidelines
for the Acute Medical Management of Severe Traumatic Brain Injury in Infants,
Children, and Adolescents was unable to offer a treatment standard or guideline
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regarding hyperventilation [25]. Options included (1) avoidance of mild or prophy-

lactic hyperventilation, (2) consideration of mild hyperventilation for intracranial

hypertension refractory to other therapies, and (3) aggressive hyperventilation as a

second-tier option for refractory hypertension coupled with advanced monitoring to

help identify cerebral ischemia [25]. Despite concerns raised in the 2003 guidelines

regarding the use of hyperventilation, this therapy remains popular [26]. Unfortu-

nately, in the period between 2003 and 2012, when the second edition of the

Pediatric Brain Trauma guidelines was published, there have been no studies

specifically comparing different degrees of hyperventilation on ICP or long-term

outcomes nor have there been any studies examining the use of rescue hyper-

ventilation for acute elevations in ICP. Therefore, the 2012 guidelines remain

essentially unchanged. A 2008 retrospective cohort study before and after the

2003 Pediatric Brain Trauma Foundation guidelines did lend further support to

the weak recommendations regarding avoidance of hypocarbia based on an asso-

ciation between incidences of severe hypocarbia (defined as PaCO2 <30 mm)

during the first 48 h after injury and risk of inpatient mortality [26].

In summary, hyperventilation is the first-line therapy for rescuing patients with

impending cerebral herniation syndrome. In pediatric patients with cerebral hyper-

emia and raised ICP, hyperventilation may be better tolerated in terms of risk of

cerebral ischemia compared to patients with significantly decreased CBF. In these

patients, hyperventilation may induce cerebral vasoconstriction and decrease intra-

cranial hypertension acutely, but may lead to secondary brain ischemia particularly

around focal lesions. Protracted hyperventilation for periods greater than 24 h is not

likely to confer a benefit as vasoreactivity wanes with the regulation of endogenous

buffers to counter the hypocapnic environment. Additional studies are needed to

determine the efficacy and safety of hyperventilation to treat acute ICP refractory to

other therapies. If long-term hyperventilation is used, the Brain Trauma Committee

recommends advanced neuromonitoring to assess for induced cerebral ischemia [1].

20.4 Hyperosmolar Therapy

Weed and colleagues first demonstrated the feasibility of intravenous hypertonic

saline as hyperosmolar therapy for increased ICP in 1919 [27]. In 1961, Wise and

Chater introduced mannitol into clinical practice, and mannitol replaced all other

osmotic agents by the late 1970s [28]. Currently, both hypertonic saline andmannitol

are used in the contemporary management of intracranial hypertension. Although

both agents have been used extensively in children with TBI, few studies have

rigorously investigated the role of intravenous hyperosmolar agents in reducing

ICP in pediatric patients.

Mannitol is the most common agent used in pediatric ICUs for the treatment of

intracranial hypertension. The use of mannitol for controlling ICP after severe TBI

(at doses ranging from 0.25 to 1 g/kg of body weight) is largely based on adult

studies (one class II and seven class III) [29]. Mannitol has a track record of clinical

acceptance and safety without clear evidence of efficacy. A Cochrane review of
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mannitol administration to TBI patients found inadequate evidence for benefit

compared to placebo [30].

Mannitol reduces ICP via several complementary physiological mechanisms.

Mannitol induces a rapid but transient reduction in blood viscosity mediated by

rheological effects on erythrocytes. In brain regions with intact flow autoregulation,

reflex vasoconstriction occurs to maintain CBF in the setting of decreased cerebral

blood volume [31–34]. Mannitol also induces a more gradual osmotic effect on

tissues that results in movement of water from tissue parenchyma into the systemic

circulation [35, 36]. An intact blood–brain barrier is necessary formaximum efficacy

of mannitol to reduce ICP [35, 36]. In the injured brain, mannitol may accumulate in

regions where the blood–brain barrier is broken, theoretically causing osmotic

movement of water from the intravascular compartment to damaged brain paren-

chyma, leading to focal edema and possibly increasing ICP, especially if mannitol is

used for extended time periods [37]. Despite limited evidence of this “reverse

osmotic effect,” some practitioners wean mannitol slowly after extended treatment

periods to mitigate these possible detrimental effects. The current practice is to aim

for a euvolemic hyperosmolar state in pediatric TBI patients. Limited evidence

indicates a possible risk for acute tubular necrosis and renal failure with mannitol

use when serum osmolarity levels are greater than 320 mOsm in adults [38, 39].

Hypertonic saline is used in conjunction with mannitol or as stand-alone therapy

in the treatment of intracranial hypertension. Worthley et al. published two cases of

small volume, 29 % saline used for refractory ICP elevation, and the use of

hypertonic saline in TBI has since grown substantially [40]. Subsequent studies

have employed a similar strategy of small volume hypertonic saline resuscitation in

hemorrhagic shock and polytrauma [41–46]. The 2012 pediatric guidelines give a

class II recommendation to the use of 3 % hypertonic saline for the acute treatment

of intracranial hypertension and a class III recommendation to the use of continuous

infusion of 3 % saline.

The mechanism of action of hypertonic saline in reducing ICP is multifactorial.

The blood–brain barrier has limited permeability to sodium, and hypertonic saline

establishes an osmolar gradient that promotes return to homeostatic cell volume

[47, 48]. Hypertonic saline also reportedly stimulates the release of arterial natri-

uretic peptide and promotes cardiac output [49, 50]. Hypertonic saline may also

confer anti-inflammatory effects through the inhibition of leukocyte adhesion

[51–53].

In addition to the use of hypertonic saline to reduce ICP, hypertonic saline may

also be used to treat post-traumatic hyponatremia, which can be secondary to

cerebral salt wasting, the syndrome of inappropriate antidiuretic hormone secretion,

or renal sodium losses. The diagnosis and treatment of hyponatremia is essential to

prevent the potentially devastating sequelae of brain cell swelling and seizures

[54]. Hyponatremia in cerebral salt wasting may be marked and is accompanied by

elevated urinary sodium, hypovolemia, and polyuria [55]. There is no direct

evidence for the optimal rate of sodium correction to avoid central pontine

myelinolysis, but some have recommended an upper limit of correction of

12 mmol/L per day [25]. In addition to central pontine myelinolysis, the use of
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hypertonic saline has several other potential deleterious effects such as rebound

intracranial hypertension, renal injury, natriuresis, and masking of diabetes

insipidus [42]. Hypertonic saline may also increase the risk of subarachnoid

hemorrhage and hyperchloremic acidosis [42].

A higher serum osmolarity may be acceptable in children treated with hyper-

tonic saline as compared to mannitol [56, 57]. Despite reports of an increase in

creatinine with serum sodium concentration greater than 160 mmol/L [58], the

recommendation of an upper limit of serum osmolarity (360 mOsm/L) in the use of

hypertonic saline in pediatric TBI is controversial [25, 59].

Currently, there is limited evidence to inform clinical decisions regarding the

appropriate indications for use of hypertonic saline used to treat pediatric TBI, nor

is there a clear evidence regarding ICP goals [1]. Studies published to date are

limited by small sample size, inconsistent design, paucity of subject randomization,

and/or unclear inclusion of children. In a double-blind crossover study, the use of

3 % saline versus 0.9 % saline in 18 children with severe TBI was associated with

lower ICP and a reduction in need for other interventions [60]. A randomized

controlled trial of 1.7 % saline versus lactated Ringer’s solution (a hypotonic

fluid) found that children with TBI who received 1.7 % saline required fewer

interventions and had a shorter length of ICU stay [61]. Khanna et al. conducted

a small prospective study in which ten children with TBI were given 3 % saline on a

sliding scale to maintain ICP <20 mmHg [56]. The administration of hypertonic

saline resulted in a decrease in ICP spikes and an increase in CPP. While both

mannitol and hypertonic saline are widely used to control pediatric intracranial

hypertension, there are many unanswered questions in terms of specific indications,

comparative efficacy, and mechanism. For the most part, clinical experience rather

than scientific evidence guides the use of hyperosmolar therapy in children

with TBI.

20.5 Barbiturates

Barbiturates are used to lower ICP when first-tier therapies are inadequate. Despite

evidence of their effectiveness in lowering ICP, there is limited evidence of

improvement in clinical outcome [62]. Barbiturates have been used as prophylactic

therapy after traumatic brain injury, but they are more commonly used as treatment

of refractory intracranial hypertension. In a retrospective cohort study of children

with refractory intracranial hypertension, Mellion et al. [63] found that the addition

of high-dose barbiturates controlled ICP in nearly 30 % of patients, which was

associated with increased likelihood of acceptable long-term outcome [63].

Pharmacokinetics and pharmacodynamics of barbiturates in head-injured

patients are variable, and clearance may change with length of therapy. Although

barbiturate levels can be measured, levels correlate poorly with brain electrical

activity [64]. Therefore, EEG burst suppression is a better bedside method to

measure therapeutic effect [64]. Maximal reduction in cerebral metabolism and

resultant blood flow occurs at burst suppression [64]. However, cardiorespiratory
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side effects, including decreased cardiac output, hypotension, and intrapulmonary

shunting, are common at therapeutic levels and may result in lower CPP and

hypoxia.

The neuroprotective effect of barbiturates is may be partially attributable to the

reduction in cerebral metabolic demand and alterations in vascular tone. Barbiturates

also reduce lipid peroxidation, free radical formation, excitatory amino acids, and

lactate [65, 66]. Modulation of CBF appears particularly important in barbiturate

therapy, with evidence of both preserved autoregulation and improved coupling of

metabolic demands and blood flow, with resultant higher brain oxygenation and

reduced blood volume. Global cerebral metabolic rate of oxygen utilization

(CMRO2) is decreased by up to 50 % with barbiturate therapy, and as CBF is coupled

to demand, there is a corresponding reduction in flow [67]. Decrease in CMRO2 and

CBF may have beneficial effects on threatened but non-damaged tissue. Decreased

CBF may decrease cerebral blood volume, lower ICP, and improve global perfusion.

Additionally, suppression ofmetabolic demands inwell-perfused areas by barbiturates

may divert blood flow through collateral channels to ischemic areas thereby stabilizing

ischemic penumbra regions. These theoretical considerations have not been borne out

in improved outcomes in patients receiving barbiturates, however.

There is clinical evidence for an improvement in oxygen delivery with barbiturate

therapy. Chen and colleagues measured direct local brain tissue oxygenation (PbtO2)

before and after the administration of barbiturates to patients with intractable

intracranial hypertension [68]. They found that pentobarbital administration was

associated with a significant increase in PbtO2 in 70 % of patients, independent of

effects on ICP. However with later administration of barbiturates to sicker patients, a

negative effect was observed, suggesting that barbiturate therapy applied in later

stagesmay not be beneficial [68]. Although themajority of patients in this study died,

many patients experienced improvement in PbtO2 [68]. Thorat and colleagues

explored the effects of barbiturates on tissue oxygen tension and cerebrovascular

pressure reactivity (PRx) as an index of cerebral autoregulation in severe head injury

patients [69]. Cerebrovascular PRx was measured as a moving correlation between

ICP and arterial blood pressure. Barbiturate coma was instituted when ICP became

refractory to other therapies (ICP >20 mmHg), with 75 % having reduction in ICP

and improvement in PbTO2. Favorable changes in ICP, PRx, and PbTO2 with

barbiturate coma were seen in those who survived, suggesting beneficial effects of

barbiturates on cerebral autoregulation [69]. Despite these improvements in physio-

logical parameters, no studies have shown a benefit of barbiturate therapy on clinical

outcome after TBI.

20.6 CSF Drainage

CSF removal by catheter drainage is used in many centers to control intracranial

hypertension. Removal of CSF, even in small amounts, can produce an immediate

decrease in ICP and an increase in CPP. Intraventricular catheters are most commonly

used for CSF drainage, but lumbar drains may also be used in cases of refractory
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elevated ICP. Jagannathan et al. retrospectively studied 96 children with severe TBI

comparing management of ICP alone, ICP with surgical decompression via

craniectomy, and external ventricular drainage [70]. Intracranial hypertension was

defined as ICP >20 mmHg, and 20/23 patients with CSF drainage achieved ICP

control [70]. In another study, Anderson et al. retrospectively reviewed 80 children

with severe TBI, all of whom were treated with an ICP monitor, an external ventric-

ular drain, or both [71]. EVD placement was associatedwith a threefold increased risk

of hemorrhage when compared with placement of an intraparenchymal fiber optic

monitor [71]. There was a fourfold increased risk of complications in children who

received an EVD compared with those in whom a fiber optic monitor was placed.

These complications included EVD malposition and hemorrhage. The authors

reported a small number of infections in the intraventricular catheter group, but

they could not draw conclusions about differences in infection risk between intra-

ventricular and intraparenchymal monitors.

While there have been no randomized control trials studying the treatment of

elevated ICP with and without CSF drainage, CSF removal has been shown to

reduce ICP. This treatment modality is not without risks, including intracerebral

hemorrhage and infection. The decision to place an intraparenchymal monitor, or

an intraventricular catheter to monitor ICP and drain CSF, is often dependent on

physician experience.

20.7 Decompressive Craniectomy

Decompressive craniectomy (DC) is increasingly being used as a means of treating

or controlling increased ICP following severe TBI. The procedure may be

performed solely for the purpose of preventing or treating cerebral herniation, or

it may be performed in concert with evacuation of a space-occupying lesion to treat

observed or anticipated brain swelling. The indications for the use of DC vary from

center to center and clear guidelines for its use are lacking. In some centers, DC is

used only as a last attempt at controlling ICP after other measures (such as

hypothermia, paralysis, or pentobarbital therapy) have failed. In other centers, DC

is used early in the management of patients who are thought to be at risk of

developing high ICP. There are few clear guidelines to govern its use, but a number

of publications have documented its use in recent years including case series, case

reports, prospective and retrospective studies, and two large randomized controlled

trials, one of which is still underway (RESCUE-ICP) [72–74]. The Brain Trauma

Foundation guidelines and the recently updated Pediatric Brain Trauma Foundation

guidelines both state that there are insufficient data to support a level I or level II

recommendation. Nevertheless, DC remains a treatment option for managing

medically refractory cerebral edema.

The described surgical techniques for decompressive craniectomy are also

diverse. The technique may vary by location (frontal, temporal, parietal, occipital)

or unilateral versus bilateral, by dural technique (scalp closure only or duraplasty

with autologous or synthetic patch), by the size of the bony defect created, and by
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the timing of surgery. Studies have not demonstrated the superiority of unilateral or

bilateral technique in controlling ICP. Although a clear relationship has been

demonstrated between the size of the cranial defect and the ability to control ICP

[75, 76], increased craniectomy size has also been associated with the risk of

developing post-traumatic hydrocephalus [77, 78]. Additionally, the comparative

benefit of early versus late decompression continues to be debated. There remains

little consensus regarding the optimal technique, and for any particular patient, the

benefit will likely be determined in part by the specifics of the underlying injury.

The aimofDC is to relieve intracranial hypertension and prevent or reverse cerebral

herniation. Decompressive craniectomy has been demonstrated to decrease ICP and to

improve the pressure–volume compensatory reserve after TBI [79, 80]. Few studies

have addressed the effect of DC on cerebral hemodynamics, even though this may be

an important element for its appropriate use. Multiple studies have shown an increase

in CBF following DC. In one study using single-photon emission computed tomo-

graphy (SPECT) to study regional CBF, hyperperfusion was seen ipsilateral to the

DC in the area surrounding contusion immediately after decompression. The

hyperperfused area increased in size at 1 week following surgery but returned to

normal by 1 month [81]. The areas of increased CBF correlated with the cerebral

edema seen on CT.

Several studies using transcranial Doppler (TCD) have also demonstrated

increased cerebral blood flow velocity (CBFV) following DC. Bor-Seng-Shu

et al. [79] and Daboussi et al. [82] found significant increases in CBFV and

decreases in the pulsatility index, a marker of distal resistance to blood flow, in

both hemispheres after surgical decompression [79, 82]. This effect was more

pronounced ipsilateral to the site of DC, but the hemodynamic changes were not

shown to correlate with outcomes. A more recent study used contrast-enhanced

ultrasound to investigate changes in the microcirculation. Increased cerebral micro-

vascular blood flow was seen over a 3-day period after DC and appeared to be

unrelated to measured CPP [83]. The increased CBF seen following DC was greater

when ICP was relatively low at the time of surgery, suggesting that late DC might

not be as effective at restoring microcirculatory blood flow in the setting of

prolonged increased ICP.

Vasomotor reactivity, an important component of cerebral autoregulation, has also

been investigated in two studieswith conflicting results. Timofeev et al. looked at both

the pressure–volume compensatory reserve index (RAP), which is a measure of

cerebral compliance, and the pressure reactivity index (PRx), a correlation between

MAP and ICP and a measure of cerebral vasomotor reactivity [84]. They found that in

spite of a sustained decrease in ICP and an improvement in cerebral compliance, there

was impaired cerebrovascular pressure reactivity following DC. The findings of this

study are in contrast to a study by Ho et al. in which a decreased PRx, reflecting

restored cerebrovascular pressure reactivity, was seen following decompressive sur-

gery [85]. The results of this study suggested a beneficial effect of DC on

CBF–pressure autoregulation. Though derangements in PRx have been shown to

correlate with outcome following TBI, it is debated if PRxmeasurements are accurate
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measures of cerebrovascular reactivity following craniectomy, and ICPmeasurements

have not been well investigated in the setting of an open cranial vault [86].

We have an incomplete understanding of how DC affects cerebrovascular

hemodynamics. However, studies of brain tissue oxygenation and brain tissue

metabolism support the idea that CBF may be enhanced in some patients following

DC. An increase in brain tissue oxygen tension (PbtO2) from ischemic to normal

levels has been observed following DC [87, 88]. In a subgroup of patients with a

good outcome following DC, cerebral microdialysis markers have also shown

improvement [85].

The recently published DECRA study found that in spite of lowering ICP and

shortening key ICU variables such as length of stay and ventilator days, DC did not

decrease mortality, nor did it improve outcome in adults with severe TBI [73]. The

results of a second large multicenter trial, RESCUE-ICP, are eagerly anticipated to

further our understanding of a therapy that is being used with increasing frequency.

A more complete understanding of the alterations in cerebral hemodynamics that

ensue following DC will be instrumental in better defining the role of DC in trauma,

as well as other clinical scenarios.
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Chapter 21

Surgical Management of Traumatic Brain

Edema

Takeshi Maeda, Tatsuro Kawamata, Atsuo Yoshino, and Yoichi Katayama

Abstract The early massive edema caused by severe cerebral contusion results in

progressive intracranial pressure (ICP) elevation and clinical deterioration within

24–72 h post-trauma. Surgical excision of the necrotic brain tissue represents the

only therapy, which can provide satisfactory control of the elevated ICP and

clinical deterioration. In this chapter, we review the results of our clinical studies

regarding the pathophysiology of contusion edema and evaluate the effects of

surgical treatment.

21.1 Introduction

In patients with cerebral contusions, two types of edema can be clinically recog-

nized. One is the early massive edema that occurs within the period of 24–72 h post-

trauma. This type of edema creates strong mass effect resulting in progressive

elevation of the intracranial pressure (ICP) and clinical deterioration known as

talk and deteriorate [9]. The other is the delayed peri-contusion edema, which is

typically seen in the white matter adjacent to the cerebral contusion, at several days

post-trauma by T2-weighted magnetic resonance (MR) imaging. This type of

edema rarely causes ICP elevation leading to fatal deterioration. Despite intensive

medical therapy, the elevated ICP in patients with early massive edema is often

uncontrollable and fatal. In such instances, surgical excision of the necrotic brain

tissue is the only therapy, which can provide satisfactory control of the elevated

ICP. The precise mechanism underlying such an early massive edema is not yet

clearly understood. We review the results of our clinical studies [6–10, 12], which

have provided several lines of evidence to suggest that a large amount of edema
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fluid is accumulated in the necrotic brain tissue within the central area of contusion,

and this contributes to the early massive edema.

21.2 Histopathology of Cerebral Contusion

The classical histopathological study of Lindenberg and Freytag [14] demonstrated

the presence of two components of cerebral contusion; one is the central (core) area in

which cells undergo necrosis as the primary consequence of mechanical injury

(contusion necrosis proper), and the other is the peripheral (rim) area in which

cellular swelling occurs as a consequence of ischemia. A clear demarcation line

separates these two components. The area of contusion necrosis is histopathologically

evident as early as at 3 h post-trauma, as a primary brain damage [4]. The cellular

elements in the central area, both neuronal and glial cells, uniformly undergo

shrinkage and then disintegration, homogenization, and cyst formation eventually.

In contrast, cell swelling is predominant in the peripheral area [14]. The ischemia in

the peripheral area is largely attributable to microthrombosis, which is the main cause

of secondary brain damages. Numerous clinical studies have demonstrated a decrease

in cerebral blood flow in the central as well as the peripheral areas of contusion

(e.g., [1]).

21.3 MR Diffusion Study

We have investigated the evolution of cerebral contusion by diffusion-weighted

MR imaging and apparent diffusion coefficient (ADC) mapping in head trauma

patients [10]. Following conventional T1- and T2-weighted MR imaging, diffusion-

weighted MR images are obtained, and ADC mapping is computed from various

b-factor diffusion images. The diffusion-weighted MR images demonstrate a

low-intensity core in the central area, beginning at approximately 24 h post-trauma.

The ADC value within this central area clearly increases during the period of

24–72 h post-trauma (Fig. 21.1; [10]). This elevated ADC value appears to repre-

sent the contusion necrosis proper, since cellular disintegration and homogenization

in this area would result in an expansion of the extracellular space. The diffusion-

weighted MR images demonstrate a high-intensity rim in the peripheral area of

contusion beginning at approximately 24 h post-trauma, which corresponds with

the timing of the elevated ICP and neurological deterioration. The combination of a

low-intensity core and a high-intensity rim is a consistent finding in the cerebral

contusion during this period, which can be termed a halo appearance (Fig. 21.2).

The ADC value decreases in the peripheral area during the period of 24–72 h post-

trauma [10]. This decreased ADC value appears to represent the cellular swelling,

which would result in shrinkage of the extracellular space. The ADC values

between the central and peripheral areas are maximally dissociated during the

period of 24–72 h post-trauma. The ADC value in the peripheral area shifts from

a decrease to an increase after 72 h post-trauma. At the same time, an increase in
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ADC value becomes evident in the adjacent white matter. This increase in ADC

value in the adjacent white matter appears to represent the delayed peri-contusion

edema, which can commonly be seen on T2-weighted MR images as vasogenic

edema.

21.4 Increased Cerebrovascular Permeability

Since gadolinium (Gd)-DTPA, like plasma protein, does not normally cross the

blood–brain barrier, enhancement with Gd-DTPA, if observed in association with

cerebral contusion, implies an increased cerebrovascular permeability. In a previ-

ous study [13], Gd-DTPA was administered intravenously by bolus injection, and

MR imaging was undertaken soon after the administration. Such a procedure failed

to detect any increase in cerebrovascular permeability associated with cerebral

contusions during the initial few days post-trauma. Enhancement with Gd-DTPA

has been reported to become detectable at 6–9 days post-trauma. Furthermore, an

immunohistochemical study of the postmortem brain in such patients failed to

reveal any plasma protein leakage around the contused brain areas during this

Fig. 21.1 A representative

case of cerebral contusion in

the acute phase, 33 h post-

trauma. Upper: A CT scan

revealed low-density area in

bilateral frontal lobe.

Lower: Diffusion image

demonstrated low-intensity

core with surrounding high-

intensity rim, which was a

typical pattern of diffusion

image in the acute phase

(<48 h post-trauma) of

cerebral contusion without

massive hemorrhage
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early period [17]. Evaluations of the vascular permeability by 99mTc pertechnetate

single photon emission tomography failed to reveal any evidence of an increased

vascular permeability within the area of contusion during the initial few days post-

trauma [3]. Such findings appear to contradict the widely held view that an

increased cerebrovascular permeability is responsible for the development of con-

tusion edema [15]. We examined the changes in cerebrovascular permeability

employing intravenous slow infusion of Gd-DTPA and delayed MR imaging

[12]. In general, increases in cerebrovascular permeability can be detected more

clearly by intravenous slow infusion of high-dose contrast medium and delayed

neuroimaging [5]. This technique revealed that cerebral contusions can be

enhanced at as early as 24–48 h post-trauma. In MR imaging undertaken at 2 h

after Gd-DTPA administration, enhancement on T1-weighted images was observed

in either the central area or the peripheral area, or both. It is evident that water

supply from the blood vessels is not completely interrupted even in the central area

of contusion.

The delayed peri-contusion edema has commonly been attributed to an increased

cerebrovascular permeability. As mentioned above, enhancement with Gd-DTPA

has been reported to become detectable at 6–9 days post-trauma. It is also possible,

however, that resolution of the cellular swelling in the peripheral area of contusion

might permit propagation of the edema fluid accumulated within the central area to

the adjacent white matter. This would lead to edema appearance on CT and MR

Fig. 21.2 Frontal contusion demonstrating a halo appearance with a combination of a

low-intensity core and a high-intensity rim on diffusion-weighted image (left upper). On ADC

mapping (left lower), the peripheral rim showed low ADC value representing the cellular swelling

resulting from shrinkage of the extracellular space (right)

382 T. Maeda et al.



images which resembles to that induced by an increased cerebrovascular perme-

ability, i.e., vasogenic edema.

21.5 Edema Fluid Accumulation in the Central Area

In approximately 50 % of patients with cerebral contusions, a crescent-shaped zone

of very high ADC value develops at the border between the central and peripheral

areas beginning at approximately 24 h post-trauma (Fig. 21.3; [10]). This crescent-

shaped zone was always located within the central area of contusion. The very high

ADC value appears to represent edema fluid accumulation within the central area of

contusion. Edema fluid accumulation within the necrotic brain tissue is also

suggested by the formation of a fluid–blood interface within cerebral contusions

(Fig. 21.4). The fluid–blood interface can be formed without a fluid cavity. When

we carry out surgery, we find no fluid cavity, but softened and water-rich necrotic

brain tissue is present [8]. Within the contusion necrosis, hemorrhage undergoes

enlargement within the initial 6 h post-trauma [9], and red blood cells diffusely

permeate the softened necrotic brain tissue [14]. The fluid–blood interfaces

observed within the central area of contusion may represent layering of red blood

cells in the softened necrotic brain tissue, which has accumulated voluminous

edema fluid.

21.6 Osmotic Potential of the Contusion Necrosis

We have reported that necrotic brain tissue sampled from the central area of

contusion during surgery shows a very high osmolality, reaching 350–400 mOsm

[7]. It is uncertain whether or not such a marked increase in osmolality is osmot-

ically active and causes edema fluid accumulation. It appears that expansion of the

Fig. 21.3 Cerebral contusion in the temporal tip at 45 h post-trauma. Left: CT scan showed small

LD area in the temporal tip.Middle: T2-weighted MRI revealed mixed intensity area in the core of

contusion and surrounding edema formation. Right: ADC mapping demonstrated a crescent-

shaped zone (arrows) of very high ADC value, as high as that of CSF, representing edema fluid

accumulation within the central area of contusion
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extracellular space in the central area increases the capacitance for edema fluid

accumulation. In contrast, shrinkage of the extracellular space in the peripheral area

increases the resistance for edema fluid propagation or resolution. We hypothesize

that the barrier formed by swollen cells in the peripheral area may prevent edema

fluid propagation and also help to generate osmotic potentials across the central and

peripheral areas. Since blood flow is greatly reduced but is not completely

interrupted in the contused brain tissue, water is supplied from the blood vessels

into the central area. We suggest that a combination of these events may facilitate

edema fluid accumulation in the central area and contribute to the early massive

edema of cerebral contusion.

21.7 Procedure for Contusion Necrotomy

A sufficiently large skin incision is made so that craniotomy which fully exposes

the frontal or temporal tip in which the contusion is situated can be performed.

According to the location of the contusion, a bifrontal incision, coronal incision,

frontal–temporal incision, or combination of these is carried out. Craniotomy of

sufficient size is performed, centering on the region of the contusion. However, it is

important that the base of the depth of the craniotomy be such that the skull base of

the frontal lobe or temporal lobe is exposed, since the contusion is often situated

adjacent to the skull base. Especially for lesions in the frontal lobe, contusion of a

cone, with the superior orbit side as the base, is formed in many cases (Fig. 21.5).

First, the base of the cone which has appeared, i.e., a circle, is confirmed, because

the cerebral contusion exists as a cone with the brain surface at the bottom. As

mentioned craniotomy is performed so that the skull base can be exposed, since the

Fig. 21.4 CT scan of

cerebral contusion in the

frontal tip (30 h post injury),

sowing fluid–blood

interface in the area of

contusion necrosis. (a)

Hematoma; (b) edema fluid;

(c) fluid–blood interface;

(d) layering of red blood

cells
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bottom of the cone may be situated adjacent to the skull base. Corticotomy is added

at the surface of the necrosis to expose the demarcation plane. The arachnoid

membrane is cut in a circle along the demarcation plane, and the necrosis tissue

is retracted and removed sharply from the surrounding brain tissue (Figs. 21.5 and

21.6). The operation is repeated over the whole circumference of the demarcation

plane. The necrotic brain tissue tends to be very soggy, and water exudes from it

continuously. Finally, the deeper white matter is exfoliated towards the vertex of

the brain contusion, and the necrosis proper is separated as a lesion and removed.

21.8 Surgical Treatment

Kawamata and Katayama [11] investigated the effects of surgical excision of the

necrotic brain tissue in patients with severe cerebral contusion. The data were

collected from Japan Neurotrauma Data Bank (JNTDB) in which a total of 1,002

patients suffering severe traumatic brain injury who were registered during the

period between 1998 and 2001 were analyzed [16]. Among these patients, 182 (18%)

demonstrated severe cerebral contusions as the major lesions contributing to their

clinical status, 121 (66 %; group I) were treated conservatively, and the remaining

61 (34 %; group II) underwent surgery. There was, however, no significant differ-

ence in age between groups I and II (47.87 � 23.8 vs. 54.47 � 19.5 years). The

surgical management involved internal decompression (complete excision of the

necrotic brain tissue and evacuation of clots) with or without external decompres-

sion in most patients (90 %) of group II. The remaining patients underwent external

decompression alone. Surgery was performed at 1.8–86.1 (19.57 � 24.2) h,

mostly (73 %) within 24 h post-trauma. Group I demonstrated a clearly poorer

outcome on the Glasgow outcome scale (GOS) at 6 months post-trauma

(Table 21.1). The mortality was clearly higher in group I, as compared with

group II (48 % vs. 23 %; p ¼ 0.0001; n ¼ 182). A difference in mortality between

the two groups was noted in patients who were scored at 8 or less on the GCS at the

Fig. 21.5 Surgical removal

of contusion necrosis is

performed along the

demarcation plane. In the

first step, corticotomy is

added on the surface of the

necrosis to expose

demarcation plane (left).
Then the arachnoid

membrane is cut in a circle

along the demarcation

plane, and the necrosis

tissue is retracted and

removed from the

surrounding brain tissue

(right)
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time of admission, but did not reach a statistically significant level (Table 21.1).

The most striking difference was observed in patients who were scored at 9 or better

on the GCS at the time of admission (Table 21.1). The mortality was clearly higher

in group I, as compared with group II (56 % vs. 17 %; p ¼ 0.017; n ¼ 45). A clear

difference in mortality between the two groups was observed even when the

analysis was restricted to patients who definitely demonstrated “talk and deterio-

rate” (64 % vs. 22 %; p ¼ 0.026; n ¼ 29; Table 21.2).

The indications for surgical intervention in case of severe cerebral contusion

remain controversial [2]. The huge variation in ratio of selecting surgical manage-

ment among the present centers reflects diversity in management policy and an

absence of consensus regarding the indications for surgery. The higher mortality in

group I, as compared with group II, suggests that the surgery performed in group II

patients helped to prevent their clinical deterioration and death. Such an effect of

surgery was most striking in those patients who were scored at 9 or better at the time

of admission. It is by no means certain whether patients in group II who were scored

at 9 or better before surgery would have deteriorated or not if surgery had not been

Fig. 21.6 The

intraoperative photograph

in contusion necrotomy.

D demarcation plane (line

△), S surrounding brain

tissue, N contusion necrosis

proper, R retractor

386 T. Maeda et al.



carried out. An effect of surgery on mortality is evident, however, since a difference

in mortality was clearly observed even when the analysis was restricted to patients

who definitely demonstrated “talk and deteriorate.” This finding strongly suggests

that the surgery itself was the major reason for the improved mortality in group

II. In other words, death was probably prevented by the surgery in many patients of

group II.

The present findings support our hypothesis that early massive edema is caused

by cerebral contusion through the presence of necrotic brain tissue and indicate that

surgical excision of the necrotic brain tissue is the only therapy which can provide

satisfactory control of the progressive elevation of the ICP and clinical deterioration

in many cases. Surgical intervention should be considered in patients with severe

cerebral contusion who demonstrate “talk and deteriorate.”

21.9 Conclusion

There is at present no established medical treatment which can effectively inhibit

edema fluid accumulation within cerebral contusions. The most effective therapy

for ameliorating the potentially fatal edema is surgical excision of the necrotic brain

Table 21.1 Outcome

(6 months post-trauma)

in patients treated with

conservative therapies

and surgical therapy

GOS (%)

n GR MD SD VS D

GCS on admission: 3–5

Conservative 47 7 2 11 11 70

Surgical 11 9 9 27 0 55

GCS on admission: 6–8

Conservative 58 29 21 10 10 29

Surgical 21 24 29 24 10 14

GCS on admission: 9–15

Conservative 16 19 13 13 0 56*

Surgical 29 28 28 17 10 17

Total

Conservative 121 19 12 12 9 48**

Surgical 61 23 25 21 8 23

GCS Glasgow coma scale, GOS Glasgow outcome scale

*p ¼ 0.017, **p ¼ 0.0001

Table 21.2 Outcome

(6 months post-trauma) in

patients demonstrating “talk

and deteriorate”

GOS (%)

n GR MD SD VS D

Conservative 11 18 9 9 0 64*

Surgical 18 11 22 39 6 22

GCS Glasgow coma scale, GOS Glasgow outcome scale

*p ¼ 0.026
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tissue. The effects of surgical excision of necrotic brain tissue have commonly been

accounted for on the basis of an increased space compensation for mass lesions. It is

possible, however, that excision of the necrotic brain tissue does mean elimination

of the cause of edema fluid accumulation. If the ICP is elevated by early massive

edema due to cerebral contusion and the elevated ICP is medically uncontrollable,

surgical excision of the necrotic brain tissue would appear to represent the therapy

of choice, regardless of the size of the associated hemorrhages. Surgery should be

considered in patients who are scored at 9 or better at the time of admission, as soon

as they show clinical deterioration.
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Chapter 22

Optimizing Hemodynamics in the

Clinical Setting

Jose Alberto Toranzo and Claudia S. Robertson

Abstract Hypotension is common following traumatic brain injury and can con-

tribute to a poor outcome. Hypovolemia is the most common cause of hypotension

in this setting, but myocardial dysfunction may also occur. Fluid resuscitation is the

initial step in treating hypotension. Recent trials have failed to demonstrate an

advantage of colloids or hypertonic saline over normal saline resuscitation, and

albumin resuscitation was even associated with a higher mortality rate. Therefore

normal saline remains the standard resuscitation fluid, even though colloids and

hypertonic saline have some theoretical advantages following brain injury. The

optimal hemoglobin concentration for the brain-injured patient remains controver-

sial, and the decision to transfuse remains an assessment of the risk-benefit ratio of

improving cerebral oxygen delivery with the risk of complications of transfusions.

When blood pressure remains inadequate following fluid resuscitation, vaso-

pressors may be needed. While definitive studies are lacking, available studies

suggest that norepinephrine and phenylephrine have advantages over dopamine as

the initial choice for vasopressor.

22.1 Introduction

Brain injury and hemodynamic instability have been areas of intense research in the

past years. Brain injury accompanied by hypotension has been associated with poor

outcome, and effort towards maintaining an adequate blood pressure is a key

management principle. Topics of controversy include which resuscitation fluid is

best, choice of vasopressor therapy which is often used concurrently with fluid

resuscitation in patients with acute neurologic injury to maintain or augment

perfusion to areas of injury, and when to transfuse blood. To be able to determine
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the optimal strategy, it is important also to determine the most appropriate mea-

surements of responsiveness to these interventions.

22.2 Hemodynamic Instability in Patients with

Brain Injury

Traumatic brain injury (TBI) is often accompanied by systemic hypotension, and

both prehospital and in-hospital episodes of hypotension have been found to be

important predictors of a poor neurological outcome. A single episode of hypo-

tension (defined as systolic blood pressure <90) is among the five most powerful

predictors of outcome after TBI [32]. Other important independent prognostic

variables are age, Glasgow Coma Scale motor score, pupil response, and computer-

ized tomography characteristics [32]. On analysis of the Traumatic Coma Data

Bank database, occurrence of hypotension was associated with increased morbidity

and a doubling of mortality as compared with a matched group of patients without

hypotension [8, 29]. Analysis of the more recent IMPACT database showed similar

results [7].

Hypotension in brain-injured patients is most commonly caused by substantial

blood loss due to extracranial injuries. Intracranial injuries do not result in substantial

blood loss unless surgical intervention is required. As intravascular volume

decreases from active bleeding, the body tries to compensate by increasing the

heart rate and constricting peripheral blood vessels. This compensatory mechanism

is the reason why blood pressure will only start to decrease in adult patients after the

loss of more than approximately 1.5 L of blood volume. But even before this occurs,

cerebral perfusion and oxygenation may be compromised due to vasoconstriction

and a decrease in oxygen-carrying capacity. Myocardial dysfunction can also

be a cause of hypotension due to intense sympathetic hyperactivity caused by the

brain injury [34].

Other studies have shown that there is a U-shaped relationship between both

systolic andmean arterial blood pressure and outcome. Both lower and higher values

of blood pressure have been associated with poorer outcome with a much better

outcome occurring in patients with systolic blood pressures between approximately

120 and 150 [4] and between mean arterial blood pressures of 85–110 [7]. Hyper-

tension could also cause additional brain injury, or this observed relationship may be

because of other associated factors. Higher values of blood pressure (systolic blood

pressure >150) are associated with lower motor scores, and as many as 40 % of

patients with hypertension have an associated mass lesion. When hypertension

occurs in the setting of a mass lesion, the higher blood pressure is critical in

maintaining cerebral perfusion. Evacuating the mass lesion would therefore be the

initial treatment.

Systolic and mean arterial blood pressures (MABP) are highly correlated, but

MABP is more strongly influenced by diastolic blood pressure and measurements

of MABP are more stable as they are less affected by measurement artifacts.
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MABP can be calculated from systolic and diastolic blood pressures by the follow-

ing formula:

MABP ¼ systolicþ 2� diastolic blood pressureð Þ=3

In the early phase after trauma, systolic blood pressure may be of greater

relevance than MABP due to the fact that stroke volume (the major determinant

of systolic blood pressure) is decreased with blood loss, while systemic vascular

resistance (major determinant of diastolic blood pressure and therefore of greater

influence on MABP) may remain normal or even be increased during the initial

compensatory phase of hemorrhagic shock. However, after initial hemodynamic

stabilization, the emphasis should be on MABP because of its role in determining

cerebral perfusion pressure (CPP).

The Guidelines for the Management of Severe TBI recommend that systolic

blood pressure during the initial resuscitation should be kept at least 90 mmHg and

that the goal for CPP should be at least 60 mmHg [3]. Selected patients may require

a higher CPP to adequately perfuse the brain, but routinely maintaining a higher

CPP is discouraged because of potential adverse effects of the additional fluid and

vasopressors required to maintain the higher level of blood pressure [3, 9, 39].

22.3 Optimal Fluid Resuscitation in Brain-Injured Patients

The question of crystalloid versus colloid-based resuscitation strategies has been

argued for many years. Trauma resuscitation protocols favor the use of crystalloid-

based fluid strategies although the evidence supporting these strategies in cases of

brain injury is limited. Current trauma protocols assume that prompt restoration of

the volume of circulating blood and the prevention of hypotension may improve the

outcome in patients with brain injury [51]. Colloid fluid-resuscitation strategies,

including the use of albumin, have also been used based on physiological princi-

ples, aiming to maintain or augment plasma oncotic pressure and thereby minimize

extravasation of intravascular fluid into the brain interstitium [17].

The Saline versus Albumin Fluid Evaluation Study (SAFE) has recently pro-

vided some information towards this question. The SAFE study compared the effect

of fluid resuscitation with 4 % albumin or 0.9 % saline on mortality in a hetero-

geneous population of patients in intensive care units. Overall the study showed no

significant difference in the risk of death among patients who received albumin as

compared to those who received saline [15]. However, in a post hoc analysis of

patients with TBI enrolled in the SAFE study, the rate of death was significantly

higher among patients assigned to albumin than among those assigned to saline

(41.8 % compared to 20.4 %) [33]. The reason for this difference in mortality may

be related to intracranial pressure, which was higher during the first week post-

injury in patients assigned to albumin [10].
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Among the crystalloids available for resuscitation, hypertonic saline has poten-

tially attractive characteristics for the brain-injured patient, including restoration of

blood pressure while reducing brain edema and modulating the inflammatory

response to injury [12, 19, 38]. Administration of hypertonic saline results in an

increase serum osmotic pressure, which can draw fluid from the interstitial space

into the intravascular space. A relatively small volume of fluid administered can

result in significant volume expansion. It is estimated that administration of 250 mL

of a 7.5 % saline solution results in an equivalent volume expansion to 3 L of

normal saline [22].

The largest clinical trial of hypertonic saline for trauma resuscitation, conducted

by the Resuscitation Outcomes Consortium, compared 250 cc 7.5 % saline, 7.5 %

saline/6 % dextran 70, or 0.9 % saline as the initial resuscitation fluid administered

in the prehospital setting following severe traumatic injury with evidence of either

hypovolemic shock (SBP < 70 mmHg or 70–90 mmHg with a heart rate �108) or

severe TBI (Glasgow coma score � 8). There was no difference in the primary

outcome among the treatment groups in either the shock cohort (28-day mortality)

or the TBI cohort (6-month Glasgow outcome scale extended) [5, 6].

Despite the potential advantages of colloid or hypertonic saline as a resuscitation

fluid in TBI patients, these large clinical trials have not demonstrated superiority

and in the case of albumin have demonstrated an increase in mortality. Therefore,

at the present time, normal saline remains the preferred resuscitation fluid for

patients with TBI and hypotension.

22.4 The Role of Blood Transfusion in Hemodynamic

Resuscitation

A need for blood transfusion is very common in the treatment of critically ill trauma

patients. It is used in the acute setting as a means of correcting acute blood loss and

later in the hospital setting for maintaining an adequate hematocrit. The objective of

blood transfusion is to improve oxygen-carrying capacity. In healthy subjects,

optimal cerebral oxygen delivery and cerebral blood flow are obtained at hemo-

globin values near 42 % [16]. However, normovolemic anemia does not alter

cerebral function until hemoglobin levels drop to 5–7 g/dl [52]. The optimal target

hematocrit or hemoglobin concentration has not been clearly established in brain-

injured patients. The decision lies in the relative risk-benefit ratio of potentially

improving cerebral oxygenation and the complications associated with transfusion

[11, 21, 26, 50].

The potential benefit of transfusing to a higher hematocrit for patients with brain

injury includes improvement in cerebral oxygenation. Studies examining the effect

of transfusion on cerebral oxygenation in the treatment of moderate anemia (hemo-

globin concentration 7–10 g/dl) have demonstrated a small but consistent increase

in cerebral oxygenation. In a small study of 35 patients, Smith et al. showed a small

increase in brain tissue pO2 (PbtO2) with transfusion that was independent of
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changes in blood pressure or CPP [44]. Torella et al. had similar observations using

near-infrared to examine changes in cerebral oxygenation [49]. In a larger study of

69 patients, Leal-Noval et al. showed a small but significant increase in PbtO2 when

the blood that was transfused was less than 19 days old [25]. When older blood was

transfused, no change in PbtO2 occurred.

In critically ill patients in a general intensive care unit setting, a large random-

ized clinical trial comparing liberal (for hemoglobin concentration <10 g/dl) and

restrictive (for hemoglobin concentration <7 g/dl) transfusion practices found no

difference in mortality rates [18]. In a subgroup analysis of the patients enrolled in

this trial who had a closed head injury, the 30-day mortality rate was 17 % in the

restricted transfusion group compared to 13 % in the liberal transfusion group

( p ¼ 0.64) [30]. However, the number of patients with TBI in this subgroup was

small, and the long-term outcome that would have been of more interest than

mortality was not available. The question of whether a restrictive transfusion

strategy can be safely used in TBI patients has not yet been clarified and practice

varies widely [43].

22.5 Vasopressor Therapy in Brain-Injured Patients

Fluid resuscitation is often successful in restoring blood pressure to adequate levels.

However, if the patient remains hypotensive after volume resuscitation, vasopres-

sors may be required. In addition to the treatment of hypotension, vasopressor

therapy may also be used to elevate blood pressure in order to improve CPP. The

response of cerebral perfusion may be determined by the choice of vasopressor. The

ability of the brain to pressure autoregulate will also influence the cerebral hemo-

dynamic response to vasopressor therapy [2, 20]. If the CPP changes are within a

range where the brain is capable of autoregulating blood flow, cerebral perfusion

does not change very much and intracranial pressure usually does not change or

decreases. However, if the brain has impaired pressure autoregulation or if the CPP

changes are below the limits of autoregulation, then cerebral blood flow increases

with the improvement in CPP and intracranial pressure may also increase.

The best vasopressor for increasing MAP and CPP in TBI patients has not been

clearly established. In experimental models of brain injury, a variety of vasopres-

sors have been shown to improve cerebral perfusion and/or oxygenation, including

norepinephrine, dopamine, phenylephrine, and vasopressin [13, 23, 24, 36, 47]. In a

sheep blunt brain trauma model followed by infusion of endotoxin, Stubbe

et al. compared resuscitation with fluids to infusion of norepinephrine. Both

improved MABP and carotid blood flow, but only norepinephrine increased cere-

bral oxygenation [47]. In a fluid percussion injury/hemorrhagic shock model,

Feinstein et al. showed that resuscitation with a combination of a pressor (either

phenylephrine or vasopressin) with fluid restored blood pressure with lower ICP

than fluid resuscitation alone [13]. In a rat cortical impact injury model,

Kroppenstedt et al. found that elevating MABP to 120 mmHg with norepinephrine

improved peri-contusional cerebral perfusion and tissue oxygenation [24]. The
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increase in cerebral perfusion was better with norepinephrine than with dopamine

[23]. In contrast to these studies, in a rat weight-drop model complicated by

hypoxia/hypotension, Ract et al. reported that neither norepinephrine nor dopamine

infusion was effective in restoring MABP or cerebral perfusion and resulted instead

in an increase in intracranial pressure [36].

In TBI patients, most of the available clinical studies have compared cerebral

hemodynamic effects of norepinephrine and dopamine [35, 46] or represent retro-

spective analyses of clinical use of various pressors [45]. In a study by Ract et al.,

cerebral hemodynamics were compared while maintaining blood pressure alter-

nately with dopamine and norepinephrine [35]. For the same MABP, ICP was

significantly higher with dopamine than with norepinephrine. No other differences

in hemodynamics were observed. Steiner et al. also compared the effects of

dopamine and norepinephrine in stepwise increases in CPP from 65 to 85 mmHg

[46]. Although there were no differences in the absolute values of cerebral blood

flow velocity or intracranial pressure, the changes at each step increase in CPP with

norepinephrine were more consistent. In a retrospective review of vasopressor

usage at their institution, Sookplung et al. reported that patients receiving phenyl-

ephrine had a higher MABP than those on dopamine and a higher CPP than patients

given norepinephrine [45]. All of these studies involve relatively small numbers of

patients, the autoregulatory status is not reported making interpretation of the

findings difficult, and none of the studies examine the effect of the various pressors

on outcome. Although there are no definitive studies, the experimental and clinical

studies available suggest some advantages of norepinephrine over dopamine as the

initial choice of a vasopressor. Phenylephrine may also be an acceptable alternative.

22.6 Hemodynamic Parameters to Guide Fluid

Resuscitation

In critically ill patients, it is important to be able to assess the intravascular volume,

as uncorrected hypovolemia can lead to unnecessary infusions of vasopressor

agents, which may cause an increase in organ hypoperfusion and ischemia. Like-

wise, excess intravascular volume is associated with complications, increased

length of stay in the ICU, and increased mortality. Resuscitation with intravenous

fluids should produce a demonstrable enhancement of perfusion. Individualized

goal-directed therapy using functional hemodynamic parameters should optimize

resuscitation efforts [37].

The tools available for assessing volume status and response to resuscitation

have evolved in recent years. In the critically ill patient, physical examination is of

limited use in predicting a patient’s intravascular volume. There is poor

interobserver agreement when assessing these variables using only physical exam

assessments [41, 42]. Cardiac filling pressures including the central venous pressure

(CVP) and pulmonary artery occlusion pressure (PAOP) are frequently used to

assess intravascular volume. Cardiac filling pressures, however, have limitations in
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predicting fluid responsiveness, and volumetric measurements with echocardiogra-

phy may be better in guiding resuscitation efforts [27, 40].

The goal of fluid resuscitation is to optimize preload. Preload is determined by

left ventricular end-diastolic volume (LVEDV). According to the Frank-Starling

principle, as the preload increases, left ventricular stroke volume increases until the

optimal preload is achieved. At this point, further volume resuscitation has no little

effect on cardiac output and acts only to increase tissue edema and to promote tissue

hypoxia. In normal adults, both ventricles operate on the ascending portion of the

Frank-Starling curve providing a functional reserve for the heart in situations of

acute stress. As a result of altered left ventricular compliance and function, the

position of an acutely ill patient on the Frank-Starling curve cannot be predicted

from their preload alone. It is therefore important to determine not only the patient’s

preload but also their fluid responsiveness to whether the patient will increase his/

her stroke volume or cardiac output with fluid loading.

CVP is widely used to guide fluid therapy assuming that it directly reflects

intravascular volume. CVP is a good approximation of right atrial pressure,

which is a major determinant of right ventricular filling. However, because of the

changes in venous tone, intrathoracic pressures, left and right ventricular compli-

ance, and geometry that occur in critically ill patients, there is poor relationship

between CVP and right ventricular end-diastolic volume. Systematic review of

available studies demonstrates that there is no association between CVP and

circulating blood volume, that CVP is a poor indicator of left and right ventricular

preload, and that CVP does not predict fluid responsiveness [27]. PAOP has been

thought to be a more reliable indicator of left ventricular preload. However, recent

studies have demonstrated that PAOP is also a poor predictor of preload and volume

responsiveness. It is a measure of left ventricular end-diastolic pressure but does not

directly assess LVEDV because of changes in left ventricular compliance in the

critically ill patient.

Dynamic changes in systolic pressure, pulse pressure, and stroke volume in

patients undergoing mechanical ventilation may be additional useful techniques

to assess volume responsiveness. Suehiro et al. compare the ability of stroke

volume variation (SVV) and CVP to predict the cardiac output response to fluid

administration [48]. The area under the receiver operating characteristic curve was

significantly better for SVV compared to CVP (0.793 for SVV and 0.442 for CVP)

in this study. A recent review of the literature concluded that dynamic changes of

arterial waveform-derived variables during mechanical ventilation are more accu-

rate in predicting volume responsiveness in critically ill patients than traditional

static indices of volume responsiveness [28]. One major limitation of this non-

invasive method, however, is that it is limited to patients who are ventilated.

Bedside transthoracic echocardiography (TTE) is an alternative noninvasive

method to assess preload by measuring ventricular volume changes, respiratory

changes in inferior vena cava (IVC) diameter, or respiratory changes in aortic flow

velocity [40]. Left ventricular function can also be readily assessed [31]. In studies

where TTE has been applied in an ICU setting, new cardiac information was

obtained and changed management in 37 % of patients examined [1]. Among the
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TTE variables that can be assessed, IVC diameter has been validated as a good

predictor of fluid responsiveness by determining FLAT (<2 cm) and FAT (�2 cm)

IVC diameter [14].
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Chapter 23

Cerebrovascular Autoregulation and

Monitoring of Cerebrovascular Reactivity

Philip M. Lewis, Marek Czosnyka, Piotr Smielewski, and John D. Pickard

Abstract Cerebrovascular autoregulation and reactivity are two important pro-

cesses which maintain CBF at metabolically appropriate levels in response to

fluctuations in cerebral perfusion pressure. Additionally, intact vascular reactivity

protects the cerebral capillary bed against excessive hydrostatic pressures that may

precipitate vasogenic oedema. The importance of vascular reactivity is amplified in

the acute phase of injury by disruption to the integrity of the blood–brain barrier

(BBB), known to occur even in mild cases of TBI. Monitoring of pressure reactivity

in combination with measures of cerebrospinal compensatory reserve may assist in

identifying those patients at risk for the development of vasodilatory, short-term

increases in ICP. The state of pressure reactivity is also a robust, independent

predictor of outcome after TBI. This chapter discusses CBF autoregulation, the

careful regulation of vascular resistance, and the measurement of pressure reactiv-

ity in the cerebral vasculature.

23.1 Introduction

If one reviews the salient literature on the topic, it becomes clear that the term

‘cerebral autoregulation’ has many meanings. It may be used to describe the

mechanisms responsible for maintenance of cerebral blood flow (CBF) at levels

appropriate to the metabolic requirements of brain tissue [1]. It may also refer to the

ability of the cerebral vasculature to protect the brain against hypotensive perfusion

deficit or conversely hypertensive hyperaemia and cerebral swelling [2]. The more

common definition is the maintenance of CBF despite fluctuations in cerebral

perfusion pressure (CPP) [3], defined as the difference between the mean arterial

(MAP) and intracranial pressures (ICP) [1, 4].

J.D. Pickard (*)

Academic Neurosurgery Division, University of Cambridge, Cambridge, UK

e-mail: prof.jdp@medschl.cam.ac.uk

E.H. Lo et al. (eds.), Vascular Mechanisms in CNS Trauma, Springer Series in
Translational Stroke Research 5, DOI 10.1007/978-1-4614-8690-9_23,

© Springer Science+Business Media New York 2014

401

mailto:prof.jdp@medschl.cam.ac.uk


This definition of autoregulation has its origins in the seminal studies undertaken

by early twentieth-century cerebrovascular researchers, who made extensive stud-

ies on the behaviour of the cerebral circulation in response to altered CPP. Tech-

niques for global CBF measurement were unavailable at the time, with typical

methods for CBF estimation including connecting extracorporeal circulatory sys-

tems that perfused the brain via the carotid [5] or vertebral [6] arteries, to which

direct flow-measurement devices could be attached. A common technique was to

study the behaviour of the cerebral circulation directly through a glass window

implanted into the skull, a method first described in 1811 [7]. Improvements to this

method, described by Forbes in 1928 [8], permitted more detailed investigations

into the varied biochemical, neural and mechanical influences on CBF and partic-

ularly vessel diameter in vivo [9–15]. Relative changes in CBF were simply

estimated by directly observing the movement of red blood cells under the micro-

scope, during manipulations of systemic blood pressure or ICP [8, 13].

By the mid-1940s, there was a push to develop CBF measurement techniques

that could be used in conscious humans [16]. Such a method was published by

Seymour Kety and Carl Schmidt in 1945, based on a modified Fick principle and

using nitrous oxide as the inert, diffusible gas [17]. This greatly expanded the

opportunities for research into the physiology of CBF in health and disease, and

by 1959 over 200 clinical articles on the topic had been published [1]. In his

comprehensive review on CBF the same year, Lassen plotted the average CBF

values of 11 human studies covering a wide range of blood pressures that were

experimentally or pathologically induced [1]. This plot revealed that rather than

being passively dependent on MAP, CBF was stable over a wide range of perfusion

pressures [1]. Lassen’s observations validated those previously made by Fog and

Forbes who, using the cranial window method, observed changes in pial arteriolar

calibres during hypotension that were consistent with a ‘tonic regulation’ [18] of

CBF or constituted an ‘important safety device’ [13]. Lassen coined the term

‘autoregulation’ to describe the phenomenon, a term that stands today.

Modern imaging techniques have now established that CBF, averaged across the

whole brain, is approximately 50 mL/100 g/min [19]. This is heterogeneously

distributed throughout white and grey matter, with grey matter receiving approxi-

mately four times the blood flow of white matter [19]. Autoregulation is now

defined as the maintenance of stable CBF across a wide range of perfusion pres-

sures, ranging from 50 to 110 mmHg (Fig. 23.1). The upper limit, not visible on

Lassen’s plot and beyond which CBF increases rapidly in a pressure-passive

manner, derives from the forced dilatation of cerebral vessels that is observed

during stepwise increases in blood pressure to very high levels [11]. In chronic

hypertension, adaptive vessel wall remodelling confers an ability to withstand

higher transmural pressures before forced dilatation occurs [20]. This phenomenon

explains the lack of an upper limit on Lassen’s plot; all three data points in the upper

pressure range were derived from studies of essential hypertension [1].
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23.2 Regulation of CBF

As shown by Cushing in 1902, when the brain is faced with critically low blood

supply, systemic blood pressure is elevated in an attempt to restore perfusion

[21]. While this mechanism is only brought into effect when perfusion pressure is

critically low, the stability of CBF is maintained continuously across a wide range

of perfusion pressures. This maintenance is achieved by the careful regulation of

vascular resistance, itself largely a product of the radius of the cerebral vessels.

Importantly, this relationship is commonly modelled using Poiseuille’s law, for

which the fundamental assumptions of laminar flow in straight tubes and an ideal

Newtonian fluid are violated by blood flow through the cerebral vasculature.

Nonetheless, the term for the radius of the vessel is raised to the fourth power;

therefore, vascular resistance is exquisitely sensitive to changes in this parameter,

and the brain has evolved numerous mechanisms for its regulation.

Fig. 23.1 (a) Cerebral perfusion pressure (CPP) and parenchymal cerebral blood flow (CBF),

monitored over 3 days in a patient after head injury. (b): Error-bar plot of CBF averaged within

approximately 2.5 mmHg CPP bins, illustrating Lassen’s classic autoregulatory curve with clearly

visible lower (LLA) and upper (ULA) breakpoints of autoregulation. Theoretical changes in the

lumen of cerebral resistance arterioles are depicted as red circles, together with changes in

cerebrovascular resistance (CVR, dashed line). Below the LLA, a sharp rise of CVR reflects the

critical collapse of the arterial bed
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23.3 The Regulation of Cerebral Resistance Vessel

Diameter

The regulation of vascular diameter is the product of a complex interplay between

the myogenic, endothelial, neuronal [22, 23] and biochemical influences on myo-

genic tone. The myogenic component derives from the stretch-sensitive behaviour

of cerebral vessels, a feature that is generally intrinsic to vascular smooth muscle

throughout the body [24]. The cerebral endothelium exerts a profound influence

over myogenic tone, with both pressure- and flow-dependent responses

[25–27]. The cerebral vessels are also innervated by sympathetic and parasympa-

thetic nerve fibres that project from upper cervical ganglia, terminating at the level

of the pial arterioles and modulating myogenic tone [28]. Upon penetration into the

brain substance, cerebral vessels receive input from intrinsic neurons and astrocytes

that mediate the response of the cerebral circulation to increased metabolic demand

[22, 28]. Finally the cerebral circulation is also profoundly influenced by alterations

in the concentration of arterial carbon dioxide and oxygen [15, 29], which them-

selves may act via the influence of nitric oxide, a potent vasodilator [30]. All of the

aforementioned mechanisms act via innumerable chemical messaging systems that

it would be well beyond the scope of this chapter to discuss. The reader is directed

to reviews by Attwell [22], Davis [24] and Toda [30] for further detail.

The myogenic or pressure-sensitive behaviour of cerebral vessels is not only

central to autoregulation of CBF, but as pointed out earlier, it is intrinsic to vascular

smooth muscle and therefore independent of other influences on vessel tone. The

first evidence of this was given by William Bayliss at the turn of the twentieth

century, when he filled an excised canine carotid artery with pressurised blood and

observed a pronounced constriction [31]. The cranial window method employed by

Forbes and Fog in the 1920s and 1930s enabled this observation to be extended to

the cerebral circulation in vivo, after which in vitro investigations [27, 32–34]

confirmed the independent pressure sensitivity of cerebral vessels across multiple

species including humans. The term usually given to describe this pressure-

responsiveness of cerebral vessels is ‘cerebrovascular pressure reactivity’ [35].

23.4 Autoregulation Versus Pressure Reactivity

The range of pressures over which cerebral vessels remain reactive extends beyond

the classical limits of autoregulation of CBF. Numerous studies support this

assertion, beginning with the early observations of Fog [36], who recorded the

diameter of a 40 μm feline pial arteriole during a drop in MAP from 120 to 0 mmHg

using the cranial window method. He observed that dilatation in this small pial

arteriole commenced at a MAP of 60 mmHg and peaked at 20 mmHg, well outside

the lower limit of CBF autoregulation for cats [37]. Later studies on cat and human

arterioles [11, 33, 37] confirmed that during hypotension, vascular reactivity
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remains preserved beyond the pressure limits of stable CBF. Therefore, pressure

reactivity and autoregulation, while related, are distinct phenomena.

23.5 Clinical Measurements of Autoregulation and

Pressure Reactivity

Studies of cerebral vessel pressure reactivity demonstrate distinct patterns of

dynamic and steady-state responses to transmural pressure change in vivo and

in vitro [33, 34, 36]. Similarly, static and dynamic autoregulatory responses to

blood pressure alterations can be seen during concurrent measurements in CBF.

Measurements of global CBF can be performed using computed tomography (CT),

positron emission tomography (PET) and magnetic resonance imaging (MRI);

however, these techniques have poor temporal resolution rendering them of limited

value in studying the dynamic components of autoregulation [19]. Techniques

offering high temporal resolution include transcranial Doppler ultrasound (TCD)

[3, 38, 39], near-infrared spectroscopy (NIRS) [40–42] and laser Doppler flowmetry

[19, 43, 44] that afford more detailed investigation of both the time- and frequency-

domain components of autoregulation.

One of the more popular tools for indirect measurement of CBF is TCD. Aaslid

first introduced TCD in the early 1980s [45], with applications in subarachnoid

haemorrhage, stroke and head injury management following shortly thereafter.

TCD exploits the Doppler principle to permit recording of cerebral blood flow

velocity (CBFV), with measurements most often being made from the middle

cerebral artery (MCA). Two well-studied techniques for dynamic autoregulation

assessment using TCD include the leg-cuff deflation test [3, 46] and transient

hyperaemic response test (THRR) [47, 48]. These methods produce a sudden

decrease in systemic blood pressure in the case of the leg-cuff or distal to a

compressed carotid compression for the THRR. The strength of autoregulation

can be gauged in numerous ways. Aaslid described the rate of regulation (RoR)

by measuring the rate of change of cerebral vascular resistance (CVR) in response

to a step change in blood pressure induced by leg-cuff release [3] (Fig. 23.2):

RoR ¼ ΔCVR=Δtð Þ � ΔABP,where CVR ¼ ABP=CBFV (23.1)

For the THRR (Fig. 23.3), the strength of autoregulation is computed as the ratio

of the maximum post-release CBFV to the baseline value. This is referred to as the

transient hyperaemic response ratio, or THRR [49]:

THRR ¼ CBFVpost=CBFVpre (23.2)

While autoregulation assessment using these methods is useful, they are inter-

ventional studies, requiring external manipulation of blood pressure. Moreover, in

clinical settings where regular evaluation of autoregulatory capacity may be
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advantageous, repeated measurements using these techniques may be impractical.

Alternatives to such manoeuvres chiefly rely on the presence of naturally occurring

changes in CPP as autoregulatory stimuli. A method exploiting such intrinsic CPP

fluctuations was described by Czosnyka et al. in 1996 [39], in which the averaged

values of continuously recorded CBFV in the MCA were correlated with averaged

values of CPP. This index of autoregulation, computed over 3-min periods and

Fig. 23.2 Leg-cuff tests performed in healthy volunteers at two levels of end-tidal CO2 (EtCO2):

6 (upper) and 7 (lower) kiloPascals (kPa). The dependence of transcranial Doppler ultrasound-

derived flow velocity in both the left (FVleft) and right (FVright) middle cerebral arteries on

arterial blood pressure (ABP, obtained noninvasively with a Finapres monitor) is clearly visible at

the higher EtCO2 level (lower plot). Illustration reproduced from a student project conducted at the

University of Cambridge in 1998. We thank Sarah, Xin and Andrew for their original contribution

to this work
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termed ‘mean index’, abbreviated to Mx, has been validated against the RoR,

correlating significantly (Fig. 23.4) [50].

23.6 Monitoring of Cerebrovascular Pressure Reactivity

Transcranial Doppler-based methods of autoregulation assessment, while reproduc-

ible and reliable, necessitate the availability of skilled operators and are generally

impractical to perform continuously for periods longer than an hour or so.

As described previously, quantifying pressure-mediated changes in cerebral

vessel diameter can give some insights into the state of autoregulation. Interpreta-

tion of the behaviour of the vascular bed must be interpreted carefully however, as

autoregulation and vascular reactivity are not equivalent; autoregulation and there-

fore the stability of CBF may be impaired despite preserved vascular reactivity.

Moreover, in vivo measurements of pial arteriolar diameter are difficult to obtain in

humans. However, indirect evidence for pressure-mediated fluctuations in vascular

diameter affecting cerebral blood volume is available in recordings of ICP [51].

Steady-state ICP is derived from a complex interaction between arterial and

cerebral venous pressures, myogenic tone of the cerebral arterial bed, the dynamics

of cerebrospinal fluid volume maintenance and circulation, and changes in the

Fig. 23.3 Transient hyperaemic response test performed in a patient after subarachnoid

haemorrhage. During a brief compression of the common carotid artery, flow velocity (FV) in

the MCA decreases, with a brief elevation to hyperaemic levels after release. No change in arterial

blood pressure (ABP) is seen that could confound the interpretation of the post-compression FV

drop. The transient hyperaemic response ratio (THRR), being a ratio of post-compression

hyperaemic FV to pre-compression baseline FV, is an index of cerebral autoregulation. We

thank Mr. Karol Budohoski for granting permission to reproduce this graphic
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volume of brain parenchyma [52]. Over the time period consistent with blood

pressure-mediated vasoregulation, the resultant changes in cerebral blood volume

are reflected in the recordings of ICP (Fig. 23.5). This is evidenced by a variety of

studies in which experimentally induced or naturally occurring alterations in pial

vessel diameter correlate with changes in ICP [8, 14, 51, 53, 54]. Importantly,

however, pial vessel diameter may not always reflect cerebral blood volume. As

discussed previously, pial vessels are innervated by sympathetic and parasympa-

thetic fibres that exert a modulating influence on vascular tone [23, 28]. However,

this peripheral innervation is lost upon entry of the vessel into the brain substance,

whereupon the vessels receive input directly from the brain itself [28]. Illustrating

the importance of this concept, Gotoh et al. studied the influence of sympathetic

stimulation on pial diameter and cerebral blood volume in the cat, demonstrating a

dissociation between the two after approximately 3 min [55]. This was due to a

period of secondary compensatory dilation or ‘escape’, likely reflecting a dominat-

ing metabolic influence on intraparenchymal vessels, an observation also made by

others [9].

23.7 Techniques

Several methods for evaluating the reactivity of the vascular bed using ICP have

been proposed previously. Daley et al. compared the ABP autocorrelation and

ABP/ICP cross-correlation in 8 pigs before and after induction of severe hypercap-

nia, which produces failure of cerebrovascular reactivity by maximally dilating the

cerebral vessels [56]. When reactivity was intact, the two cross-correlation

Fig. 23.4 A plot of mean

index (Mx), an index of

dynamic autoregulation,

against the rate of

autoregulation (RoR),

calculated following the

release of a leg-cuff at three

different levels of end-tidal

carbon dioxide (EtCO2).

The plot shows a clear trend

towards deterioration of

autoregulation with

hypercapnia. Illustration

reproduced from a student

project conducted at the

University of Cambridge in

1998. We thank Sarah, Xin

and Andrew for their

original contribution to

this work
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functions were dissimilar, with the ABP/ICP cross-correlation clearly showing a

respiratory-derived oscillatory component. When reactivity was disturbed, this

dissimilarity was lost, and the ICP and ABP waveforms became more coherent.

Thus, pressure reactivity can be quantified by computing the least-squares distance

between the ABP autocorrelation and ABP/ICP cross-correlation as a measure of

their similarity. In a different approach, Steinmeier et al. recorded ABP and ICP in

16 adults with TBI, analysing the ABP/ICP cross-correlation after low-pass filtering

with a cutoff frequency of 0.1 Hz to exclude respiratory and cardiac frequencies

[57]. The authors observed a negative correlation and mean time delay of 6.89 s in

65/80 analyses in which stable ABP/ICP cross-correlations could be recorded (from

a total of 122 recordings of ABP and ICP). This was taken to be indicative of active

cerebrovascular reactivity. In the remaining 19/80 recordings, a short time delay

(mean 0.62 s) and positive correlation was taken to indicate failed vascular reac-

tivity. Another method described by Howells et al. [58] involves plotting hourly

averages of ABP and ICP, with the authors quantifying pressure reactivity by

computing the slope of the regression line between the two variables. Confounding

the interpretation of the ABP/ICP regression slope as a measure of pressure

reactivity is the fact that its value is not only influenced by the direction of ICP

change in response to ABP fluctuations but also its magnitude; the second compo-

nent is heavily influenced by intracranial compliance.

One method for continuously assessing cerebrovascular reactivity that has

gained some traction in the research community was proposed in 1997 [59]. Similar

Fig. 23.5 Slow waves in intracranial pressure (ICP) and deoxygenated haemoglobin (Hb),

measured using near-infrared spectroscopy (NIRS), are visibly coherent in this recording from a

head-injured patient undergoing a lumbar infusion study. Faster oscillations appear in the arterial

blood pressure (ABP) signal, with the transcranial Doppler flow velocity (FV) recording

displaying components derived from both ABP and ICP/Hb. Thanks go to Dr. Zofia Czosnyka

for the permission to reproduce this graphic
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to the method of Steinmeier et al., the authors described vascular reactivity as the

correlation between slow waves (<0.1 Hz) in ABP and ICP, excluding both

respiratory and cardiac components. The new index was called the ‘pressure-

reactivity index’, which is abbreviated to PRx.

The precise method for computing PRx has evolved over time since its original

publication. A typical method for computing the index is as follows:

– Prefilter the continuously recorded arterial and intracranial pressure signals to

remove pulsatile and respiratory components. This can be achieved either using

a simple moving average filter of approximately 10-s length or a higher-

performance digital filter with a cutoff frequency of 0.05 Hz.

– Compute the Pearson’s correlation coefficient between 30 � 10-s samples

(5-min window) of filtered ABP and ICP data.

– Repeat this process every sample (i.e. every 10 s).

The computational requirements for calculating PRx are relatively minor; data

collection and index calculations in the original PRx paper were performed using

Amstrad 386 PCs [59]. Current-generation personal computer technology possesses

substantially more computational power; therefore, this is no barrier to continuous

vascular reactivity monitoring. Data capture can however be of concern. The

neurointensive care environment is a complex milieu of medical technology, and

methods of accessing raw data from monitoring systems can be highly variable.

Capture software is often available from the vendors of clinical monitoring systems,

and the data feed may be subsequently analysed using custom software developed

using packages such as Matlab (Mathworks, Natick, Massachusetts, USA) or

LabView (National Instruments Corporation, Austin, Texas, USA). Specific solu-

tions combining multisystem data capture data processing with a focus on the

monitoring of cerebral hemodynamic variables have been written [60], and such

software has found application in the monitoring of cerebrovascular reactivity in

particular [61].

23.8 Interpretation

The Pearson’s correlation coefficient describes the goodness of fit of two variables

on a linear regression line. The value varies from +1 to �1, with +1 indicating a

positive, perfectly linear relationship between the two variables. A value of �1

therefore indicates a negative, perfectly linear relationship, with a correlation of

0 indicating statistically that the two parameters are independent of each other.

Extending this logic to the correlation between ABP and ICP, a PRx of +1 signifies

a complete dependence of ICP on ABP (in the absence of a Cushing response to

cerebral hypoperfusion, in which case ABP is largely dependent on ICP) and

complete absence of pressure reactivity. A PRx of zero or less reflects a gradually

increasing phase shift between ABP and ICP, indicating intact pressure reactivity

[62]. PRx has been carefully validated against PET-derived estimates of static [63]
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and dynamic [35] autoregulation in humans as well as laser Doppler flowmetry-

based estimates of the lower limit of autoregulation in a piglet model [64].

23.9 Clinical Relevance of Autoregulation and Vascular

Reactivity Impairment in Traumatic Brain Injury

23.9.1 Pathophysiology

Injury to the brain has been known to disrupt the regulation of CBF for over

50 years, confirmed using a variety of measurement techniques, across multiple

species and injury severities [39, 65–69]. As alluded to previously, autoregulation

not only serves to maintain CBF at metabolically appropriate levels in response to

changing CPP, but intact vascular reactivity also protects the cerebral capillary bed

against excessive hydrostatic pressures that may precipitate vasogenic oedema

[70]. The importance of vascular reactivity is amplified in the acute phase of injury

by disruption to the integrity of the blood–brain barrier (BBB), known to occur even

in mild cases of TBI [71, 72]. Clearly illustrating the link between BBB disruption

and brain swelling, Durward et al. injected hypertonic saline and Evans blue dye

(EB) into the left carotid of rabbits, inducing both autoregulatory failure and BBB

disruption [73]. The authors demonstrated extravasation of EB across a wide range

of controlled CPP values (20–130 mmHg), with a moderate but significant corre-

lation between the amount of extravasation and systemic blood pressure. These

findings are supported by later studies demonstrating an 8 mmHg ICP rise after

BBB disruption in the cat, despite no alteration in systemic blood pressure

[74]. Plainly, a disrupted BBB in the setting of lost vascular reactivity can precip-

itate brain swelling, and this idea forms the basis of the Lund concept of ICP

management in head injury [75]. However, the relative contribution of vasogenic

versus cytotoxic oedema to the genesis of sustained intracranial hypertension is the

subject of some debate. In experimental studies, traumatic BBB opening appears to

be a transient phenomenon, although it may be prolonged if hypoxia or hypotension

occurs immediately after injury [76, 77]. In a recent clinical study, however, MRI

data suggested that vasogenic oedema may contribute less to ongoing brain swell-

ing than cytotoxic oedema [78], although Marmarou et al. do not comment on the

role of vascular reactivity impairment in this process.

Casting aside the role of a passive vascular bed in the genesis of cerebral

oedema, the contribution of both active and passive blood volume fluctuations in

the short-term regulation of ICP remains clinically important. A pressure-passive

vascular bed responds to increasing blood pressure with vascular distension, an

increase in cerebral blood volume and subsequently elevated ICP [79–82]. Impor-

tantly, the magnitude of ICP increase is dependent on intracranial compliance, itself

partially dependent on the state of pressure reactivity [82, 83]. Conversely, loss of
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pressure reactivity renders the brain at risk for ischemia during fluctuations in CPP

that may be within normal limits [84].

While vascular reactivity impairment is of obvious significance, it should be

reinforced that preserved vascular reactivity is of clinical significance also, partic-

ularly for the management of ICP. A pressure-reactive vascular bed will respond to

hypotension with vasodilatation, with serious consequences for ICP in the setting of

a reduced cerebrospinal compensatory reserve. This concept is illustrated most

effectively by the phenomenon of the ICP ‘plateau wave’, a term first coined by

Lundberg in 1960 [85]. Plateau waves typically result from a brief reduction in

CPP, sufficient to provoke a vascular response that itself reduces CPP further by

increasing ICP (Fig. 23.6). The positive-feedback loop resulting in the sudden

escalation of ICP to supranormal levels was described as a ‘vasodilatory cascade’

by Rosner [86] and is therefore largely indicative of intact pressure reactivity, as

discussed by Castellani et al. [87]. While the occurrence of plateau waves has not

been found to negatively impact outcome in TBI unless they become prolonged

(>1/2 h duration) [87], their occurrence often provokes an emergent clinical

response. Therefore, monitoring of pressure reactivity in combination with mea-

sures of cerebrospinal compensatory reserve [88] or even B-wave amplitude [51]

may assist in identifying those patients at risk for the development of such

vasodilatory, short-term increases in ICP.

23.9.2 Clinical Implications

The value of monitoring pressure reactivity, in particular the PRx, extends beyond

its ability to provide insights into the pathophysiology of brain injury. The state of

pressure reactivity is a robust, independent predictor of outcome after TBI, as

shown in numerous studies of both adult [35, 58, 59, 89–96] and paediatric [97]

head injury. In one study, the strength and statistical significance of the outcome

correlation notably exceeded that of ICP [59]. Importantly, while PRx remains a

strong predictor of outcome in most studies, this is not an unequivocal finding; it

may be inferior to brain tissue oxygenation and direct monitoring of cerebral

metabolites, although there is little data on this topic [98]. On the other hand,

PRx is a global estimate of reactivity, while tissue-derived measures of oxygenation

and metabolic state are highly focal. Thus, their clinical interpretation is directly

tied to the proximity of the tissue probes to injured brain.

Outcome associations may depend on the length of time over which PRx is to be

recorded; in one study comparing PRx and Mx, recordings were limited to approx-

imately 1 h and were performed only once daily [35]. In this study, PRx was unable

to discriminate between favourable and unfavourable outcomes unlike in previous

reports [92]. In contrast to TCD-based indices of autoregulation, PRx can be

measured continuously suggesting it offers the potential to guide clinical manage-

ment. This view is reinforced by the observation that not only averaged but also

temporal patterns of cerebrovascular reactivity impairment after TBI are of clinical
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significance; both early (<72 h) [35, 59, 94] and late [89] impairments of pressure

reactivity have been shown to be predictive of either unfavourable outcome or

death.

23.9.3 Dependence of PRx on CPP

Continuous monitoring of pressure reactivity reveals a dynamic dependence on

perfusion pressure [59, 90, 97, 99]. Illustrating the relationship, a plot of PRx

against CPP often demonstrates a U shape, implying that a region of CPP exists

within which pressure reactivity is optimised (Fig. 23.7). Importantly, the location

of this region is not fixed and may exist in a very narrow range of CPP values,

illustrating both the variability and individuality of pressure reactivity disturbances

after head injury [97, 99]. Moreover, in some patients, there may be no optimal CPP

(CPPopt) at all; in one study, only 60 % of head-injured patients exhibited the

classical U-shaped dependence of PRx on CPP. PRx may also demonstrate a

monotonically increasing or decreasing pattern of change with CPP or indeed

may display a U shape that is inverted [99]. Importantly, a lack of CPPopt may

simply reflect the shifting of pressure reactivity to CPP values outside the clinically

acceptable range.

Fig. 23.6 Intracranial pressure (ICP) plateau waves (bounded by red lines) recorded in a patient

with traumatic brain injury (TBI). Increases in ICP occur concurrently with decreases in cerebral

perfusion pressure (CPP), decreases in brain tissue oxygenation (PbtiO2) and increases in PRx.

These changes are indicative of disturbances in pressure reactivity associated with maximal

vasodilatation during plateau waves
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23.9.4 Individualising CPP-Targeted Therapy

The dependence of PRx on CPP implies that individualisation of perfusion pressure

may both be possible using pressure reactivity as a guide and necessary to ensure

that patients are maintained within their optimal range. Previous work has shown

that TBI patients for whom CPP-directed management (CPP target �70 mmHg)

resulted in a CPP within their ‘optimal range’ had improved outcome [99]. Impor-

tantly, the correlation between outcome (GOS) and the absolute difference between

average CPP over the monitoring period and CPPopt was moderate and highly

significant, implying that both upper and lower limits of CPP could be incorporated

into clinical management protocols. The period of data collection necessary to

enable CPPopt calculation is approximately 6–10 h.

23.9.5 Threshold Values in Outcome Correlations

The identification of critical thresholds in pressure reactivity monitoring is an

ongoing process and is subject to change as new, larger datasets become available

for analysis. A threshold PRx value for discriminating between favourable versus

unfavourable outcomes was initially identified as PRx of 0.2 [59]; however, a recent

study by the same group using a much larger dataset (n ¼ 459) revised this

threshold down to 0–0.05 [92]. Moreover, this study identified differences in PRx

thresholds for discriminating between favourable/unfavourable and survivor/non-

survivor groups, with the latter being set at 0.25. Based on this data, where possible,

determination of optimal CPP should be based on the value of CPP at which PRx is

<0.05. Well-conducted, prospective trials on CPPopt should be undertaken to

establish the feasibility of applying this concept in the critical care of TBI patients.

Fig. 23.7 The distribution

of pressure-reactivity index

(PRx) versus different

levels of CPP in

327 patients after TBI

shows a characteristic

U-shaped curve. The

minimum value of PRx,

seen here at 75 mmHg,

indicates the averaged

‘optimal CPP’ in this group

of patients. Thanks to

Dr. Marcel Aries for the

permission to reproduce this

figure
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23.10 Conclusions and Cautions

Despite the growing interest in pressure reactivity monitoring and an evolving

understanding of its implications for the management of patients with TBI, there

remain questions to address and concerns to raise about its measurement [100]. ICP

can be significantly altered by both carbon dioxide and brain metabolism on a

timescale similar to that of the pressure-mediated changes that form the basis for

reactivity monitoring. While this is important for monitoring in individual cases, it

does not diminish the weight of evidence in support of the prognostic role for PRx

in the general TBI population. Moreover, arterial carbon dioxide levels are usually

well controlled by careful adjustment of ventilation, although periods of sudden

end-tidal carbon dioxide fluctuation can be seen during suctioning or postural

changes.

The signal-to-noise of PRx is typically quite poor. This can be improved by

lengthy signal averaging (up to 1 h or more); however, this is at the expense of

information on the genuine short-term variations in reactivity that occur throughout

the monitoring period. Poor signal-to-noise can occur due to a low amplitude of

either ABP or ICP oscillations. In the former, this is an unavoidable consequence of

tight CPP control; however, incidental fluctuations in ABP are almost always

present in the ICU patient, although these are often high frequency and will be

filtered out by the PRx algorithm. On the other hand, a low amplitude of ICP

oscillations is generally reflective of good intracranial compliance and may be an

unavoidable circumstance in the generally well-managed patient or a patient having

undergone decompressive craniectomy for intractable ICP. Confounding this pic-

ture even further, a recent study showed that low amplitude of ICP slow waves or a

reduction in ICP signal ‘complexity’ [101] is predictive of poor outcome. Clearly,

further research is required to clarify these disparate findings.

Despite the need for further work and an improved understanding of both the

pathophysiology of and methods for monitoring pressure reactivity loss, the per-

ceived value of pressure reactivity monitoring in the management of head injury by

the general medical community is growing. This is indicated by the inclusion of the

statement ‘Patients with intact pressure autoregulation tolerate higher CPP values’

in Chap. 9 of the most recent revision of the Brain Trauma Foundation guidelines

for the management of head injury [102]. This suggests that centres specialising in

the management of head injury, for whom ICP monitoring is standard practice,

should institute the measurement of pressure reactivity also. Despite the recom-

mendations, however, widespread adoption of novel neuromonitoring techniques is

dependent on high levels of evidence obtained from well-conducted, multicentre

prospective studies that are largely absent from this research domain. We hope and

anticipate that continued effort on the part of neuroscientists and neurointensivists

alike will address this deficit.
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Chapter 24

Cerebrovascular Responses After Pediatric

Traumatic Brain Injury

Steven L. Shein, Nikki Miller Ferguson, and Michael J. Bell

Abstract In children, traumatic brain injury (TBI) is the leading cause of death

between the ages of one and four. Injury to the brain as a result of TBI results from

primary, secondary, and tertiary insults. Neurotrauma care focuses on minimizing

secondary insults, with a major focus being the maintenance of adequate cerebral

blood flow (CBF). TBI can disrupt the normal flow leading to increased and

decreased amounts of CBF throughout the brain. In children, these changes are

dependent on the age and stage of development. This chapter discusses the effect of

developmental changes on CBF, cerebral perfusion pressure, and autoregulation of

CBF in children of different age groups to further investigate an effective means of

limiting the secondary effects of TBI.

Traumatic brain injury (TBI) is the leading cause of death and morbidity in

children over the age of 1 year [1–4]. There are no proven therapies for improving

these dire results, leading most of pediatric neurotrauma care focused on minimizing

secondary insults—variously defined as intracranial hypertension, cerebral hypoxia/

ischemia, metabolic disturbances (such as hypoglycemia), and secondary infections—

and maintaining adequate cerebral perfusion [5]. For proper CNS functioning,

maintenance of adequate cerebral blood flow (CBF) for metabolic demands is

essential and even more fundamental than the secondary insults listed above.
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Insufficient CBF for metabolic demands quickly leads to hypoxia from inadequate

oxygen and nutrient supply for the brain. And an oversupply of CBF can lead

to the exacerbation of cerebral edema and intracranial hypertension. Therefore,

understanding the normal cerebrovascular responses during development and the

response of the vascular system to TBI is essential for caring for children with

severe TBI. This chapter will focus on the cerebrovascular response after TBI,

with particular attention to the effect of TBI on CBF. The CBF changes during

development and after TBI will be reviewed, and since the cerebrovascular

response plays an integral role in TBI-related therapeutic maneuvers, topics such

as cerebral perfusion pressure (CPP), cerebral autoregulation and cerebral oxygen-

ation will also be reviewed.

24.1 CBF and Metabolism During Child Development

CBF can be measured by a variety of means, including the Kety-Schmidt method of

N2O clearance, inhaled stable Xenon clearance (133Xe), and Xe-based CT scan. As

stated above, CBF is closely linked to metabolic demands, and such demands are

subject to developmental changes with all measurements demonstrating some

variation based on the methodology used for its measurement. In one of the most

comprehensive measures of normal CBF across age groups, Chiron and colleagues

found that healthy neonates had similar CBF compared to adults, but nearly all

other age groups were greater than their adult norm (see Table 24.1) [6]. Moreover,

there were substantial variations between brain regions across most age groups,

with areas containing predominantly grey matter exhibiting the largest values

(particularly the thalamus). Takahashi and colleagues measured regional CBF

using PET and observed that infants less than 1 year of age had decreased CBF

relative to adults in all areas except the visual cortex [7]. Both of these studies found

that CBF began to increase during infancy, ultimately peaking during childhood

until slowly declining to adult values throughout adolescence. These findings

confirmed a landmark study published in 1957 that used N2O methodology for

determining CBF, where children between the ages of 3 and 11 years had increased

CBF compared to adults (106 mL/min/100 g vs. 60 mL/min/100 g) [8].

Evidence supports that these changes in CBF during childhood are largely

mirrored by alterations in metabolism. Takahashi and colleagues reported that

children less than 3 years old had decreased cerebral metabolic rate of oxygen

consumption (CMRO2) compared to adults, but that CMRO2 increased during

development in all areas of the brain. By 8 years of age, all areas of the brain had

greater CMRO2 than adults [7]. Kennedy and Sokoloff similarly found an increase

in CMRO2 in children ages 3–11 years (5.2 mL/min/100 g vs. 4.2 mL/min/100 g)

[8]. Comparable developmental changes in cerebral metabolic rate of glucose

(CMRglu) have been measured using PET. CMRglu levels were decreased at

birth (13–25 μmol/min/100) compared to adults (19–33 μmol/min/100 g). How-

ever, values increased to adult levels by age 2 years and surpassed adult levels by
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age 4 years (49–65 μmol/min/100 g). CMRglu levels continued to increase until age

9, before finally decreasing to adult levels during late adolescence [9].

In summary, normal child development causes profound changes in CBF and

metabolism which must be accounted for in considering therapies for children with

TBI or other CNS disorders. The paucity of data regarding these values in children

reflects the technical obstacles to obtaining this information in both healthy children

and those with critical injuries.

24.2 CBF and Metabolism After Severe TBI in Children

Initial work suggested that childhood TBI was likely characterized as a state of

relative excess blood flow for metabolic demands, so-called hyperemia [10, 11]. In

this seminal work, Bruce and colleagues noted that the most common pattern of

injury in children with severe TBI was diffuse cerebral swelling, and they argued

that the predominant pathophysiological responses were due to excessive CBF for

metabolic demands [10]. They based this interpretation on relatively few patients—

a total of six adolescents between the ages of 16 and 21 with diffuse swelling—who

demonstrated CBF of 75 mL/100 g/min (compared to values of 43 mL/100 g/min in

similarly aged children without diffuse swelling). A more comprehensive study by

Muizelaar and colleagues of 32 children demonstrated that (1) CBF tended to be

decreased early in children with low GCS scores, (2) this association was reversed

after 24 h (CBF was increased in more severely injured patients), and (3) 88 % of

subjects demonstrated CBF values consistent with hyperemia at some point during

the study [11]. However, this study did not find a relationship between intracranial

pressure (ICP), pressure-volume index (PVI—a measure of cerebral compliance),

and CBF—thereby, casting doubt on the established definition of hyperemia

(defined as CBF 2 standard deviations greater than normal) and casting the hypoth-

esis of hyperemia’s importance after childhood TBI into doubt. Both of these

studies were limited by the use of 133Xe techniques, which has limited ability for

localization of CBF within specific brain regions.

More recent work on CBF after childhood TBI has challenged some of these

findings while confirming others. Studying 18 children with over 150 CBF

Table 24.1 Normative cerebral blood flow (CBF) values in healthy children and adults measured

with 133Xe SPECT (adapted from Chiron et al. [6])

Age Number of subjects studied Mean CBF (in mL/100 g/min)

2–45 days 7 50 � 3.4

2–7 months 7 55 � 5.3

9–15 months 7 60 � 6.7

16–22 months 5 62 � 7.6

2–4 years 7 65 � 7.8

6–19 years 10 62 � 9.6

Adults 32 51 � 7.7
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determinations over the first several days after TBI (and using the Kety-Schmidt

technique of CBF determination with N2O as the inert tracer), Sharples and

colleagues demonstrated that hyperemia was relatively infrequent after childhood

TBI—observed in only 7 % of the readings [12]. They reemphasized that the CBF

response to TBI in children likely changes during the acute hospitalization and this

should be accounted for in clinical decisions. Skippen and colleagues also demon-

strated the temporal nature of the CBF response to childhood trauma, with the

highest readings occurring on days 2 and 3 after injury in a study of 18 children

who underwent Xe-CT determinations of CBF [13]. Most recently, Adelson and

colleagues reported a series of over 140 measurements from 95 subjects over a

10-year period [14]. In this Xe-CT study, initial CBF readings—obtained directly

from the Emergency Department in most cases—were lower than previously found

(32.05 mL/100 g/min � 21.45), while those from subsequent days were much

higher (e.g., 55.36 mL/100 g/min � 23.11 on post-trauma days 1–2). Importantly,

this study demonstrated that CBF remains increased for up to 10 days after injury,

although this obviously includes a selection bias for children who remain critically

ill during this time period.

Associations between CBF and clinical variables and outcomes have been

sought by most of the aforementioned studies, with a wide variety of associations

found. Muizelaar and colleagues found an inverse correlation between initial GCS

and CBF after 24 h, yet found no association between CBF and ICP [11]. Sharples

and colleagues demonstrated a weak, negative correlation between ICP and CBF

(r ¼ �0.24, p ¼ 0.009) but found no significant association between CBF and age

or initial GCS in their relatively small sample size [12]. They did, however,

demonstrate an association between early CBF and unfavorable outcome. In con-

trast, Skippen and colleagues failed to demonstrate an association between CBF

with age, GCS, and time after injury [13]. In the most recent data, Adelson and

colleagues found associations between CBF with time after injury as well as with

overall outcomes [14]. Most intriguingly, they found that CBF values <20 mL/

100 g/min in the initial 2 days after injury were associated with universally poor

outcome (n ¼ 7) and that children with favorable outcomes generally had increased

global CBF readings during the initial days after TBI. Specifically, they found that

mean CBF was increased in the favorable outcome group versus the unfavorable

outcome group on post-injury day 0 (45.64 vs. 17.85 mL/100 g/min, p ¼ 0.001)

and post-injury days 1–2 (61.74 vs. 46.54 mL/100 g/min, p ¼ 0.01) but not on later

days, and this association was observed in children <2 and <5 years, when these

groups were interrogated.

Less is known about how cerebral metabolism is altered in children after TBI.

Muizelaar found that cerebral metabolism was always decreased after TBI in

children and concluded that there was metabolic uncoupling after trauma based

on the contemporary premise that hyperemia was prevalent [11]. This was later

clarified when Sharples reported that CMRO2 was normal in 17 of 21 children

acutely after TBI, but decreased significantly from day 1 to day 3 after injury

( p ¼ 0.001). Mean CMRO2 within 24 h of TBI was significantly increased in

children with good/moderate outcome compared to those with poor outcome
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( p ¼ 0.017). However, mean CMRO2 values at later time points were not signif-

icantly associated with outcome [12].

It is reasonable to summarize that changes in CBF occur after childhood TBI and

that these changes are both related to age and time after injury. While these findings

from only several dozen children require confirmation with contemporary

neurocritical care practices, it appears prudent to limit therapies that might reduce

CBF early after TBI—particularly unnecessary or inadvertent hyperventilation in

the field, in the Emergency Department, and during initial resuscitative efforts. The

technical challenges related to measurements of CBF and metabolism remain

formidable such that routine measurements are only possible in selected centers.

As a result, surrogates of CBF discussed below are needed for clinical management

at this time.

24.3 Cerebral Perfusion Pressure in Children with TBI

Calculation of cerebral perfusion, the mathematical difference between mean

arterial blood pressure (MAP) and ICP, has been a staple of neurotrauma care for

decades [15], although adequate CPP still may be insufficient to achieve what we

believe to be normal CBF values [16]. Nonetheless, assessing CPP is likely the most

common means to clinically assess the cerebrovascular response to pediatric TBI

currently in practice. A number of studies have been performed to determine the

optimal CPP for given ages, yet no prospective or randomized studies have been

performed to address this critical issue. Instead, observational studies of CPPs that

were achieved in various populations that have favorable and unfavorable outcomes

currently serve as the best evidence for therapeutic targets.

Among these studies, a minimum CPP has been suggested by several studies. In

a study that included 54 children with severe TBI, Barzilay and colleagues found

that patients surviving to hospital discharge had a greater CPP than non-survivors

(65 vs. 6 mmHg, p < 0.01), with the obvious limitation that the non-survivor CPP

values were extremely low [17]. Kaiser and Pfenniger found that children with

unfavorable outcome had a minimum CPP < 50 mmHg [18] and Figaji and

colleagues found a minimum CPP of 44 mmHg in patients with favorable outcome

versus 29 mmHg in those with unfavorable outcomes ( p < 0.05) [17, 19]. Most

recently, Kapapa and colleagues have demonstrated that a single instance of CPP

below given age-related thresholds (0–1 month, CPP < 40 mmHg; 1 month–1 year,

CPP < 45 mmHg; 1–7 years, CPP < 50 mmHg; >7 years, CPP < 55) was asso-

ciated with worse outcome ( p ¼ 0.013) [20].

Another approach for analyzing CPP thresholds has included calculating mean

CPP values over some period of time after injury and a series of studies have found

this approach to be informative. Narotam and colleagues demonstrated that survi-

vors had greater mean CPP values (81.5 mmHg � 16.1 vs. 50.3 mmHg � 31.7,

p < 0.33). Chambers and colleagues found that more patients had poor outcomes

when mean CPP was <40 mmHg [21]. And in two independent randomized
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controlled trials of therapeutic hypothermia, the effect of CPP was evident. Adelson

and colleagues found that mean CPP was increased in patients with favorable

outcome (69.19 mmHg � 11.9 vs. 56.37 mmHg � 20.8, p ¼ 0.0004) [22], while

Hutchison and colleagues found that the hypothermia group had decreased CPP

during rewarming (60.8 mmHg � 7.8 vs. 66.0 mmHg � 10.8, p < 0.001) and the

hypothermia group tended to have poorer long-term outcome [23, 24].

The sum of this literature led the Brain Trauma Foundation workgroup to

provide two recommendations regarding CPP thresholds in the recently published

guidelines—that a minimum CPP threshold of 40 mmHg may be considered and a

CPP threshold of 40–50 mmHg may be considered with age-specific goals of

younger children near the lower end of this range and those for older children at

the higher end of this range [5]. This latter recommendation was based on a study

where the mean CPP values in children 2–6 years of age were approximately

63 mmHg in those with favorable outcome and 48 mmHg in those with unfavorable

outcomes. Mean CPP was increased in both outcome groups in children 7–10 years

old (72 and 56 mmHg, respectively) [25]. Using the pressure–time integral, which

accounts for duration and magnitude of CPP perturbation, the same author reported

age-based CPP threshold values of 48 mmHg (2–6 years old), 54 mmHg (7–10

years old), and 58 mmHg (11–15 years old) [26]. The consensus of most practi-

tioners is that maintenance of CPP at some level is important to maintaining

adequate CBF after TBI, but there is still significant debate about what thresholds

should be maintained. Moreover, it has not been proven that an intervention to

achieve a given CPP has been either neuroprotective or affects mortality. Clearly,

further study is needed in this area of cerebrovascular regulation after TBI.

24.4 Cerebral Oxygenation in Children with Severe TBI

In the past decade, technology has advanced to allow for the accurate measurement

of partial pressure of brain oxygen in the interstitial space, termed PbO2, which now

provides the clinician with a bedside measure of the adequacy of the cerebrovas-

cular response to TBI. PbO2 is influenced by a number of factors, including the

adequacy of the CBF in relation to metabolic demands, CPP, hemoglobin concen-

tration, arterial partial pressure of oxygen (PaO2), and temperature. In our experi-

ence, another valuable aspect of PbO2 monitoring is the detection of inadvertent

hyperventilation—as the subsequent vasoconstriction from hyperventilation results

in a presumed decrease in CBF and an unanticipated decrease in PbO2 that can be

corrected by correcting the hyperventilation.

However, the main focus of research within centers using PbO2 monitoring is

to determine if a PbO2-directed strategy can lead to improved neurological

outcome or beneficial effects on other clinical parameters, since cerebral hypoxia

is presumed to be a potential secondary insult that could be treated. For children

with severe TBI, Stiefel and colleagues provided the first report on the utility

of PbO2 monitoring when they found that PbO2 was higher in children during
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periods of ICP < 20 mmHg and CPP > 40 mmHg (29.29 mmHg � 7.17

vs. 22.83 mmHg � 13.85, p < 0.01 and 28.97 mmHg � 7.85 vs. 2.53 mmHg

� 7.98, p < 0.01, respectively) [27]. Figaji and colleagues have provided a number

of reports to demonstrate the utility of PbO2 monitoring in a variety of ways

[19, 28–31]. In one study, children with unfavorable outcome had a decreased

mean PbO2 in the first 24 h after injury compared to those with favorable outcome

(21.9 vs. 30.4 mmHg). This study also showed that those with unfavorable outcome

had a longer duration of time with low PbO2 (<10 mmHg) and that PbO2 is

independently associated with mortality and unfavorable outcome. Another group

demonstrated similar results, demonstrating that the mean PbO2 at 2 h post-monitor

placement was significantly increased in survivors compared to non-survivors

(21.6 vs. 7.2 mmHg; p ¼ 0.009) [32]. In yet another study by Figaji and colleagues,

the relationship between PbO2 and other pediatric neurocritical care targets

(particularly ICP < 20 mmHg and CPP > 50 mmHg) was evaluated, and 80 %

of the children had one or more episodes of cerebral hypoxia (PbO2 < 20 mmHg)

without concurrent intracranial hypertension or inadequate CPP [28]. They also

found that the relationship between decreased PbO2 and other physiologic/clinical

factors that are routinely used to guide therapy in pediatric TBI was poorly

predicted by these factors (ICP, CPP, PaO2, and SaO2). Based on these findings,

the authors concluded that “brain hypoxia may still occur despite apparently

adequate resuscitation and therapy of pediatric TBI based on current guidelines”

[28]. Recently, we’ve also published data from our center which confirms that

there are periods of intracranial hypertension and cerebral hypoperfusion that

are surprisingly associated with increases in PbO2, emphasizing that the entire

neurocritical care protocol may need to be evaluated to determine the utility of

this monitoring system [33]. In summary, we believe that it appears that the PbO2

monitor may have some utility in managing the cerebrovascular response after TBI

in children, especially since other modalities to assess the response (such as CBF

measurements) are not readily available at the bedside. However, the use of the

monitor will need to be put into some context, as other therapies to treat intracranial

hypertension will have obvious effects on the cerebrovascular response measured

by the PbO2 monitoring.

24.5 Cerebral Autoregulation in Children with TBI

Cerebral autoregulation is defined in two contexts—the preservation of normal

cerebral vasoconstriction/vasodilation in response to changes in acid/base balance

associated with changes in PaCO2 and the maintenance of normal CBF through a

range of arterial blood pressures (normally defined as mean arterial blood pressure

between 50 and 150 mmHg in adults). Both of these responses can be altered by

TBI, and such dysfunction can be associated with adverse outcomes and may alter

potential treatment plans.
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Increases in PaCO2 from hypoventilation from a number of causes (apnea

directly after impact, lung disease as a result of multiple traumatic injuries, lung

disease that evolves later after injury, or many others) normally cause acidosis

within the CSF space and subsequent vasodilation of arterioles. Skippen and

colleagues demonstrated that relatively severe hyperventilation was associated

with marked increases in the brain regions that approached the ischemic threshold

of tissues (CBF < 18 mL/100 g/min) [13]. The prevalence of ischemia was 28.9 %

with PaCO2 > 35 mmHg, 59.4 % with PaCO2 25–35 mmHg, and 73.1 % with

PaCO2 < 25 mmHg in this cohort of children. Adelson and colleagues also tested

PaCO2 reactivity in a subset of patients (n ¼ 38) by measuring CO2 vasoreactivity

(CO2VR; the increase in CBF per 1 mmHg increase in PaCO2) [14]. In this study,

17 patients (44 %) had abnormal autoregulation (CO2VR < 2 %). Absence of intact

autoregulation during the first 48 h post-injury was significantly associated with an

unfavorable outcome ( p ¼ 0.029). For all times after TBI, there was a trend

towards increased CO2VR (intact autoregulation) in patients with favorable out-

come versus unfavorable (3.83 % vs. 0.72 %) that approached statistical signifi-

cance ( p ¼ 0.120). In an earlier study of children�8 years old, CO2VR < 2 % was

83 % sensitive and 100 % specific for unfavorable outcome [34].

Blood pressure autoregulation in children after TBI has also been studied,

although a number of these studies have substituted the use of CBF velocity

(as measured by transcranial Doppler) in place of CBF from other techniques

outlined above [35–39]. Vavilala and colleagues have authored a number of reports,

including one that reported 10 of 24 children with intact autoregulation had a

favorable outcome as compared to only 1 of 12 children with TBI and disturbed

autoregulation ( p ¼ 0.04). In another report, this group found that the association

between impaired autoregulation and unfavorable outcome was statistically signif-

icant at 6-month follow-up. Similarly, Sharples used direct measurement of CBF to

find that patients with a favorable outcome had a significant association between

CPP and cerebrovascular resistance (CVR) ( p ¼ 0.0002), which implies intact

autoregulation, but those with unfavorable outcome did not ( p ¼ 0.22). Doppler

ultrasound has been used to calculate the autoregulatory index (ARI, the percent

change in CVR divided by the percent change in CPP). Impaired BP autoregulation

(ARI < 0.4) is more common in patients with unfavorable 6-month outcome (75 %

vs. 23 %, p ¼ 0.03) [39] and portends an increased risk of poor outcome (OR 23.1

[1.9–279.0]) [40]. However, lack of an association between BP autoregulation and

outcome has been reported using direct [35] and indirect measures of CBF [38]. Fac-

tors associated with loss of BP autoregulation that have been investigated include

injury severity (GCS score), ICP, CBF, age, and time after injury. Several studies

found no association between GCS score and abnormal BP autoregulation [12, 35,

36], though an association between abnormal ARI and decreased GCS score at the

time of measurement has been reported [39]. Similarly, patients with an abnormal

ARI had increased ICP during measurement in one study (21 � 15 vs. 14 � 5,

p ¼ 0.007) [37]. In a prior publication, the same group showed that hyperemia was
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more common in patients with impaired ARI than in those with intact ARI (6/12

vs. 1/24, p < 0.01). Muizelaar also found associations between loss of BP

autoregulation and both hyperemia and markedly decreased CBF (>2 SD from

normal). ARI is more commonly impaired in children <4 years old (8/10 vs. 7/27,

p ¼ 0.006) [39] and normalizes approximately 1 week after TBI [36, 38].

24.6 Conclusion

As with most processes within the central nervous system, the cerebrovascular

responses in children—both in normal development and after TBI—are remarkably

complex. Most evidence suggests that cerebrovascular responses are age- and

development-dependent and suggest that unique treatment strategies that would

take the cerebrovascular responses into account might be different for children

across the pediatric age spectrum. Our current tools to assess the response are

relatively limited, but it is possible that new technologies will improve our ability to

detect cerebrovascular disturbances in the future. Currently, it appears that clini-

cians caring for children with severe TBI should (1) guard against the potential of

cerebral ischemia early after TBI, (2) consider age-adjusted goals for CPP, (3) con-

sider use of PbO2 monitoring to detect potential cerebral ischemia, and (4) judge

whether children might benefit from testing of autoregulation abnormalities.

Researchers will need to perform studies that might clarify the benefits of these

techniques, using either trial designs that include randomization of overall TBI

protocols that include these modalities or other methodologies that can determine

the superiority of the various strategies being tested.
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Chapter 25

Subdural Hematoma in Non-accidental Head

Injury

Jennifer C. Munoz Pareja, Josephine Lok, Natan Noviski,

and Ann-Christine Duhaime

Abstract Subdural hematoma in infants and young children happens most fre-

quently, but not exclusively, in the setting of non-accidental head injury.

Irrespective of the etiology, this injury type can be associated with a variety of

pathophysiologic changes, including those which appear to affect the relationship

between substrate delivery and metabolic demand. The exact underpinnings and

necessary conditions for these changes remain incompletely understood but appear

to be specific for children during early development. This chapter will review the

clinical presentation, spectrum of mechanisms, and neuroanatomic and cerebrovas-

cular considerations for this common and often serious injury type.

25.1 Overview of Subdural Hematoma in Infants

and Young Children

Non-accidental head injury (NAHI) in infants and young children encompasses a

spectrum of clinical histories and physical findings, as well as a variety of imaging

findings and clinical sequelae. Synonyms used for this spectrum also include

non-accidental trauma (NAT), abusive head trauma (AHT), inflicted head injury,

and other terms denoting specific mechanisms. While there is variability among

patients, there are certain constellations of features which are typical and alert the

clinician to the possibility of an inflicted etiology for the findings. The most

common histories are descriptions of symptoms with no history of trauma, or a

history of minor trauma such as a low-height fall. Presenting symptoms may

include irritability, poor feeding, seizures, apnea, lethargy, or obtundation.
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The most characteristic pathoanatomic injury type in NAT is subdural hema-

toma (SDH), which in this age group is highly associated with, though not diag-

nostic for, a non-accidental mechanism of injury. Extracranial trauma and retinal

hemorrhages are common but also can occur in other accidental scenarios. Some

medical conditions may mimic certain aspects of the findings associated with

inflicted injuries, discussed in more detail below [1, 2].

In virtually all reported series of NAT, the most common and characteristic

intracranial finding is SDH [3]. SDH can be described by location, size, associated

mass effect, and chronicity. Acute SDH in the infant has been described as typically

having a somewhat different pattern from that most often seen in the older child and

adult. While SDH in older children and adults usually presents as a thick, unilateral

space-occupying clot, in infants more often it has been described as a widespread,

bilateral, thin film of blood [4]. In young children beyond the first year of life, either

the bilateral or more unilateral form may occur. In both age groups, a propensity for

SDH to be associated with blood in the interhemispheric fissure may be present

as well.

Whether associated with inflicted injury or accidental trauma, acute SDH in

infants and young children can be associated with profound cerebrovascular effects,

and these will be explored in this chapter.

25.2 Epidemiology, Mechanisms, and Differential

Diagnosis

The incidence of inflicted head injury is estimated at 15 per 1,000 children per year.

Lethality and morbidity are significant with 12–30 % of infants dying and 60–70 %

of survivors experiencing significant neurological deficits [3–6]. Approximately

1,000 deaths caused by inflicted injury are confirmed annually in the United

States [7].

While both acute and chronic SDHs can occur in accidental injuries and in

certain medical conditions, the most common association is with NAT. In 1946,

Dr. John Caffey first recognized the telltale radiographic changes that came to

characterize children potentially suffering from NAT [8]. In the following three

decades, important work by Silverman [9], Ommaya et al. [10], Kempe et al. [11],

and Guthkelch [12] contributed to the acknowledgement of child abuse as a distinct

medical condition. In 1974 Caffey coined the term “whiplash shaken infant syn-

drome.” The idea that shaking might be causative was first proposed by Guthkelch

[3]; he suggested that shaking rather than striking the infant might be the cause,

since not all infants with SDH had external injuries, and based on biomechanical

studies on adult primates, he postulated the idea of angular deceleration as the

causative mechanism of SDH. However, the magnitude of angular deceleration

caused by shaking as opposed to other potential mechanisms was unknown at that

time, as was the threshold for injury of specific types in young children.
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The pathophysiology of the subdural bleeding caused by NAT often has been

attributed to rapid acceleration-deceleration from severe blunt trauma or from

forceful shaking of the infant, leading to a shearing of the bridging veins [13]. How-

ever, research using forces simulating an adult shaking an infant has shown that

shaking alone generates substantially lower forces compared to those known to

produce subdural bleeding in primates subjected to nonimpact acceleration [14,

15]. Duhaime et al. showed that the acceleration force generated by impact

exceeded that caused by shaking by a factor of 50 [13]; however, the exact

threshold of angular deceleration needed to tear bridging veins in infants and

young children remains incompletely understood. Other researchers propose that

the NAHI-induced SDH results from injury to intrinsic intradural vessels rather

than to tearing of the bridging veins [33]. A review of the anatomy of the dura and

the bridging veins is covered in more detail later in this chapter to highlight the

issues under consideration.

When evaluating an infant with SDH, it is often challenging to determine

whether the hemorrhage could be a result of NAHI. Accidental injury is another

common cause, and much work has been done to attempt to differentiate these

etiologies, though no method is definitive [6, 16, 17]. In young infants, birth

subdural may be a consideration, as there is a high incidence of SDH from the

birth process, documented by Looney in 2007 [18] and by Rooks in 2008 [19]. In

screening 101 deliveries that were described as “normal,” 46 % of the infants in

Rooks’ series were found to have SDH that formed in the perinatal period during

labor. The location of the SDH included both supratentorial and infratentorial

distributions in these studies. In Rooks’ series, one of the neonates out of the

22 had developed a 1 cm extra-axial frontal collection at 26 days of life and

underwent a complete evaluation which did not support NAHI as an etiology. In

a separate review, Gebaeff [20] reported that a small percentage of neonates suffer

birth-related complications and subsequently develop a chronic SDH. The duration

of birth subdurals is generally considered to be short, resolving without complica-

tions by 5–8 weeks of age [19].

Another clinical condition that may be raised as a potential predisposition to the

development of SDH, particularly of the more chronic-appearing or mixed forms,

includes benign enlargement of the subarachnoid spaces (“benign external hydro-

cephalus” or “benign macrocranium of infancy”) [21]. In this condition, children

typically present with an enlarging head circumference, usually between the first

few months of life up to the second year of age, and imaging demonstrates

prominent extra-axial cerebrospinal fluid spaces. On rare occasion, follow-up

imaging has been reported to demonstrate unilateral or bilateral small subdural

hemorrhages, sometimes with a suggestion of rebleeding and subdural membranes

[22]. Evidence of additional injuries concerning for physical abuse was identified in

a quarter of the children with enlargement of the subarachnoid spaces and SDH,

suggesting that the finding of enlarged subarachnoid spaces should not preclude an

evaluation for other findings suggestive of NAT.

Other disease entities in which an association with SDH has been reported

include coagulation defects, vitamin K deficiency [23], platelet dysfunction,
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hemophilia, vonWillebrand disease, and acute leukemia [24, 25]. Other uncommon

disorders include glutaric acidemia type I, Menkes disease [26], and Prader-Willi

syndrome [22]. Von Willebrand disease and neuronal lipofuscinosis have also been

associated with chronic subdural collections [22].

Spontaneous SDH in infants (SSDHI) is a rare occurrence which has been

examined by Vinchon et al. [27]. In a series of 16 patients, 12 patients had

idiopathic macrocrania, 7 of these being previously diagnosed with arachnoi-

domegaly on imaging. Five had risk for dehydration, including two with severe

enteritis. The authors concluded that in these patients there were positive risk

factors that may predispose to the development of SDH.

25.3 Anatomic Considerations and Pathophysiology

of SDH in NAHI

While the exact mechanisms necessary to cause SDH in accidental and NAT in

infants and young children remain incompletely understood, they may be

influenced by the specific anatomy of the structures involved. In addition, once

hemorrhage has occurred, events may unfold which influence the effect of the

injury on the brain, including the development of seizures, apnea, and other

pathophysiologic cascades. Some of these may contribute to the more extensive

degrees of damage seen in specific cases of SDH in this age group.

25.4 The Dura

Our central nervous system is enclosed by three concentric membranes designated,

from external to internal, as dura mater, arachnoid, and pia mater. At all times

during development, the dura and arachnoid remain attached, and there is normally

no anatomic subdural space. However, there is a distinct soft tissue layer at the

dura-arachnoid junction that is easily disrupted, called the “dural border cell layer.”

This junctional soft tissue layer is characterized by flattened fibroblasts with sparse

intercellular junctions, no extracellular collagen, and prominent extracellular

spaces. Blood collecting in the dural border cell layer can easily dissect through

the potential space in the subdural compartment [4], causing disruption of the

loosely adherent cells of the dural border layer and accounting for the widespread

distribution of SDH [4].

Between the periosteal and meningeal layers of the dura, there is a venous plexus

which is very extensive in the fetus and neonate, occupying much larger areas than

the sinuses of the adult dura [28, 29]. In the neonate the venous plexus is much more

prominent than in the adult, forming sinuses in the tentorium, the posterior falx, and

the dura of the floor of the posterior cranial fossa. Interestingly, infant SDH is
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predominantly found over the dural folds bearing these venous sinuses [30, 31],

suggesting that these venous sinuses may affect subdural bleeds in the infant

[29, 32]. Radiologically, the finding of a thin, linear, high signal between the hemi-

spheres or over the tentorium has been shown to correlate with intradural bleeding/

congestion rather than with subdural bleeding [33] has been used to lend support

to the hypothesis that subdural hemorrhage of NAHI originates from the dural

vasculature. However, subdural hemorrhage rarely, if ever, occurs as a consequence

of isolated asphyxia, vomiting, or other nonhemorrhagic medical etiologies, so

bleeding from the dura itself does not appear to be a significant cause of clinically

apparent SDH in full-term infants and toddler-aged children [34].

25.5 The Bridging Veins

Separation of the venous drainage of the brain from the dural venous drainage gives

rise to the specific anatomy of the bridging veins, which originate through venous

cleavage in the first trimester. These superficial veins coalesce to form between

10 and 18 large bridging veins that will penetrate the dura-arachnoid interface layer

and travel for a variable distance within the dura before entering the superior

sagittal sinus [4, 35].

Rupture of the bridging veins as they cross from the subarachnoid space through

the dural border cell layer continues to be the most accepted theory for the etiology

of traumatic SDH. However, these veins are large caliber conduits and rupture only

under considerable force [36, 37]. Additionally, rupture of such large vessels might

seem unlikely to produce the thin film of hemorrhage characteristically seen in the

young infant, unless inherent mechanisms for rapid and efficient hemostasis can

effectively limit hemorrhage. It is also possible that incomplete rupture or oozing

from congested bridging veins may cause small-volume subdural bleeding [4].

Recent studies of the bridging veins published by Vignes et al. [38] demonstrated

the presence of a unique cuff of circular collagen fibers surrounding the intradural

bridging veins at their entrance into the sagittal sinus. This muscle coat may act

a sphincter regulating the blood flow from bridging veins and thus maintaining

intravenous pressure when intracranial pressure rises [4, 39]. These fibers may be

responsible for the terminal dilation of the intradural portion of the bridging veins

as they enter the sagittal sinus, and it is unknown if the dilation in the intradural

portion of the bridging veins makes the vessel prone to leaking after trauma.

25.6 Maturation-Dependent Response to SDH

Little is understood about the maturation-dependent pathophysiologic response to

an SDH. Durham and Duhaime [40] attempted to address this issue by developing a

piglet SDH model using subjects at 5 days, 1, and 4 months of age to approximate
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brain development of the human infant, toddler, and adolescent. A volume of blood

equal to 10 % of the intracranial volume was injected into subdural space. The study

revealed a maturation-dependent response of the immature brain to SDH. Surpris-

ingly, the youngest animals experienced the least amount of ischemic damage from

the presence of blood in the subdural space. In a related study, Duhaime et al. also

found that the infant brain was relatively resistant to injury from mechanical

deformation [41]. This is consistent with clinical experience in which young

children recover from focal injury but may succumb or survive with significant

sequelae to more diffuse injuries or to significant parenchymal damage that may be

seen in many instances of inflicted injury [42].

In the situation of severe inflicted injury with bilateral parenchymal damage,

survival occurs at a higher rate in the youngest infants, possibly due to the open

cranial sutures which help to relieve intracranial pressure [43]. However, if they

survive, infants with severe injuries with widespread parenchymal changes on CT

scan or MRI have poor outcomes [42].

The worst outcomes are best predicted by the entity of the so-called big black

brain, a pattern of tissue loss affecting the entire supratentorial hemisphere or both

hemispheres in association with acute SDH [43–47]. The rapid appearance of

extensive, diffuse supratentorial hypodensity with loss of gray-white differentiation

in this entity is seen routinely only in infants and toddler-aged children. The

mechanism and pathophysiology of this disease process are still elusive despite

investigations by several groups [43–47]. Some workers [43] have hypothesized

that the white matter is severely affected because of its increased vulnerability

during early life, when the metabolic rate is relatively high in white matter but the

vascular supply is immature and may respond inadequately to increased demand.

This theory is consistent with the prevalence of white matter injury in infants with

perinatal hypoxic-ischemic insults and prematurity [48]. It is possible that some

synergistic effect of the hemorrhage, or the forces that caused it, and a secondary

insult, such as apnea or subclinical seizures, result in some form of hypoxic-

ischemic injury or perfusion-demand mismatch injury [49]. This process may

involve a combination of insults that overwhelm the immature brain’s ability to

compensate, resulting in a mismatch between metabolic demand and substrate

delivery. Such insults may include apnea or seizures. The observation that this

pattern occurs uniquely in infants and toddlers may therefore be a reflection of their

age-dependent brain response to the injury inflicted in NAHI or, in some instances,

to accidental trauma resulting in SDH [40].

25.7 Hemostasis in Infancy

Hemostasis is a dynamic, evolving process that is age dependent. The physiology of

hemostasis in pediatric patients differs from that in adults. In general, the hemo-

static system is not fully mature until 3–6 months of age, and infants have lower

physiological levels of a number of the coagulation factors. The levels of some
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fibrinolytic proteins, such as plasminogen and tissue plasminogen activator, and of

coagulation inhibitors, such as antithrombin and proteins C and S, are also

decreased [50].

The strongest age dependency is seen for proteins C and S, both significantly

decreased in infancy and young childhood. Proteins C and S are vitamin

K-dependent coagulation factors and remain 10–20 % reduced throughout child-

hood [51]. Antithrombin reaches adult levels by the age of 7–12 months and is also

affected by inflammation. The levels of von Willebrand factor undergo several

changes in infancy and childhood. Fibrinogen levels are generally lower in children

under 6 months of age, although it may increase in response to inflammation.

These variations in the hemostatic system do not appear to manifest in a

clinically significant risk of thrombosis or bleeding during normal infancy. How-

ever, these factors may have a role in the pathophysiology of SDH in the context of

NAHI. However, most infants with traumatic brain injury of any etiology who

demonstrate abnormal coagulation parameters do so because of the effects of

injury, rather than having a preexisting coagulation deficiency [52, 53].

25.8 Effect on Cerebral Blood Flow and Metabolism

Previous studies have shown that cortical ischemic damage is due more to the

chemical properties of the SDH or to its effect on focal cerebral blood flow rather

than to its space-occupying capacity. Cortical ischemic damage is only minimal

when an inert silicone gel mass with viscosity and volume similar to blood is

injected into the subdural space. Kuroda et al. [54] investigated the effects of

clotted blood in contact with the vessels of the cortical surface in rodents and

demonstrated a significant enlargement of the zone of ischemic tissue under the

hematoma. The ischemia and consequent cytotoxic edema in turn cause increased

intracranial pressure. Removal of the hematoma restores cerebral blood flow in the

contralateral hemisphere to near control values, but does not reverse focal progres-

sion of ischemia and edema.

Salvant et al. [55] compared regional cerebral blood flow in patients with severe

closed head injury with and without SDH. They demonstrated significant reductions

in cerebral blood flow as well as cerebral metabolic rate of oxygen consumption in

brain areas adjacent to the SDH in the first 48 h after injury. Based on these

observations, the authors suggest that SDH produces direct local effects on cerebral

circulation and that these effects persist even after decompression.

Kuroda et al. have also postulated that clotted blood initiates a profound and

sustained vasospasm [56] when it contacts vessels of the cortical surface. This

vasospasm causes a zone of severe focal ischemia under the hematoma, resulting in

neuronal infarction [57, 58]. The process, in this widely used rat model, is accom-

panied by a brief sevenfold increase in extracellular glutamate in the ischemic

cortex, together with transient hypermetabolism for glucose [54–57], initiating an

excitotoxic process which spreads outward from the ischemic core, causing
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progressive tissue damage [58]. The presence of clotted blood is associated with

abnormalities in cerebral blood flow and cerebral metabolic rate of oxygen con-

sumption [59], reduced metabolic demand [60], and post-decompressive

hypoperfusion [61].

In vitro studies [62] show that the presence of purified hemoglobin in neuron-

glia-blood clot cocultures produces an iron-dependent injury which is attenuated by

iron chelators and antioxidants. Interestingly, this injury appears to be greater in the

presence of neurons and glia. In a similar study in which blood clots were

cocultured with primary neurons and glia, erythrocyte lysis was reduced by almost

80 % when neurons are absent from the cultures and by 90 % when both neurons

and glia are absent. To isolate the effects of iron toxicity and neuronal death,

addition of deferoxamine, Trolox, and the NMDA receptor antagonist MK-801

was studied. These agents prevented most neuronal death, but had no effect on

hemolysis at neuroprotective concentrations. Additionally, the increase in culture

fluid of malondialdehyde (by 27-fold) and in heme oxygenase-1 expression (by 5.8-

fold) was also attenuated by deferoxamine and Trolox but not by MK-801. These

results suggest that hemoglobin release from clotted blood is accelerated by adja-

cent neurons and glia and that the injury from acute SDHmay result from both iron-

dependent and excitotoxic injury pathways [63]. The effects of heme and iron

toxicity include the formation of reactive oxygen species and increased oxidative

damage to lipids, DNA, and proteins, leading to caspase activation and neuronal

death. Additionally, damage to endothelial cells causes blood–brain barrier break-

down, resulting in vasogenic edema, increased ICP, as well as vasoconstriction and

ischemia.

25.9 Complications of Acute SDH

A large SDH may constitute a significant space-occupying lesion and lead to

increased intracranial pressure via a primary sustained volume effect, although

this is more uncommon in infants in whom the cranial sutures are open. While

bleeding likely causes a transient initial elevation, this can be compensated up to a

point, but in many cases, a more delayed effect may occur. Thus, the presence of the

SDH may lead to other cascades and complications, and acute SDH worsens

outcome after traumatic brain injury, even if the hemorrhage is small. Meissner

et al. [64] report that an acute SDH in a pig model of controlled cortical impact

caused a drop in brain tissue oxygen (ptiO2), a prolonged elevation in extracellular

glutamate, as well as a reduction in somatosensory evoked potentials (SSEP).

In addition to the immediate deleterious physical and biochemical effects on the

brain, SDH also stimulates an inflammatory reaction which may evolve over a

significant period of time [65]. Golden et al. present evidence that the human dura

contains a significant number of mast cells and that subdural hemorrhage is

associated with an increase in mast cell density, which continues to increase over

time [66]. In addition to contributing to neuro-inflammation, the authors propose
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that the upregulation of mast cells in SDH may result in stimulation of the

trigeminal system and may alter vascular permeability, with the potential to cause

sudden neurological deterioration [67].

Acute SDH may also occasionally result in the formation of a chronic hemor-

rhagic fluid collection. This has been described in patients with glutaric aciduria

type I [68] and may be extrapolated to infants with accidental or NAHI

[69]. Chronic SDH in the pediatric age group remains relatively uncommon, and

most of the research on this entity has been on chronic SDHs in elderly adults.

Healing of SDH occurs with the formation of a granulating membrane with dense

vascularization, which may confer vulnerability to rebleeding from minor shearing

forces. Additionally, impaired CSF resorption may contribute to the growth of the

collection in the absence of further trauma [66]. These rebleeding episodes are often

undetected as they do not usually present with significant acute neurological

symptoms. However, in clinical experience, infants with SDH which do not result

in severe immediate symptoms requiring acute medical care may be ascertained to

have had, in retrospect, transient, nonspecific symptoms based on caretaker recall or

records from prior medical evaluations [70]. Over the long term, chronic SDH in

infants may lead to macrocephaly and a delay in psychomotor milestones, although

the brain trauma itself is likely a more significant contributor to developmental

delay. Patients that do become symptomatic may need to undergo neurosurgical

drainage of the collection for management of progressive macrocephaly, irritabil-

ity, or delayed development. Seizures also may be a presenting symptom.

In summary, SDH is a common feature of NAHI, with both deleterious acute and

long-term consequences. Further research into the biochemical effects of SDH and

of heme and iron toxicity on various CNS cell types, as well as the role of specific

genetic or other host factors, will add to the understanding and management of

subdural hemorrhage in the context of NAHI.
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Chapter 26

Blood Genomics After Brain Ischemia,

Hemorrhage, and Trauma

Da Zhi Liu, Glen C. Jickling, Boryana Stamova, Xinhua Zhan,

Bradley P. Ander, and Frank R. Sharp

Abstract Peripheral blood is routinely used for RNA expression studies. However,

blood is a challenging tissue for studying gene expression due to the fact that blood

has a variety of components, composed of plasma and multiple cell subsets (i.e.,

leukocytes, platelets, red blood cells). Most genome-wide expression studies of

blood are based on analysis of leukocytes, because the leukocytes are able to recruit

and migrate into the site of injury within the brain. Recently, circulating cell-free

plasma RNAs have received more and more attentions for clinical applications,

since increasing evidence supports that the release of RNA into plasma may be

mediated by microvesicles and exosomes coming from cells undergoing necrosis

and apoptosis, though the definite origin and release mechanisms of plasma RNA

remain incompletely understood. Blood genomic studies will provide diagnostic,

prognostic, and therapeutic markers and will advance our understanding of brain

ischemia, hemorrhage, and trauma in humans. New techniques to measure all

coding and noncoding RNAs along with alternatively spliced transcripts will

markedly advance molecular studies of these acute brain injuries.

26.1 Introduction

The sequencing of the human genome greatly advances our knowledge about the

causes and mechanisms involved in human diseases [1, 2]. There have been

identified in human genome thousands of genes (mRNAs) and hundreds of non-

coding RNAs, such as transfer RNA (tRNA), ribosomal (rRNA), siRNAs,

snoRNAs, microRNAs (miRNAs), and piRNAs [3, 4]. Recent advances in micro-

array technology and statistical algorithms facilitate large-scale genomic studies to

compare mRNAs and miRNA (the most widely studied and characterized
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noncoding RNA) expression from healthy individuals and patients. Genomic (i.e.,

mRNA, miRNA expression) studies in cancer tissue specimens have led the way

and have indicated the potential of this methodology for diagnostic use in clinical

applications [5–8]. Unlike cancer tissue specimens, sampling brain tissue from

living human is not practical for most neurological diseases, thus investigators

have used peripheral blood (i.e., blood cells, plasma/serum) as a widely accessible

source of RNA to perform blood genomic studies [9]. This chapter introduces the

rationale and potential clinical applications (i.e., subtype classification, severity

evaluation, and outcome prediction) of blood genomics after acute brain injuries

such as brain ischemia, hemorrhage, and trauma.

26.2 Peripheral Blood and Blood Components

Peripheral blood is routinely used for RNA expression studies because it can be

easily collected. However, blood is a challenging tissue for studying gene expres-

sion by the fact that blood is a mixed tissue, composed of multiple cell subsets, so

that differential expression profiles can reflect changes in cell subset proportions,

changes in subset-specific gene expression, or both [10]. Moreover, RNA informa-

tion primarily resides in the circulating blood leukocytes that account for small

portion of the whole blood fraction [11]. Thus, it is important to understand the

blood components that may affect the accuracy and consistency of gene expression

measurement in blood.

Blood is made up of plasma (~55 %) and a mixture of multiple cell types at

different stages of their life cycles [11]. The three primary blood cell types are red

blood cells (RBC or erythrocytes) (~45 %), leukocytes or peripheral blood mono-

nuclear cells (PBMCs) (~0.1 %), and platelets (thrombocytes) (~0.17 %) [11]. The

leukocytes are commonly divided into myeloid and lymphoid cells: (1) myeloid

cells include monocytes and their descendants, as well as granulocytes like neutro-

phils and basophils, and (2) lymphoid cells are primarily composed of B cells, T

cells, and NK cells [10]. Proportions of these cells can vary widely between

individuals, but T cells and B cells together usually make up ~75 % of PBMCs,

while NK cells and monocytes make up around 10–15 % each. The remaining cell

types, such as dendritic cells, are much more rare and account for <1 % of total

PBMCs [12]. Neutrophils, which normally compose the majority of cells in a blood

sample (40–80 %), are normally excluded by the methods used to isolate PBMCs,

but may account for up to 20 % of a PBMC sample due to contamination [13].
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26.3 Genomic Study in Blood Cells

Most genome-wide expression studies are based on analysis of leukocytes/PBMCs

[10]. A conceptual issue in the field has been how leukocytes can report on or

respond to brain infarction [14]. Though the answer is still unclear, leukocytes

patrol the body and interact with cells from every tissue, endothelial cells of the

vasculature, foreign organisms or cells, injured cells, and every element within

blood [14]. In addition, leukocytes have a complement of expressed RNAs that

reflect a combination of the genetics of these cells as well as the interactions of

those cells with their environment [9].

26.3.1 Rationale of Blood Cell RNA for Genomic Study

Leukocytes of all types express various adhesion molecules on their surface and

interact with normal or inflamed endothelium [15]. Thus, injured brain signals to

endothelium to express different adhesion molecules on the luminal side of the

vessel, which in turn signal to leukocytes [16, 17]. Leukocytes in blood are known

to interact with both platelets and elements of the atherosclerotic plaque and may

contribute to disease [14, 18, 19]. Thus, endothelial cell–platelet interactions signal

to leukocytes and endothelial cell–atherosclerotic plaque interactions signal to

leukocytes [20]. Moreover, blood clots that form in the heart or other sites are

detected by circulating leukocytes. In addition, the platelets and clots that form on

atherosclerotic plaques interact with leukocytes, which may contribute to instability

of the potentially embolic elements [21]. Finally, leukocytes independent of the

above influences respond to cytokines, chemokines, hormones, exosomal miRNAs,

and other molecules in blood, which differ as a function of the genetics of each

individual cell and their environment [14]. Indeed, each of the above leukocyte

interactions results from a complex interplay of the individual environmental

interactions of each cell and the genetic makeup of the cells [22]. Thus, though

leukocytes themselves do not cause brain injury, they can sense and likely have

specific intracellular signaling related to the main causes of brain injury [9].

26.3.2 Animal mRNA Profiling Studies in Blood Cells:
Classification of Brain Ischemia, Hemorrhage, and
Other Brain Injuries

Even assuming leukocytes detect all of the events that occur after brain injury as

described above, we initially had no idea whether there would be enough reactive

leukocytes in blood that could be detected by taking a single blood sample from an

animal or human at a single point in time. After all, there are hundreds of thousands
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of leukocytes in peripheral blood, only a fraction of which might respond to factors

related to stroke, potentially making it difficult or impossible to detect RNA

changes in the few leukocytes collected in a single blood sample. To address this

question, we performed the first study of its kind using several different experi-

mental brain injury models in rats [23, 24].

Adult rats were subjected to experimental ischemic strokes, hemorrhagic

strokes, kainic acid-induced status epilepticus, insulin-induced hypoglycemia, or

hypoxia and compared with sham operated controls and to untouched, naive

controls [23]. At 24 h, RNA from peripheral blood monocytes (PBMCs) was

processed on Affymetrix microarrays. There were hundreds of upregulated and

downregulated genes for each condition compared with sham or untouched controls

[23]. This study demonstrated that (1) there were detectable changes of gene

expression in blood 24 h after each injury, (2) no single gene was specific for a

given injury, (3) there were groups or “profiles” of genes that distinguished each

condition from the other, and (4) there is a peripheral blood genomic response to

neuronal injury [23, 24]. Though there were genes shared by every injury, perhaps

related to stress or similar mechanisms of injury, there were profiles specific for the

injury [23]. These studies provided the first proof of principle that gene expression

in blood following brain injury can be used as a marker of the neuronal damage, and

specific gene expression profiles in blood were associated with different types of

brain injury [23, 24].

In a follow-up study we demonstrated that there were specific gene profiles in

brain for each of these injuries as well [25]. Just as in the blood, there were genes

that were common to all of the injuries and could represent responses to stress,

neuronal injury, or death and other factors common to each condition. Though

many genes expressed in blood were also expressed in brain, the majorities were

different [25]. Thus, one cannot necessarily use blood cell to infer changes of

mRNA expression in brain [9].

26.3.3 Human mRNA Profiling Studies in Blood Cells:
Assessing Diagnosis of Ischemic Stroke

The first human study to assess RNA expression in stroke was published by the

Baird group [26]. Using PBMCs obtained 1–4 days following ischemic stroke,

190 genes were significantly regulated in 20 stroke compared with 20 control

subjects [26]. A panel of 22 genes derived from the prediction analysis for

microarrays algorithm in the index cohort (n ¼ 40) classified stroke in the valida-

tion cohort (n ¼ 20), with a sensitivity of 78 % and a specificity of 80 %. These

findings were extremely important because they used the genes in one cohort to

predict stroke in a second cohort—supporting the validity of the findings within this

study [26], supporting the proof of principle in our previous rodent studies

[23]. Notably, even though virtually identical methods were used in our prior rodent
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study [23] compared to this human study (both used PBMCs and Affymetrix

arrays), very few genes were similarly regulated in the blood of rats [23] compared

to the humans with ischemic strokes [26]. The explanation for this is unclear but is

reviewed elsewhere [27]. It is possible that the experimental methods of producing

ischemia (suture methods, anesthesia, young animals with no vascular disease) in

animals simply result in different gene expression responses compared with stroke

in humans or the immune responses in rodents may be different in humans follow-

ing ischemic stroke. These and other possibilities need further study since they are

relevant to understanding how well animal stroke studies “model” human stroke.

26.3.4 Human mRNA Profiling Studies in Whole Blood:
Assessing Diagnosis of Ischemic Stroke

In our initial rodent study [23] and in the first human study [26], blood was drawn

and then PBMCs were separated from the blood using a Ficoll gradient and

centrifugation. This procedure in and of itself could affect gene expression in

blood. If performed at different times after stroke, or if the methods were not

identical, this could affect gene expression.

We therefore utilized PAXgene tubes to address this issue. These commercial

vacutainer tubes lyse cells and stabilize RNA and have proven to be reliable for

many clinical studies [28–31]. Blood from 15 patients was drawn into PAXgene

tubes at <3, 5, and 24 h after ischemic stroke (n ¼ 45 samples) and compared with

14 control samples [32]. RNA processed on Affymetrix U133 microarrays showed

that over 1,000 genes were upregulated or downregulated in the blood of ischemic

stroke compared with control subjects [32]. Most of the genes expressed at 2–3 h

after stroke (before treatment) were also expressed at 5 and 24 h after the strokes

[32]. Prediction analysis of microarrays derived the 25 probe sets for 18 genes that

were most predictive of stroke [32]. The fold change of these genes varied from 1.6

to 6.8, and these genes correctly classified 10/15 patients at 2.4 h, 13/15 patients at

5 h, and 15/15 patients at 24 h after stroke [32]. When the results of this study were

compared with the previous study from Moore et al., however, there were very few

genes that were common to both. The explanations for these differences probably

included bloods were drawn at different times after the stroke, differences in

treatment, the use of PBMCs for the Moore et al. study and the use of whole

blood/PAXgene tubes for the Tang et al. study, and the use of different RNA

isolation and labeling methods and the use of different arrays for the two studies.

To address the issue of reproducibility, we have recently repeated our initial

study in a larger cohort [33]. Thus, patients with ischemic stroke (n ¼ 70, 199 sam-

ples) were compared with control subjects who were healthy (n ¼ 38), controls

with vascular risk factors (n ¼ 52), and to subjects who had myocardial infarction

(n ¼ 17). Whole blood was drawn into PAXgene tubes at p3, 5, and 24 h after

stroke onset and RNA processed on whole genome Affymetrix U133 microarrays.
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The 25 probe sets previously reported in our study by Tang et al. predicted a new set

of ischemic strokes with 93.5 % sensitivity and 89.5 % specificity. In order to derive

profiles that would distinguish ischemic stroke from all control subjects, we derived

60 and 46 probe sets that differentiated control groups from 3 to 24 h ischemic

stroke samples, respectively [33]. Thus, this study replicated our previously

reported gene expression profile in a larger cohort and identified additional genes

that discriminate ischemic stroke from relevant control groups [33].

Finally, another recent study from Barr supports the above findings. Whole

blood was obtained in PAXgene tubes from 39 ischemic stroke patients and

25 healthy control subjects [34]. RNA was processed on Illumina HumanRef-8v2

bead chips. Among a large number of regulated genes, they identified a nine-gene

profile that separated ischemic stroke patients compared with controls [34]. More-

over, five of these nine genes were identified in our previous study [32]. Thus,

another group has confirmed at least a core set of genes, and we have replicated our

own gene expression studies following ischemic stroke.

All of these studies, however, are confounded to some degree by various

treatments, comparisons to healthy controls, variations in time after stroke, differ-

ent risk factors between groups, and differences of age, race, and gender. Nonethe-

less, the first test of the technology has been achieved: replication of results and

independent validation by at least two different groups. Such promising results

provide strong support for further study.

26.3.5 Human mRNA Profiling Studies in Whole Blood:
Subtype Classification of Ischemic Stroke

Early on it was apparent that developing a “diagnostic test for stroke” would be

difficult and perhaps not of practical use unless it could be performed within the first

few hours of stroke. In addition, a diagnostic test would not only have to diagnose

ischemic stroke but rule out hemorrhagic stroke if it were used to guide acute stroke

treatments such as tissue plasminogen activator (tPA).

Thus, we have approached different questions that could be rapidly translated to

the care of stroke patients. We asked whether gene profiles in blood exist that are

specific for the different causes of ischemic stroke. The main reason for developing

such profiles would be to use them to diagnose the cause of ischemic stroke in those

patients with “cryptogenic stroke” with no known cause who represent approxi-

mately one-third of all ischemic strokes.

In the first study, whole blood was collected in PAXgene tubes from acute

ischemic stroke patients (<3, 5, and 24 h) and healthy controls. RNA was isolated

and processed on Affymetrix Human U133 Plus 2.0 Arrays. Expression profiles in

the blood of cardioembolic stroke patients differed from large-vessel atheroscle-

rotic stroke patients [35]. Of the 77 genes that differed between the two groups (fold

change >1.5, P < 0.05), a minimum number of 23 genes differentiated the two
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types of stroke with >90 % specificity and sensitivity [35]. Notably, some of the

genes that distinguished cardioembolic from atherosclerotic stroke displayed little

change over time [35]. These might be genes expressed differentially prior to

stroke—and perhaps indicate risk of stroke. Other genes displayed significant

change over time, suggesting that these time-dependent alterations in gene expres-

sion were associated with differential gene expression of immune cells due to the

strokes caused by cardioembolism compared with atheroembolism [35].

We have confirmed these initial findings using identical methods to study

194 samples from 76 acute ischemic stroke patients [36]. A 40-gene profile

differentiated cardioembolic stroke from large-vessel stroke with>90 % sensitivity

and specificity [36]. A separate 37-gene profile differentiated cardioembolic stroke

due to atrial fibrillation from nonatrial fibrillation causes with >90 % sensitivity

and specificity [36]. When these profiles were applied to patients with cryptogenic

stroke, 17 % were predicted to be large vessel and 41 % to be cardioembolic stroke.

Of the cryptogenic strokes predicted to be cardioembolic, 27 % were predicted to

have atrial fibrillation [36]. Moreover, our recent studies showed another gene

expression profile to distinguish lacunar from nonlacunar stroke [37] and a separate

gene expression profile (in conjunction with a measure of infarct location) to predict

a probable cause in cryptogenic strokes [38].

26.3.6 Animal microRNA Profiling Studies in Whole Blood:
Classification of Brain Ischemia, Hemorrhage, and
Other Brain Injuries

The recent discovery of miRNAs, which are endogenous, noncoding, single-

stranded RNA molecules of 19–25 nucleotides in length, has introduced a new

level and mechanism of gene regulation. Moreover, the increasing reports have

proved that the profiling miRNA expression in blood cells is diagnostically useful

in clinic [39, 40]. We and others examined the miRNA expression in animal blood

cells and brain in a variety of brain injuries, such as transient ischemic stroke [41],

permanent ischemic stroke [42], hemorrhagic stroke [42], and kainic acid-induced

status epilepticus [42].

Using an ischemic stroke model, Jeyaseelan et al. reported that (1) miR-19b,

miR-290, and miR-292-5p were highly expressed, whereas miR-103 and miR-107

were poorly expressed 24 h after the reperfusion; (2) a new group of miRNAs (i.e.,

miR-150, miR-195, miR-352, miR-26b, miR-103, miR-107, miR-26a, let-7c) was

observed in the 48-h-reperfusion blood samples; (3) among the 14 miRNAs that

appeared at both time points, miR-150, miR-195, and miR-320 showed an opposite

trend in expression at 24 and 48 h, whereas miR-103, miR-107, and miR-191

showed almost the same level of downregulation at both time points; (4) only a

few miRNAs were changed in blood and brain after the reperfusion [41]. Using a

different animal model, we assessed the whole blood and brain miRNA expression
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profiles 24 h after permanent ischemic stroke, hemorrhagic stroke, and kainic acid-

induced status epilepticus using TaqMan rodent miRNA arrays [42]. Our miRNA

profiling data showed that (1) the blood and brain miRNA response profiles were

different for each condition; (2) many miRNAs changed more than 1.5-fold in

blood and brain after each experimental manipulation, and several miRNAs were

up- or downregulated in both brain and blood after a given injury; and (3) a few

miRNAs (e.g., miR-298, miR-155, miR-362-3p) were up- or downregulated more

than twofold in both brain and blood after several different injuries [42]. The results

demonstrated that the possible use of blood miRNAs as biomarkers for brain injury

[41, 42]. However, only a few miRNAs were changed in both blood and brain after

each condition, since major changes of miRNA profiles were different in blood and

brain [41, 42]. Thus, one cannot necessarily use blood cells to infer changes of

miRNA expression in brain [42].

26.3.7 Human microRNA Profiling Studies in Whole Blood:
Assessing Diagnosis of Ischemic Stroke

Following their animal studies, Jeyaseelan et al. first expanded miRNA profiling

studies into human and described that miRNAs can be detected in total peripheral

blood in human [43] as was demonstrated for rat’s blood [41]. They selected the

ischemic stroke patients aged between 18 and 49 years, characterized based on

World Health Organization clinical criteria were further classified according to

TOAST classification: (1) large-vessel atherosclerosis (LA), (2) small-vessel dis-

ease (SA), (3) cardioembolism (CEmb), and (4) undetermined cause (UND). The

patients’ functional status at the time of blood sampling (at the outpatient clinics)

was evaluated with the modified Rankin Scale (mRS). Blood samples from normal

individuals were used as controls. The data showed that miRNAs were differen-

tially expressed between normal and stroke subjects [43]. Among the 157 miRNAs

identified for total stroke samples, 138 miRNAs have been found to be highly

expressed and 19 miRNAs have been found to have lower expression [43].

26.3.8 Human microRNA Profiling Studies in Whole Blood:
Subtype Classification of Ischemic Stroke

In the stroke subtype classification study, Jeyaseelan group proved that within the

19 low expressed miRNAs, 8 miRNAs (hsa-let-7f, miR-126, miR-1259, miR-142-

3p, miR-15b, miR-186, miR-519e, miR-768-5p) were common to the three sub-

types of stroke (LA, SA, and CEmb) [43]. Similarly, among the highly expressed

138 miRNAs that were observed for all stroke patients, 17 miRNAs (hsa-let-7e,

miR-1184, miR-1246, miR-1261, miR-1275, miR-1285, miR-1290, miR-181a,
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miR-25, miR-513a-5p, miR-550, miR-602, miR-665, miR-891a, miR-933,

miR-939, miR-923) can also be identified as highly expressed in the subtypes [43].

26.3.9 Human microRNA Profiling Studies in Whole Blood:
Outcome Prediction of Ischemic Stroke

Moreover, Jeyaseelan group demonstrated that miRNA expression profiling could

predict clinical outcome (mRS) following stroke [43]. Principal component analy-

sis (PCA) of the stroke samples based on the mRS showed that all samples of good

outcome (mRS < 2; stroke, LA, and CEmb) have been found to cluster along the

same panel with almost consistent distant between them [43]. The poor outcome

(mRS > 2) stroke samples have been found to cluster away from the samples with

good outcome (mRS < 2) [43].

26.4 Genomic Studies in Plasma/Serum

In recent years, increasing interest has been focused on the potential diagnostic and

prognostic application of circulating cell-free plasma RNAs. It was reported that

plasma mRNAs are usually present as short fragments of less than 1,000 nt [44],

presumably because ribonuclease (RNase) activity is extremely high in blood

plasma [45]. Aside from presence of entire mRNAs and their fragments in plasma

of human blood [46, 47], there are various forms of cellular RNAs in the circula-

tion, including rRNAs, tRNAs, snRNAs, snoRNAs, a tremendous variety of

siRNAs, miRNAs, and noncoding regulatory RNAs [3, 4], among which miRNAs

are the most widely studied and characterized. Compared to mRNAs, miRNAs in

plasma are extremely stable, often found in association with Argonaute protein,

microvesicles, or exosomes, and represent potentially informative biomarkers for a

range of diseases mainly due to their high stability in plasma [7]. The plasma

miRNAs, that have been wildly practiced in cancer diagnosis [48], can also be used

as biomarkers of brain injuries, especially in combination with established clinical

practices such as imaging, neurocognitive, and motor examinations, have the

potential to improve brain injury patient classification and possibly management.

26.4.1 Rationale of Circulating Cell-Free RNA for Genomic
Study

The changes of plasma RNA may infer the changes of RNA expression in injured

brain cells, since increasing evidence supports that release of RNA into plasma may
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be mediated by the microvesicles (~100 nm to 1 μm) and exosomes (~30–100 nm)

originating from cells undergoing necrosis and apoptosis [46, 47], though the

definite origin and release mechanisms of plasma RNA have remained incom-

pletely understood.

26.4.2 Animal microRNA Profiling Studies in Plasma/
Serum: Biomarkers of Ischemic Stroke and Blast
Brain Trauma Injury

Using the rat transient (60–90 min) and permanent middle cerebral artery occlusion

(MCAO) stroke models, Laterza et al. proved that brain-specific miR-124 can be

used to monitor ischemia-related brain injury starting at 8 h and peaking at 24 h

after occlusion (an approximately 150-fold increase in plasma relative to the sham

surgery control group) [49]. Balakathiresan et al. studied the effect of blast trau-

matic brain injury (TBI) on the miRNA signatures in the serum of rats [50] and

described five miRNAs (such as miR-let-7i, miR-122, miR-340-5p, miR-200b, and

miR-874) were significantly modulated in the serum samples of these animals at

three time points post-blast TBI [50].

26.4.3 Human microRNA Profiling Studies in Plasma:
Severity Evaluation of Brain Trauma Injury

Redell et al. examined the altered plasma miRNA levels in patients with TBI

relative to matched healthy volunteers [51]. In severe TBI patients (Glasgow

Coma Scale [GCS] score �8), miR-16, miR-92a, and miR-765 were increased

[51]. In mild TBI patients (GCS score > 12), miR-765 levels were unchanged,

while the plasma levels of miR-92a and miR-16 were significantly increased within

the first 24 h of injury compared to healthy volunteers [51]. This study demon-

strated that circulating miRNA levels in plasma were altered after TBI, providing a

rich new source of potential molecular biomarkers.

26.5 Perspectives

The future blood cell genomic studies will require isolation of individual cell types

including neutrophils, B and T lymphocytes, monocytes, and their many subtypes

[9]. We and others have published gene expression profiles for these cell types

[52–56]. The potential problem with these studies is that isolation may affect gene
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expression [54, 57–59]. This may be solved by microfluidic devices that use cell-

specific antibodies that isolate specific cell types at the bed side [54].

Microarrays may eventually be replaced by next generation sequencing methods

(RNA sequencing) to evaluate gene expression [60]. With this technology, the

entire transcriptome (RNAs) of a given individual can be sequenced [61]. In theory,

alternative splice variants of a given RNA can be quantified, as can the expression

at the individual exon level [60, 61].

Profiling the expression of noncoding RNAs in blood cells or plasma/serum,

including the recently discovered miRNAs, may be a growth field that will likely

fuel disease-related research [60]. This may also apply to different types of brain

injuries where types of noncoding RNA regulation will be specific for each type of

brain injury [60].
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Chapter 27

Molecular Biomarkers in Neurocritical Care:

The Next Frontier

Sherry H.-Y. Chou, Eng H. Lo, and MingMing Ning

Abstract With modern advances in life support and resuscitation medicine, neu-

rologic injury in critical illness has become the new and the last frontier in critical

care medicine. In addition to preserving life, the “holy grail” of modern critical care

is to preserve function and quality of life. Molecular biomarkers have

revolutionalized modern medicine, leading to novel gold standard diagnostics

such as troponin for myocardial infarction, new disease monitors such as tumor

markers, and new “personalizedmedicine” tools for selecting patient likely to respond

to certain therapy such as Imatinib (Gleevec) use in Philadelphina chromosome

chronic myelogenous leukemia. The central nervous system (CNS) poses a special

challenge for diagnostic and therapeutic treatments due to the skull being a barrier to

brain monitoring and tissue sampling, the presence of the blood–brain barrier (BBB),

the complex relationship between localization and function, and the frequently poor

reflection of clinical disease in animal models. Novel molecular biomarkers may help

reflect underlying pathophysiology, monitor disease progression, identify intermedi-

ate phenotypes for clinical trials, and improve prognostic accuracy and thereby

revolutionize clinical practice in neurocritical care.

27.1 Introduction

With modern advances in life support and resuscitation medicine, neurologic injury

in critical illness has become the new and the last frontier in critical care medicine.

In addition to preserving life, the “holy grail” of modern critical care is to preserve

function and quality of life. Molecular biomarkers have revolutionized modern

medicine, leading to novel gold standard diagnostics such as troponin for myocar-

dial infarction, new disease monitors such as tumor markers, and new “personalized
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medicine” tools for selecting patient likely to respond to certain therapy such as

Imatinib (Gleevec) use in Philadelphina chromosome chronic myelogenous leuke-

mia. The central nervous system (CNS) poses a special challenge for diagnostic and

therapeutic due to the skull being a barrier to brain monitoring and tissue sampling,

the presence of the blood–brain barrier (BBB), and the complex relationship

between localization and function, and the frequently poor reflection of clinical

disease in animal models. Novel molecular biomarkers may help reflect underlying

pathophysiology, monitor disease progression, identify intermediate phenotypes for

clinical trials, and improve prognostic accuracy and thereby revolutionize clinical

practice in neurocritical care.

27.2 Unmet Need in Neurocritical Care

Neurocritical care, the specialized care of critically ill patients with neurologic

dysfunction, began with intensive care of the neurosurgical patients in the 1930s

and has since significantly expanded in scope. Modern neurocritical care units treat

a wide variety of conditions, including ischemic stroke, intracranial hemorrhage

(ICH), subarachnoid hemorrhage (SAH), and traumatic brain injury (TBI). Though

advances over time have led to improved survival [1], there remains significant

unmet need in neurocritical care. Specific challenges include:

• Need to salvage neurologic function in addition to prolonging survival.

• Lack of “gold standard” diagnostics that correlate with clinical outcome.

• Lack of brain-oriented therapies that correlate with clinical outcome.

• Lack of continuous “brain monitors” that reflect real-time pathophysiology.

• Lack of therapeutics that can either reverse injury or prevent further neurologic

deterioration.

• Outcome from neurologic injuries is complex and highly variable.

27.3 Biomarkers in Critical Illness: Special Considerations

An ideal clinical biomarker needs to be easily measurable, accurate, reproducible,

cost-effective, and detectable in early stage of pathology and has high sensitivity,

specificity, and predictive value. An ideal molecular biomarker in brain injury

needs to have the following additional characteristics:

• Non (or minimally)-invasive.

• Fast turnaround time to inform clinical decisions.

• Results can alter treatment.

• Correlates with clinical outcome.

• Reflects reversible process.

• Yields information on disease pathophysiology or mechanism.

• Follows disease progression.
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Critical illness is characterized by high phenotypic heterogeneity and the simul-

taneous presence of multiple interacting and rapidly changing disease processes.

Clinical samples in critical illness are often confounded by treatments such as

transfusions, medications, and surgery or by parallel disease processes such as

infections. Therefore, the choice of appropriate “control” subjects for biomarker

studies in critical illness is of utmost importance. While disease-free control sub-

jects may establish a normal baseline, the magnitude of changes that occur in

critical illness often requires the comparison with an appropriate diseased control

cohort in order to determine what levels of biomarker changes are clinically

relevant. Furthermore, disease processes in critical CNS injuries are frequently

multiphasic, therefore the biomarkers may be as well. Many molecules, such as

endothelin-1 (ET-1) in TBI [2], have biphasic or multiphasic changes over the

course of disease, and understanding changes in a biomarker over time is very

important in conditions such as critical illness.

The source of a molecular biomarker also needs special consideration in

neurocritical care. The unique presence of the BBB and its variable and dynamic

injury in various types of critical CNS injury makes it difficult to model how

molecular biomarkers in blood can reflect real-time processes in the CNS. How-

ever, blood is a much more practical and less invasive source of biomarkers in

clinical care and can be a good source of biomarker for some CNS pathologies such

as hypoxic-ischemic brain injury following cardiac arrest. Cerebrospinal fluid

(CSF) is more proximal to the site of injury in CNS disease and has been the source

of novel biomarkers in diseases such as Alzheimer’s disease [3] and amyotrophic

lateral sclerosis (ALS) [4]. Source of CSF sampling also requires special consider-

ation in the analysis of CSF biomarkers because CSF protein contents can vary—

lumbar CSF contains slightly higher protein content compared to suboccipital CSF

[5], and brain-derived proteins such as neuron-specific enolase (NSE) and S100β
are higher in ventricular CSF, whereas leptomeningeal proteins such as cystatin C

have higher concentrations in lumbar CSF. These relative concentrations may

change in the setting of blocked CSF flow [6]. Finally, there may be a role for

combined blood and CSF biomarkers, as some disease processes may involve an

interplay between pathologic processes on both sides of the BBB.

27.4 Important Molecules in Neurocritical Care

Here, we review select established clinical molecular biomarkers and discuss

promising novel candidate biomarkers in critical CNS injuries.
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27.4.1 Markers of Neurons, Astrocytes, and Glial Cell Death
Turnover

S100β is a calcium-binding protein expressed mainly in astroglial cells, though it

has been detected in extra-neural tissue [7]. Elevated S100β levels have been used

as a marker of neuronal and astroglial cell injury as well as injury to the BBB

[8]. Elevation of S100β in CSF and blood has been linked to the extent of brain

injury in hypoxic-ischemic injury in children [9] and in adults post-cardiac arrest

[10, 11] and is associated with poor outcome in TBI [12–15], SAH [16], stroke [17],

post-cardiac surgery brain injury [18], CNS infection [19], and the development of

malignant cerebral edema after ischemic stroke [20, 21]. While a normal S100β can
reliably predict the absence of significant CNS injury, it has limited specificity.

S100β can be elevated from injury to skeletal muscle and soft tissue [22] without

brain injury and is elevated in patients with multisystem trauma without concurrent

TBI [7, 23].

NSEs are glycolytic enzymes almost exclusively found in the cytoplasm of

neurons and neuroendocrine cells [24]. NSE is the only biomarker specific to

neurons and has higher specificity for CNS injury compared to S100β. Elevated
blood NSE is associated with stroke, ICH, cardiac arrest, and TBI. Used together,

blood NSE and S100β correlate with outcome after ischemic stroke [25], cardiac

arrest [26], and TBI [27]. NSE may be associated with outcome of TBI [28–30],

though results have been inconsistent [15, 31]. Clinically, NSE is most frequently

used as a predictive biomarker for neurologic outcome after cardiac arrest [32],

though its specificity and sensitivity are yet unknown in the new era of hypothermia

use for neuroprotection after cardiac arrest. There is good evidence that hypother-

mia decreases NSE clearance, and hypothermia-treated patients with high NSE may

still make good neurologic recovery [33]. An important consideration in NSE use is

that erythrocytes contain large amounts of NSE and hemolysis can lead to signif-

icant NSE elevation in patients without brain injury [34].

Glial fibrillary acid protein (GFAP) is a brain-specific protein mostly expressed

by astrocytes. GFAP does not have a significant extracranial source and may be a

more specific marker of brain injury [17]. Clinical studies showed that elevated

blood GFAP correlates with prognosis after stroke [17] and TBI [15, 28, 35] and

that GFAP is not elevated in polytrauma without TBI, suggesting it may have better

specificity than markers such as S100β.
Myelin basic protein (MBP) is one of the most abundant proteins in myelin in the

CNS, and elevated serum MBP levels have been reported in TBI and ICH [36, 37].

Creatine kinase brain isoenzyme (CKBB) is an isoform of CK found in the CNS,

mostly in astrocytes. Release of CKBB into CSF has been reported in conditions

such as cardiac arrest and SAH [38], and elevated levels have been reported after

TBI [37].

Ubiquitin C-terminal hydrolase L1 (UCH-L1) protein, also known as neuronal-

specific protein gene product 9.5 (PGP9.5), is specifically expressed in high abun-

dance in neurons. UCH-L1 is involved in the ubiquitination of abnormal or
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damaged proteins for proteasome degradation. UCH-L1 is present in almost all

neurons, and its elevation in human CSF can be detected shortly after TBI

[39]. Serum UCL-L1 also shows marked increase within 24 hours after severe

TBI and correlates with poor outcome [40], making this a good future candidate

clinical biomarker for TBI.

27.4.2 Markers of Inflammation and the BBB

Inflammation is an important mediator of secondary injury in numerous different

forms of brain injury including TBI [41–44], SAH [45–48], ischemic stroke

[49–54], ICH, and hypoxic-ischemic brain injury and may be a promising target

in injury and repair of the neurovascular unit [55, 56]. Many emerging potential

biomarkers are implicated in CNS inflammation.

Clinical observations and epidemiologic studies have repeatedly linked gener-

alized leukocyte elevations and changes in leukocyte subpopulation with compli-

cation and poor outcome after critical brain injury such as SAH [57–65], ischemic

stroke [66, 67], and TBI [68, 69]. One of the mechanisms through which peripheral

leukocytes may facilitate CNS injury includes the activation and suppression of

different cytokines [70, 71], and several cytokines are emerging as potential bio-

markers of secondary complication or outcome following acute brain injury.

Elevation of pro-inflammatory cytokines Tumor necrosis factor alpha (TNFα) in
CSF and in cerebral microdialysate is associated with delayed cerebral vasospasm

and poor SAH outcome [72–74], and its elevation in blood is associated with poor

long-term SAH outcome [75]. Interestingly, serum TNFα level is not associated

with delayed cerebral ischemia following SAH [76], suggesting its association with

SAH outcome may be through nonischemic mechanisms. Soluble TNFα receptor I

(sTNFR-1) has also been detected in CSF of SAH patients, and its elevation is

associated with initial SAH clinical severity and outcome [77].

Elevated CSF interleukin-6 (IL-6) is associated with cerebral vasospasm after

SAH [73], while its association with SAH outcome remains controversial [75]. An

important limitation is that intracranial hypertension causes significant CSF IL-6

elevation [78], and this may confound most studies of CSF IL-6 levels and outcome

after acute brain injuries. Other cytokines that have been associated with vasospasm

and poor outcome in human SAH include IL-1 receptor antagonist (IL-1Ra) [74],
soluble endoglin (sEng), and transforming growth factor-β (TGFβ) [79].

In TBI, elevation of blood TNFα and IL-8 levels is associated with impending

intracranial hypertension and cerebral hypoperfusion [80]. The association of

cytokines in cerebral microdialysate and TBI outcome is less clear, partly due

methodologic limitations [81]. Using inflammatory cytokines as potential bio-

marker of disease, clinical studies were able to demonstrate that prehospital

hypertonic-saline resuscitation appears to reduce circulating levels of TNFα and

IL-10 and endothelial-derived soluble vascular cell adhesion molecule 1 (sVCAM-

1) and soluble E-selectin (E-selectin) in patients with severe traumatic head injury
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[82], which supports the hypothesis that hypertonic resuscitation may have bene-

ficial anti-inflammatory effects compared with resuscitation with normal saline

(0.9 % NaCl) in TBI.

27.5 Metalloproteinases and Other Markers of BBB

Integrity

Inflammatory cells such as leukocytes are a major source of matrix

metalloproteinase (MMP) release following brain injury [83]. MMPs are impli-

cated in potential pathogenesis of acute brain injury through numerous mecha-

nisms, including BBB disruption, progression of cerebral edema, worsening of

cerebral ischemic injury [52], and disruption of neuron-extracellular matrix inter-

action leading to early brain injury in SAH [84, 85].

In human ischemic stroke, higher baseline levels of bloodMMP-9 are associated
with increased risk of parenchymal hematoma after treatment with intravenous (IV)

tPA [86–88] and with thrombolysis failure [89], and higher level of MMP9 mRNA

expression is associated with poor outcome and mortality after ischemic stroke

[90]. Elevated serum MMP-9 and c-fibronectin (cFn) have been associated with

malignant cerebral edema [91]. Autopsy studies showed that MMP-2 and MMP-9

are upregulated in human brain after ischemic stroke and ICH [92]. In ICH,

increased plasma MMP-9 is significantly associated with ICH enlargement [93]

and peri-hematoma edema [94, 95], while increased MMP-3 is associated with

higher mortality [95]. In SAH, elevated blood MMP-9 is associated with vasospasm

[96] and with poor long-term SAH outcome [97]. Early elevation of MMP-9 in CSF

of SAH patients is associated with poor 3- and 6-month outcome following SAH

[97]. Across different types of acute brain injuries such as ICH and ischemic stroke,

plasma MMP-9 elevation is associated with evidence of BBB disruption measured

by the degree of hyperintense acute reperfusion injury on brain MRI [98].

Other potential biomarkers of the BBB include molecules involved in

maintaining tight junctions. Elevated levels of tight junction proteins such as

occludin (OCLN), claudin 5 (CLDN5), and zonula occludens 1 (ZO1) in plasma

are associated with hemorrhagic transformation of acute ischemic stroke [99].

27.6 Endothelins

Endothelin-1 (ET-1) is implicated in acute brain injury through multiple different

mechanisms [100]. It is the strongest vasoconstrictor in the CNS and has been

implicated in the pathogenesis of cerebral vasospasm following SAH, and its

overexpression is associated with increased cerebral edema [101]. ET-1 may be

linked to inflammatory changes in acute brain injury through MMPs, which cleave
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big endothelin (bET) into vasoactive ET-1 [102, 103]. Human studies showed

serum ET-1 levels of >5.5 fmol/mL and cFn >4.5 mg/L are associated with

malignant cerebral edema in tPA-treated acute stroke patients [104]. Several clin-

ical studies have shown contradictory results regarding whether ET-1 levels, in

plasma or in CSF, are elevated after ischemic stroke [105, 106]. The largest study to

date found no association between plasma ET-1 levels and ischemic stroke or its

outcome [107].

ET-1 is considered one of the most important molecules in the pathogenesis of

vasospasm following SAH [108]. Several human studies have shown that elevated

CSF ET-1 levels are associated with vasospasm [109–111], though this remains

controversial [112, 113]. Randomized clinical trials of selective ET-1A antagonist

use in SAH showed that, though ET-1A antagonist reduced the incidence of

angiographic vasospasm, it neither reduced delayed ischemic neurologic injury

nor improved overall outcome in SAH [114], raising new questions about the role

of ET-1 in SAH-related brain injury. Newer studies now begin to link CSF ET-1

and bET-1 [115] levels with SAH outcome but not with vasospasm [116].

27.6.1 Anti-inflammatory Markers

MMPs as endopeptidases also are known to cleave plasma-type gelsolin (pGSN)
[117], an abundant protein in human plasma. While the function of pGSN remains

poorly understood, it is known that pGSN scavenges extracellular actin [118],

thereby mitigating downstream pro-inflammatory cascade injurious to the micro-

vasculature [119]. In humans, decreased pGSN level is associated with increased

mortality in sepsis and critical illness [120–122]. pGSN has been shown to have

neuroprotective effects in ischemic stroke in animal models [123]. Recent data has

shown that pGSN is decreased in SAH [124] and may be associated with mortality

and with higher GCS score in TBI [125]. In fact, pGSN is present in the CSF,

and novel pGSN fragments are found in SAH CSF but not in control subjects

[124], suggesting these novel protein fragments may be a future target biomarker

for SAH.

27.7 Future Directions

The “omic” revolution has shifted the paradigm of translational research by intro-

ducing connections between disease and genes, proteins, and other molecules that

would not have come about with traditional approaches. We are now able to

conduct multiplex, non-biased searches of potential novel biomarkers using new

proteomics and metabolomics approaches. Formation of large collaborative con-

sortiums and multidisciplinary research teams are vital steps towards the successful

search and validation of novel biomarkers in the era of multiplex technology
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[126]. To bring novel molecular biomarkers to the patients’ bedside, we need

multicenter consortium of patient samples with rigorous clinical phenotyping and

outcome measures and standardized methods for sample collection, processing, and

storage. The future of biomarker studies requires collaborative research teams with

clinical and basic science experts, experts in translational science and molecular

biology, and experts in bioinformatics and clinical trial design. All candidate

molecular biomarkers found through these multiplex searches need to be validated

in separate cohorts and with targeted confirmatory assays, and the underlying

mechanism of association between a biomarker and disease needs to be elucidated

and validated.
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Chapter 28

Bedside Monitoring of Vascular Mechanisms

in CNS Trauma: The Use of Near-Infrared

Spectroscopy (NIRS) and Transcranial

Doppler (TCD)

Sarah A. Murphy, Brian M. Cummings, David A. Boas, and Natan Noviski

Abstract Ischemia and adequacy of regional and global cerebral blood flow are

important determinants of outcome in traumatic brain injury (TBI). Although brain

ischemia may be a major common pathway of secondary brain damage following

TBI, hyperemia and reperfusion injury may also occur and lead to elevated intra-

cranial pressure and decreased cerebral perfusion pressure. Bedside monitors of

cerebral ischemia include near-infrared spectroscopy (NIRS), transcranial Doppler

ultrasound (TCD), continuous electroencephalography, and brain tissue

microdialysis. This chapter will describe how NIRS and TCD enhance our under-

standing of vascular pathology following a brain injury and their potential appli-

cations in the acute management of TBI.

28.1 Introduction

Ischemia and adequacy of regional and global CBF are important determinants of

outcome in traumatic brain injury (TBI). Although brain ischemia may be a major

common pathway of secondary brain damage following TBI, hyperemia and

reperfusion injury may also occur and lead to elevated intracranial pressure (ICP)

and decreased cerebral perfusion pressure (CPP). Bedside monitors of cerebral

ischemia include near-infrared spectroscopy (NIRS), transcranial Doppler ultra-

sound (TCD), continuous electroencephalography (cEEG), and brain tissue

microdialysis. This chapter will describe how NIRS and TCD enhance our under-

standing of vascular pathology following a brain injury and their potential appli-

cations in the acute management of TBI.
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28.2 Near-Infrared Spectroscopy

While global measures of oxygen delivery and consumption are readily available,

oxygen utilization at the tissue level has long been sought in clinical practice,

particularly in regard to brain tissue. Near-infrared technology was introduced in

the 1970s as a new modality to monitor oxygenation noninvasively when Jobsis

demonstrated the ability to detect changes in the oxygenation state of tissues using

NIRS in both feline brains and canine hearts [41]. Clinical use in humans, both adult

and pediatric, soon followed [13, 28, 102]. Commercial cerebral oximeters have

now been approved by the FDA, and multiple devices are available, with INVOS

5100 (Somanetics, Troy Michigan) the most commonly used in clinical settings

[101]. The principle of tissue oxygen saturation using NIRS technology is briefly

overviewed.

NIRS uses the modified Beer-Lambert law to measure the concentration of a

substance via the scatter and absorption of light. The near-infrared spectrum

includes wavelengths of light in the 700–1,300-nm range that pass through several

centimeters of biological tissue. The primarily light-absorbing molecules in tissues

are the metal complex chromophores, cytochrome oxidase, bilirubin, myoglobin,

and hemoglobin. These molecules absorb light differently in oxidized and

non-oxidized states. In particular, two molecules, cytochrome c and the oxygenated

state of hemoglobin, are markers of oxidative metabolism and a reflection of the

tissue energy state. These two molecules can thus be targeted for measurement.

Because the concentration of cytochrome c is low and susceptible to algorithm

errors [57], most commercial devices utilize the difference in absorption spectra

between oxygenated and deoxygenated hemoglobin. Devices generally utilize the

700–900-nm wavelength range to discriminate the quantity of both molecules as

their absorption is a minimum in this range and thus larger volumes of tissue can be

interrogated. These absorption characteristics allow a calculation of tissue hemo-

globin oxygen saturation, sometimes specified as a regional oxygen saturation

(rSO2), as oxygenated hemoglobin divided by the sum of oxygenated and deoxy-

genated hemoglobin. Additionally, the absorption allows quantification of the total

amounts of hemoglobin in the tissue.

NIRS measurement reflects heterogeneous tissues and measures the mean tissue

oxygen saturations. One concern for neurological monitoring is the depth of

penetration and the contribution of overlying scalp, skull, and dura to the measure-

ments [59]. Increasing the distance of the light receivers from the light transmitters

allows deeper tissue penetration but is limited by the power of the transmitter and

thermal injury [30]. An additional technique is utilizing two differently spaced

receivers, with the closer receiver detecting superficial tissue and the farther

receiver reflecting a combination of superficial and deeper tissues. A subtracting

algorithm allows a measurement of tissue oxygenation at a penetration of 2 cm and

in some models up to the level of the cerebral ventricles [69]. However, there is

potential for artifact with extracerebral tissue that is thickened or edematous and in

the presence of extracranial or subdural hematomas. An additional consideration is
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that the mean oxygen saturation is a sum of venous, capillary, and arterial blood.

Based on correlations with PET scans, it has been estimated that the proportion of

hemoglobin measured is approximately 70–80 % mixed capillary and venous and

15–25 % arterial, but biological variation exists [39, 99]. Thus, it is often

recommended to use NIRS monitoring as a trend [92] and not an absolute reflection

of venous values as jugular venous saturation correlation may be poor [103].

28.3 NIRS: General Literature Review

NIRS has found a variety of uses in multiple tissues and clinical scenarios. While

validation of its use remains investigational, the ability to obtain tissue-specific

perfusion has the attractive potential to direct therapy early, prior to clinically

apparent deterioration. NIRS uses have been diverse, including resuscitation in

trauma and massive transfusion [77], treatment of shock and sepsis [17, 24, 83],

compartment syndrome [93], muscle and vascular disorders [46], and breast cancer

detection [14]. Clinical reviews of neurological applications are available [64], and

here we concentrate on some of the neurological applications of NIRS.

NIRS measures of cerebral hemoglobin oxygen saturation have been used to

assess the delivery of oxygen to the brain during carotid endarterectomy and cardiac

surgery with cardiopulmonary bypass. The use of intraoperative cerebral ischemia

monitors is potentially useful to identify when compromise occurs. With carotid

endarterectomy, cross clamping can induce ischemic damage and stroke in up to

5 % of patients. NIRS might have a useful role in determining which patients have

insufficient collaterals prior to surgery. With carotid balloon occlusion, ipsilateral

NIRS monitoring of the cortex is expected to decline as oxygen delivery is

impeded. Patients with sufficient collateral circulation will resume normal values

within a minute with an intact circle of Willis, whereas in those without sufficient

collateral circulation, NIRS measurements remain low. During surgery, NIRS has

been shown to be a valuable tool to detect cerebral ischemia, it is easy to use in

comparison to other modalities, and it has the advantage of providing continuous

monitoring [63, 70]. Additionally, it has been described as a guide for blood

pressure management [32] or with shunt placement, although determining the

threshold for shunt based on cerebral oximetry values remains unknown, with

compromises in sensitivity and specificity based on thresholds of 12 or 20 % [61].

Similarly in cardiopulmonary bypass, the use of cerebral oximetry monitoring

has been shown to improve the detection of intraoperative events and has been

associated with improved patient outcome [98]. The use of cerebral oximetry was

found to decrease the incidence of strokes after CPB [33]. A randomized, blinded

study using NIRS in 200 coronary bypass cases showed that active monitoring and

use of a treatment algorithm based on rSO2 resulted in fewer instances of cerebral

desaturation, less incidence of major organ dysfunction, and shorter ICU length of

stay [65]. The use in deep hypothermic cardiac arrest is also potentially useful,

since EEG can be attenuated at low temperatures and limit the usefulness of EEG as
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a monitoring tool. NIRS has been utilized successfully in pediatric cardiac surgeries

[38], and low values appear to correlate with brain injury post-repair [22]. However,

despite widespread adoption, whether monitoring improves neurodevelopment

outcome remains an unanswered question. A recent study following neurocognitive

outcomes 1 year after cardiac surgery failed to find a correlation between low

intraoperative rSO2 and poor outcome. However, few of the patients in the study

were below previously described low threshold levels of <45 %, likely due to

active monitoring and treatment response during surgery [47]. It may be that NIRS

will contribute to patient benefit by playing a role in multimodal monitoring and

early intervention [35].

The neonatal and premature patient population is another area of NIRS utiliza-

tion, given the attractiveness of a non-radiating, noninvasive monitor with potential

to detect neurological compromise and possibly predict neurodevelopmental out-

comes. In the NICU, NIRS has been utilized in ECMO monitoring, PDA manage-

ment, monitoring for intraventricular hemorrhage development, posthemorrhagic

hydrocephalus drainage, blood pressure management, and therapeutic cooling

[16]. NIRS may also have a role in predicting neurological outcome after perinatal

asphyxia in the first 24 h during active cooling [5].

28.4 NIRS in TBI

While the use of NIRS in the bedside management of postoperative cardiac patients

has become more commonplace, its use in patients with TBI remains investiga-

tional. Small studies have pointed to some potential applications in TBI, but a

standard role in bedside clinical monitoring in this setting is yet to be established. In

patients with TBI NIRS may serve as a noninvasive assessment of CPP or to

monitor for increased ICP. Additionally, NIRS has recently been shown to be

feasible in the prehospital and transport environment [100]. The interpretation of

NIRS data in the setting of TBI should focus on trends rather than absolute values,

as even deceased patients can have detectable NIRS readings as a reflection of death

conditions, hemoglobin, and lack of metabolism [80].

In one small pilot study of four patients with severe TBI receiving CPP-directed

care, NIRS values were shown to correlate significantly with the measured CPP. A

noninvasive transcranial saturation (StCO2) of greater than 75 correlated with

adequate CPP, while values <55 were shown to correlate with lower CPP

(<70 mmHg). However, in 13 % of the observations in which CPP was

>70 mmHg, a low StCO2 was found, raising the concern that tissue ischemia

may persist in TBI even when “adequate” CPP is achieved [25]. This investigator

also followed continuous NIRS recordings in 18 TBI patients for 6 days following

injury. Both survival and good outcome correlated with NIRS measures of tissue

oxygenation. Specifically, StCO2 >70 was found to be independently associated

with good survival and good neurological outcome [26].
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Other studies have correlated noninvasive measurements of rSO2 with direct

measures of tissue cerebral oxygenation using microdialysis catheters [12]. It has

been suggested that incorporating invasive measures of cerebral oxygenation into

care protocols may lead to reduced mortality and improved clinical outcomes in

severe traumatic injury [7, 66]. If noninvasive measures of cerebral oxygenation are

able to faithfully replicate key information about brain tissue perfusion, they may

also have a role in care protocols, though this has yet to be demonstrated.

Changes in NIRS-measured cerebral oximetry have been described in TBI

patients with increased ICP. One group of investigators demonstrated both lower

NIRS values in a group of patients with high ICP (>25 mmHg) as compared with

the low ICP group (<25 mmHg) and a lack of improvement with hyper-

oxygenation in the high ICP group only. NIRS may therefore be an important

additional diagnostic tool in the evaluation of impaired cerebral microcirculation in

patients with increased ICP [43]. An inverse correlation between NIRS measures of

tissue oxygenation and elevated serologic neuron-specific markers of neuronal

injury has also been shown [86].

NIRS has also found some limited use in patients with intracranial hemorrhage.

Cerebral oximetry has reported good sensitivity in the detection of intracranial

hematomas (subdural and epidural) in the ER or preoperative setting, although

postoperative detection appears less reliable [42]. After TBI NIRS may be useful in

detecting delayed hematomas. In patients who develop delayed traumatic hema-

toma, NIRS changes have been shown to precede changes in ICP [34].

28.5 NIRS: Future Applications

One area of current investigation in the use of NIRS is as a noninvasive bedside tool

to assess cerebral autoregulation. Several different methods of testing

autoregulation utilizing NIRS have been described. The cerebral oximetry index

(COx) represents the relationship between cerebral oximetry and arterial blood

pressure (ABP), based on the assumption that changes in tissue oxygen saturation

are proportional to changes in CBF with stable cerebral metabolic rate. Brady

et al. used an infant animal model utilizing NIRS and CPP by laser Doppler

flowmetry to develop a cerebral oximetry index (COx). They found that COx is a

sensitive tool to detect loss of autoregulation noninvasively and thus has potential to

be a valuable adjunct in neurocritical care monitoring to dictate therapy [11]. The

hemoglobin volume indices (HVx) use a relationship between relative total tissue

hemoglobin (rTHb, measured by NIRS) and blood pressure, based on the assump-

tion that autoregulatory-induced vasodilation and vasoconstriction produce changes

in cerebral blood volume that are proportional to changes in rTHb [50]. This

method of evaluating autoregulation has potential use as a noninvasive replacement

of the pressure reactivity index, a measure derived from simultaneously evaluating

ICP slow waves and blood pressure [23, 85].
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Functional NIRS (fNIRS) and optical tomography are other areas of intense

interest and active investigation in the field of neuromonitoring and neuroimaging,

though their role in trauma has not yet been explored. Using NIRS monitoring it is

possible to measure changes in oxygenated and deoxygenated hemoglobin in

specific brain areas in response to various stimuli. Brain activity results in an

increase in oxygenated hemoglobin and concomitant decrease in deoxygenated

hemoglobin, changes which reflect a local increase in arteriolar vasodilatation,

CBF, and cerebral blood volume resulting from neurovascular coupling [27]. Stud-

ies in humans have shown region-specific changes in oxygenation in the occipital

lobes in response to photic and other visual stimulation and in the prefrontal cortex

during the performance of calculation tasks [37]. Developmental neuroscientists, in

particular, have employed fNIRS in order to better understand neural development

from birth through early childhood, including the development and lateralization of

language processing [6, 31].

When NIRS-measured cerebral hemodynamic changes are recorded simulta-

neously over multiple areas, a map of cortical hemodynamic response to different

stimuli can be made. Multichannel systems with high temporal resolution are a

more recent development that allow for these kinds of spatiotemporal reconstruc-

tions of brain activity, called diffuse optical tomography (DOT), and permit

mapping of brain connectivity. Observed changes in hemodynamics are displayed

as a map of cortical activation, and these physiologic images can be superimposed

on structural brain imaging [18]. Using this technique, motor activity was shown to

correlate significantly with increases in both oxygenated hemoglobin and total

hemoglobin and decreases in deoxygenated hemoglobin in corresponding areas of

motor cortex. Topograms of the cerebrovascular changes recorded by fNIRS

localized the area of activation to the motor cortex using MRI. Regional changes

in cerebral blood volume were found to overlap with the global change seen by

fMRI around the motor cortex, demonstrating that NIR topography can be used

effectively to observe human brain activity [53]. The potential clinical applications

of noninvasive monitoring of brain activity are many, and studies investigating the

potential uses of fNIRS and DOT are mounting. In the future, fNIRS may play a

role in investigations into cognitive function and brain organization or reorganiza-

tion following traumatic or nontraumatic injury. Such noninvasive, real-time tech-

niques of looking at brain functionality may allow us to gain more information

about neural function, recovery, connectivity, and reorganization in injured

patients.

28.6 Transcranial Doppler Ultrasonography

There are an increasing number of applications of ultrasound technology in pedi-

atric and adult acute and critical care settings. Advantages of ultrasonography

include its portability—it can be performed at the bedside—and relative inexpense.

In addition, it is noninvasive and non-radiating, it can usually be rapidly obtained,
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and it offers real-time information that can be very useful at the bedside and when

performing invasive procedures. Neurological applications of ultrasound include

simple ultrasonographic imaging of the brain—which is limited largely to the

pediatric and neonatal populations in which a bone window is present through an

open fontanelle—and transcranial Doppler (TCD) interrogation of cerebral vessels.

TCD provides a real-time, noninvasive measure of the cerebral blood flow

velocity (CBFV) in the basal cerebral arteries. TCD utilizes a low-frequency

ultrasonic beam (usually 2 MHz) produced from piezoelectric crystals that are

electrically stimulated. The beam that is created is directed at the artery being

insonated, and the sound waves reflect off insonated tissues. The reflected signal is

received by the transducer. As blood moves away from the transducer, a phase shift

occurs in the reflected signal, resulting in an increase or decrease in the frequency of

the reflected signal as described by the Doppler principle. The change in frequen-

cies is processed to calculate blood flow velocity and direction of flow and also

allows for the calculation of other parameters that can be used in the evaluation of

blood flow. The pulsatility index (PI), for example, can be calculated using the

Gosling equation, PI ¼ (peak systolic velocity � end-diastolic velocity)/mean

velocity, and is a useful marker of distal resistance to flow.

The first successful measurement of intracranial artery velocity was described by

Aaslid et al. in 1982 using a temporal window above the zygomatic arch [1]. The

temporal window can be used to insonate the middle cerebral artery (MCA), the

anterior cerebral artery (ACA), the posterior cerebral artery (PCA), and the distal

internal carotid artery (DICA) at the bifurcation. Other approaches to intracerebral

Doppler artery interrogation include a transorbital window which allows insonation

of the ophthalmic artery as well as the internal carotid artery at the siphon level, the

transforaminal (occipital) window which allows insonation of the distal vertebral

arteries and basilar arteries, and the submandibular window which allows

insonation of the more distal portions of the extracranial internal carotid artery

[44]. Fast Fourier processing is used to transcribe the signal into a color-coded

spectral analysis [58]. The normal depth, flow direction, and age-related flow

velocities for each vessel have been established and can be used to correctly

identify the insonated vessels. Alternatively, TCD can be performed with imaging

(TCDI), allowing the vessels to be directly visualized while obtaining Doppler

measurements. This is achieved using a phased-array 2–3-MHz sector transducer

and special TCDI software. The potential benefits of this technique may include the

ability to perform these studies with standard ultrasound machines and the ability to

directly visualize and identify the vessel being interrogated. However, whether this

method translates into providing a clinical advantage remains unclear [58].

There are two major limitations in the use of TCD. First, it is highly operator

dependent. Second, temporal bone windows are inadequate for allowing imaging in

10–15 % of adult patients [91]. Under most conditions, the diameter of the large

cerebral vessels remains relatively constant. If the angle of insonation is also

constant, the measured flow velocity through the vessels will directly correlate

with CBF. TCD is therefore used as a surrogate measure of CBF and is also used to

diagnose complications that may occur in TBI including vasospasm, critical
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elevations of ICP, decreases in CPP, carotid dissection, and cerebral circulatory

arrest (brain death).

28.7 TCD: General Literature Review

Recent practice standards published by a multispecialty panel of experts convened

by the Clinical Practice Committee of the American Society of Neuroimaging set

forth clinical indications and standards for the use of TCD in clinical practice

[3]. Recognized routine indications include the monitoring and management of

patients with suspected ischemic stroke, transient ischemic attack or carotid artery

disease, sickle cell disease, and suspected brain death; the intraoperative and

perioperative monitoring of selected vascular and endovascular procedures; and

the acute management of subarachnoid hemorrhage (SAH).

In the setting of acute cerebral ischemia, TCD imaging may be used to augment

CT or MRI studies to assess vessel patency, characterize the pathogenesis of acute

ischemic stroke (e.g., artery-to-artery embolism), quantify distal cerebral arterial

flow to confirm clinically significant steno-occlusive disease, or evaluate the suffi-

ciency of collateral blood supply [3]. In addition, recent studies have suggested that

the finding of undetectable residual flow at the site of an acute intracranial occlusion

by TCD may predict a poor response to tPA therapy in patients with an acute

ischemic stroke and therefore be useful in identifying patients in whom early

endovascular therapy should be deployed [4, 78]. The vasomotor reactivity index,

a measure of change in velocity in response to a vasodilatory stimulus (hypercapnia

from breath-holding), has been used to assess the risk of stroke in patients with

carotid artery disease [82, 95, 96]. Intraoperatively and perioperatively TCD is used

to monitor for complications in patients undergoing carotid or cardiac surgery,

including embolism, thrombosis, and hypo- or hyper-perfusion. The real-time flow

changes detected by TCD precede the development of neurological deficits and

changes detectable by electroencephalography.

One common critical care use of TCD is in monitoring for vasospasm in patients

with aneurysmal SAH [45, 54, 56]. Angiographic evidence of vasospasm (“angio-

graphic vasospasm”) may occur in 50–70 % of patients following rupture of an

aneurysm. It is estimated that half of these patients will have “clinical vasospasm,”

also known as delayed deterioration associated with vasospasm (DDAV), charac-

terized by a neurological deficit that cannot be explained by other identifiable

causes [45]. Ischemic brain damage and a delayed ischemic deficit are inculcated

[91], though the exact pathophysiologic mechanisms culminating in this clinical

end point are not well understood. Recent evidence suggests the mechanisms may

include inflammation and microthrombi. Clinical signs of vasospasm typically

develop 5–15 days following the initial subarachnoid bleed. Though vasospasm

remains a clinical diagnosis, TCD is used for surveillance of this complication

because it may enable one to diagnose clinically significant vasospasm and provide

the opportunity to intervene before irreversible ischemia occurs. TCD has been
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shown to detect vasospasm in days 2–5, prior to the onset of clinical symptoms, and

can be used to guide hemodynamic management in the intensive care unit [3].

The velocity of blood flow within an artery is directly proportional to the flow

and inversely proportional to the cross-sectional area of that vessel. When a

proximal vessel is narrowed, the mean flow velocity measured distal to that

narrowing increases. In the MCA, a mean flow velocity of greater than 120 cm/s

is associated with vasospasm [21]. Because both increased flow and decreased

vessel diameter may contribute to increased mean flow velocity, the ratio of flow

in the external and internal carotid arteries has been used to differentiate vasospasm

from hyperemia. The Lindegaard ratio compares the mean flow velocity in the

MCA as compared to the mean flow velocity in the extracranial carotid artery, a

vessel that is not affected by vasospasm [51]. An elevated Lindegaard ratio (greater

than 3) is consistent with proximal vessel vasospasm. The pulsatility index (PI), on

the other hand, is a calculation of the difference between the peak systolic velocity

and the end-diastolic velocity divided by the mean velocity. An elevated PI (>1.2)

reflects increased distal cerebral vascular resistance and may be a sign of distal

vasospasm.

28.8 TCD in TBI

The use of TCD in TBI remains investigational, as evidenced by its absence from

the recent list of standard uses of TCD published by an expert committee on

neuroimaging. However, publications related to the use of TCD in TBI are accu-

mulating, and the potential applications of TCD ultrasonography in this setting are

many. The remainder of this chapter will serve as a brief review of avenues of study

and current trends related to TCD ultrasonography in TBI. These include its

potential to detect increases in ICP, a potential role as a surrogate marker of

CBF, an indicator of CPP, as a tool for detecting neurological deterioration, its

use to guide early management of patients with TBI, its ability to assess

autoregulation, and its use in diagnosing vasospasm following injury.

The pulsatility index (PI), a TCD marker of peripheral cerebral vascular resis-

tance, has been explored as a potential noninvasive marker of increased ICP. In an

initial publication from 2004, investigators found a strong correlation between

calculated PI and measured ICP in a cohort of patients with mixed intracranial

pathology in whom invasive ICP monitoring was being employed [9]. In a retro-

spective study of children with severe TBI, low admission MCA diastolic flow

velocity (<25 cm/s) or elevated PI (>1.31) had a 94 % sensitivity in identifying

increased ICP with a negative predictive value of 95 %, suggesting that TCD may

be of value as a first-line screening examination to identify children who are in need

urgent aggressive treatment [60]. However, other studies have not consistently

replicated these results. In 2010 Behrens et al. published a series of ten patients in

whom elevations in ICP were iatrogenically induced and maintained during a

lumbar infusion test. Simultaneous intraparenchymal pressure monitoring and
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TCD calculations of the PI were obtained. In this study, PI could not accurately

predict elevations in ICP. Wide variability was found in the ICP-PI correlation,

thought to be related to variability in vessel compliance, autoregulation, and ABP

[8]. Similar findings were published by Figaji et al. in a series of children with

severe TBI in which, again, only weak relationship between mean PI and mean ICP

was found. In this study a threshold PI value of >1 was also investigated as a

potential threshold screening value, but did not stand up as a reliable screening test.

ICP was lower than 20 mmHg in 62.5 % of the patients with PI>1, and conversely,

when ICP was 20 mmHg or higher, the PI was <1 in 75 % of the studies [29].

TCD may be a useful tool for identifying patients with TBI who are at risk for

secondary neurological deterioration and death. A low admission mean MCA flow

velocity has been shown to predict early mortality in patients with TBI [15]. More

recently, low MCA diastolic flow velocity and elevated pulsatility index have also

been shown to predict secondary neurological deterioration in patients admitted to

the hospital with mild and moderate TBI (GCS 9–15 with no or mild lesions seen on

CT scan) [10, 40, 90]. Similar suggestive findings have been found in patients

interrogated in the prehospital setting [88]. Based on these findings, the incorpora-

tion of TCD indices into early goal-directed therapy management strategies in the

triage and treatment of TBI has been advocated. In the published experience from

one center, early TCD screening identified abnormal TCD variables in nearly half

of severely brain-injured patients admitted to a surgical ICU. TCD was able to be

obtained in less than 20 min from admission (18 � 11 min), as compared with

invasive intracranial monitoring which was obtained at 242 (�116) min. Patients

with abnormal TCD indices were treated empirically with mannitol and/or norepi-

nephrine. At the time that a follow-up TCD study was performed, when invasive

intracranial monitoring was placed, TCD parameters had normalized and CPP and

SJvO2 were comparable between the patients with initially normal and initially

abnormal TCD parameter [72]. This provides some preliminary evidence to support

a potential role for early TCD to help guide initial acute management of patients

with TBI.

TCD has also been employed to characterize altered cerebral hemodynamic

profiles in TBI as well as to assess response to brain-specific therapies [9, 60, 71,

90, 94, 97]. Alterations in CBF following brain injury are heterogeneous and can

range from low flow or ischemic states to high flow and hyperemia. Consequently,

TCD studies following TBI have demonstrated normal, high, or low MCA flow

velocity [81]. Both serial xenon CT and TCD studies in patients with severe head

injury have shown a common pattern of blood flow changes following a severe TBI

that is characterized by three distinct phases. An initial hypoperfusion phase may

occur immediately following injury (day 0) and is defined by a low CBF. The

cerebral metabolic rate of oxygen consumption (CMRO) is also depressed to

approximately 50 % of normal during this phase. CMRO appears to remain

depressed during the second and third phases as well. In the second phase, however,

there may be hyperemia, or high CBF, and this can be followed by phase three in

which vasospasm may occur [55]. Low MCA velocity has been associated with

cerebral ischemia and poor outcome [94]. In contrast, high CBFV may be
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associated with diffuse axonal injury (DAI) [97]; result from hypoventilation,

agitation, fever, or acidosis; and can lead to cerebral hyperemia and hemorrhage

[71]. The severity of alterations in CBF following TBI has been shown to correlate

with injury severity [76].

Following decompressive craniectomy for severe refractory intracranial hyper-

tension, a significant and immediate normalization of CBF velocities has been

demonstrated on TCD imaging [20]. In addition, patterns of TCD flow velocity

changes that are consistent with a progressive reduction in CPP have been

described. This includes an initial increase in systolic velocity and decrease in

diastolic velocity, followed by an oscillatory velocity pattern, and finally total

obliteration of the waveform consistent with cerebral circulatory arrest [73, 74].

Under normal physiologic conditions, CBF is autoregulated within a wide range

of CPPs. Serial TCD studies demonstrate that autoregulation is frequently impaired

or absent in moderate, severe, and even mild TBI. TCD interrogation can be used to

characterize these changes in cerebral autoregulation by looking at either dynamic

(fast response) or static (slow response) measures of autoregulation. Dynamic

autoregulation (dAR) has been defined as the fast autoregulatory response that

occurs within the first 30 s of a sudden change in mean arterial pressure (MAP).

A well-described and commonly used technique for measuring dAR involves

inflating and then rapidly deflating a thigh cuff to induce a transient drop in

MAP. The change in MCA blood flow velocity and change in ABP following

cuff release can be described using a calculated autoregulatory index (ARI) that

reflects the change in cerebral vascular resistance per second in relation to the

change in ABP [2, 52, 89]. If changes in CBFV passively follow the changes in

ABP, the ARI is 0. Higher ARI values indicate better dynamic autoregulation. An

ARI less than 4 is generally considered abnormal. Using this methodology, a high

prevalence of impaired dAR following severe, moderate, and even mild TBI has

been seen. These and other studies suggest a nadir in dynamic autoregulatory

function at 2–4 days following injury [36, 87].

Static autoregulation is adjustments in CBF that occur within several minutes

after a change in perfusion pressure. To calculate static autoregulatory index (sAR),

norepinephrine infusion can be used to temporarily raise MAP 20 mmHg above

baseline. CBFV is recorded at the elevated MAP level and then again 5 min after

the MAP returns to baseline. The sAR is calculated as percentage change of

calculated cerebrovascular resistance in relation to the percentage change in

MAP. sAR is considered impaired at values below 50 %. Both dAR and sAR

appear to be impaired after cerebral injury. The effect is more pronounced in

injured, as compared with non-injured, hemispheres [62, 79]. Notably, impaired

cerebral autoregulation has been associated with worse outcomes [19, 75].

At the bedside, the presence or absence of cerebral autoregulation may be used

to guide clinical approach to management. Two competing concepts might govern

management of CPP in the brain-injured patient. The Rosner concept argues that if

cerebral autoregulation is intact, an increase in CPP will lead to vasoconstriction of

the cerebral arteries and a decrease in cerebral blood volume and ICP. If cerebral

autoregulation is intact, the Rosner concept would dictate that CPP should be kept
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high in order to optimally control ICP. On the other hand, if cerebral autoregulation

is impaired, the Lund concept dictates that a lower CPP should be employed to

avoid hyperemia and resultant increased ICP [79]. There is some hope that a

bedside assessment of autoregulatory status using TCD parameters might be used

to guide individualized management of CPP for and lead to improved patient

outcomes [48, 84].

28.9 TCD and Future Directions

TCD might be used to monitor for and diagnose vasospasm in patients with TBI. In

published series, vasospasm of the anterior or posterior circulation has been iden-

tified in 25–60 % of patients with moderate to severe head injury. In one large

prospective study of adult patients with TBI, TCD screening for vasospasm was

performed serially for 15 days. A 36 % incidence of MCA and 19 % incidence of

basilar artery (BA) vasospasm were found [67, 68]. Vasospasm appears to develop

most typically on post-injury days 2–4 and can persist for as long as 3 weeks after

head injury. The degree of the spasm demonstrated in these studies can be as severe

as that seen in patients with aneurysmal SAH. Some reports suggest that

posttraumatic spasm is associated with poor clinical outcome. Notably, it may not

be vasospasm per se but hemodynamically significant vasospasm in association

with low CBF [55]. These findings together suggest that vasospasm might be an

important posttraumatic secondary insult and lend support for the use of TCD to

monitor patients following brain injury [49].
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Chapter 29

In Vivo MRI and MRS of Cerebrovascular

Function Following Traumatic Brain Injury

Chandler Sours and Rao P. Gullapalli

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

resulting in reduced quality of life for the patients and a significant economic

burden to the society. Advances in magnetic resonance imaging techniques are

enabling researchers to obtain critical insights into the pathophysiology of the TBI

sequelae and also aiding clinicians in predicting long term outcome of TBI patients

of all severities. Advanced MRI techniques are able to detect subtle changes in

structural integrity of neural tissue as well as changes in functional neural networks.

Multi-parametric approaches, including diffusion tensor imaging, functional MRI,

magnetic resonance spectroscopy, and arterial spin labeling to non-invasively

measure brain perfusion, show promise in detecting trauma-induced biophysical,

biochemical and cerebrovascular alterations respectively. Together these tech-

niques are bound to provide us with a better understanding of the sequelae of TBI

non-invasively that may lead to better management of TBI patients.

29.1 Introduction

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

among children and young adults throughout developed nations. The financial

burden of TBI including both direct and indirect costs amounts to $60 billion

each year [20]. The Centers for Disease Control and Prevention (CDC) estimates

that each year 1.7 million Americans suffer a TBI, and 275,000 of these individuals

are hospitalized [19]. These injuries involve impacts that cause sudden

acceleration-deceleration forces on the brain tissue. This leads to linear, rotational

or angular shearing injuries, especially at the boundaries of gray and white matter,

resulting in diffuse axonal injury (DAI) caused by axonal stretching [61, 63].
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This damage can lead to myriad molecular events including edema, vascular

dysregulation, ischemia, inflammation, disruption in plasma membrane and neuro-

transmitter release, mitochondrial dysfunction, production of reactive oxygen spe-

cies, altered anaerobic metabolism and lactic acidosis. Together, all of the above

conditions often lead to necrotic or apoptotic cell death contributing to long-term

cognitive impairment [47, 60].

29.1.1 Classification of Head Injury

Head injury can be categorized through level of severity, level of consciousness, or

mental status following head injury. TBI is often divided into mild, moderate and

severe based on the Glasgow Coma Scale (GCS) [79]. While the GCS is generally

accepted because it is easy to use and more or less correlates with the Glasgow

Outcome Scale (GOS) and the Disability Rating Scale, the heterogeneous nature of

the injury results in wide variability in patient outcomes [80]. Recently mild TBI

has been subdivided into civilian, sports related, and explosive blast categories, all

of which have unique features [49]. It is believed that a significant fraction (~40 %)

of mild TBI patients will remain impaired for at least 3 months, and a substantial

fraction of these patients will show deficits at 1 year leading to lost productivity and

resultant socioeconomic consequences [2, 7, 13]. Furthermore, current research

points to a cumulative effect of multiple concussive or sub-concussive events.

Referred to as chronic traumatic encephalopathy (CTE), this form of

neurodegeneration results from repetitive mild TBI and results in progressive

memory loss and ultimately dementia similar to Alzheimer’s disease [45]. Although

attempts have been made to predict functional outcomes following TBI, due to the

variable nature of this injury, it has been difficult to arrive at a consensus on the best

way to manage TBI patients based on conventional imaging methods.

29.1.2 MRI in the Diagnosis of TBI

Computed tomography (CT) is the primary diagnostic tool used to classify and

triage patients with TBI into three main classes including those with negative CT,

those with focal injuries, and those who present with a diffuse pattern of parenchy-

mal injury [16, 90]. It should be noted that the clinical presentation often does not

match the presence of abnormalities seen on CT or conventional MR. While

magnetic resonance imaging (MRI) is superior to CT scanning for detection of

DAI, nevertheless conventional MR can also fail to detect DAI [1].

In recent years several advanced imaging techniques have been introduced that

can probe the microstructural changes, and cerebrovascular changes that eventually

lead to changes in cellular metabolism and changes in cortical and sub-cortical
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function. It is hoped that these advanced techniques applied during the acute stage

will eventually have prognostic ability in determining long-term outcomes.

29.2 Conventional MR Imaging

A conventional MRI for trauma related injuries often consists of T1-weighted

images to assess presence of focal injury, T2-weighted images to determine the

extent of contusions and hemorrhages, a FLAIR image for parenchymal integrity,

cortical surface lesion, brain stem and ventricular hemorrhage, a proton-density

weighted image to assess white matter abnormalities and a susceptibility-weighted

image (SWI) to assess the presence of micro-hemorrhages. In the past a T2*-

weighted image was used but is being replaced by SWI, a 3D technique, that is

more sensitive to micro-hemorrhages resulting from DAI [5, 32, 65]. For example,

in a pediatric population of severe TBI patients, the extent of SWI lesions correlated

with initial GCS, length of coma as well as neurologic impairments in memory and

attention [81]. Furthermore, the clinical utility of SWI in a mild TBI population

demonstrated a correlation between the aggregate SWI lesion volume and measures

of clinical severity [9].

Following TBI, there is often an overall cerebral atrophy noted by loss of

cerebral volume and enlargement of ventricles. Structural imaging using high

resolution T1-weighted magnetization prepared-rapid acquisition gradient echo

(MPRAGE) sequence is used to assess the time course of these volume changes.

Volume loss is most prominent in the chronic stages of injury and includes both

cortical and subcortical regions [85, 86]. Regional volume loss has been shown to

correlate with tests of neurocognitive functioning, including a positive association

of thalamic volume with processing speed, and hippocampal volume with memory

and learning [85]. In addition, whole-brain and regional volumes are predictive of

long-term disability as measured by the extended Glasgow Outcome Scale

(GOS-E) [86] and are able to differentiate among levels of injury severity [46].

29.3 Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) is used to assess changes in white matter structural

integrity making it one of the leading ways to assess DAI. DTI entails measuring

water diffusion in at least six directions to obtain an appropriate representation of

the orientation of an axon by measuring the preferred direction of water diffusion.

Measurements such as mean diffusivity or apparent diffusion coefficient (ADC) and

fractional anisotropy (FA) can be measured from such an acquisition. Intact axons

have high anisotropy while damaged axons have reduced anisotropy. Alterations in

diffusion parameters following TBI have been found both at the whole brain level
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and region specific level and have shown to improve prognostic models of severe

TBI [10].

Commonly damaged regions following mild TBI include the corpus callosum

[8, 44, 53, 86], internal and external capsule [3, 8] and cingulum bundles [48]. Fur-

thermore, time since injury greatly influences diffusion parameters, especially in

the acute and sub-acute stages of injury. These changes have been attributed to

axonal swelling or edema during the initial stages following injury, and inflamma-

tion and axonal damage in the later stages. For example, following blast TBI,

various deficits in DTI parameters were observed from the sub-acute stage to

chronic stage following injury. In the cingulum bundle an initial reduction in

relative anisotropy (RA), and increases in radial (across axon) and mean diffusiv-

ities (RD & MD respectively) has been noted. However, in the follow up scans a

partial normalization on RA values, reduced axial diffusivity (along the axon), and

complete normalization of RD and MD were noted. The researchers interpret these

results to indicate initial axonal injury and edema and inflammation, with ensuing

resolution of the edema and inflammation at follow up visits [50].

Based on evidence from the literature it is largely believed that axonal injury

leads to decreased FA and increased MD, indicative of loss of axonal integrity.

However, many groups have found increased fractional anisotropy (FA) and

decreased MD or RD values in the acute stages of injury in various regions

including the corpus callosum [8, 53]. These changes have been attributed to axonal

swelling as an early aspect of axonal injury. The exact time course of the primary

and secondary injury associated with mild TBI and the effects of diffusion param-

eters remain an active area of research. Serial measurements of DTI parameters in

the acute and sub-acute stages of injury, similar to those made by Wilde et al. [87],

as well as studies in animal models of TBI, are needed to fully understand these

changes. However, the heterogeneous nature of human TBI makes this line of

research increasingly difficult.

Greater agreement regarding the time course of DTI changes exists for severe

TBI patients. Severe TBI patients often demonstrate reduced FA especially in the

corpus callosum and internal capsule. It is believed that these areas are especially

vulnerable to the shearing forces from the injury, making them more susceptible to

progressive degeneration as part of the secondary injury process which leads to a

gradual loss of axonal integrity as represented by a decreased FA.

While DTI is now widely used to assess damage in white matter regions, it has

had little utility in assessing alterations in gray matter structures following TBI.

Recently, the ability of diffusion kurtosis imaging (DKI) to study the heterogeneity

of the microenvironment of a tissue has gained significant attention. This technique

overcomes a limitation of DTI which assumes water diffusion in tissue to have a

Gaussian distribution. By introducing the non-Gaussian distribution of water dif-

fusion into the estimation model, DKI is able to provide a sense for the heteroge-

neity of water diffusion, which indirectly represents the local microstructural

conditions in the tissue. In addition to estimating the standard DTI parameters,

DKI is able to assess alterations in gray matter structures [38]. In an animal model

of TBI, DKI measures were found to be sensitive to reactive astrogliosis [89].
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In addition, in chronic TBI, DKI parameters such as mean kurtosis (MK) in the

thalamus and internal capsule positively correlate with cognitive measures of attention

and processing speed [31]. While the DKI method is relatively new, it is quite

promising as it allows for the in vivo analysis of microstructural changes in both

gray and white matter. For example, high MK values noted around the location of the

lesion in Fig. 29.1 may indicate the formation of glial scars. In addition, MK provides

additional information to standard diffusion parameters such as MD and FA as

indicated by different MK behavior in two regions which both showed low MD

values. Other methods such as the q-ball method are also promising as it provides

even finer details regarding changes in tissue microstructure. Unfortunately the acqui-

sition time for the q-ball method is extremely long, making its use clinically imprac-

tical with the current hardware systems. However, future improvements in hardware

and software may allow clinicians to use these methods to obtain tissue information at

extremely high resolution in vivo.

29.4 Cerebral Blood Perfusion

CT perfusion has been used clinically for years; however given the high dose of

ionizing radiation, use of this methodology is limited. A relatively new MRI

technique such as arterial spin labeling (ASL) is able to measure cerebral blood

perfusion (CBF) using endogenous blood contrast by MRI and has gained signif-

icant popularity. As one of the newer MRI techniques, ASL has only recently been

applied to TBI in the chronic stages. Using ASL, severe TBI patients show a global

hypoperfusion at rest [42] and mild TBI patients show reduced CBF in the thalamus

[28]. As shown in Fig. 29.2, for example a severe TBI patient presenting with a left

frontal lobe contusion demonstrates reduced resting CBF compared to the right

frontal lobe at both 2 and 6 months following injury. Recently, investigators have

used ASL to assess variations in task-induced perfusion. For example, an innova-

tive study found that regions of task-related CBF changes in a severe TBI popula-

tion during an N-back working memory task include similar regions that were

hypoperfused at rest indicating cerebrovascular dysregulation at these cognitively

relevant regions [43]. One study has also utilized ASL in a mouse model to study

the effect of a combined injury model of hemorrhagic shock (HS) in conjunction

with a controlled cortical impact (CCI) injury mimicking the scenario often faced

by TBI patients. The CBF was reduced in many regions ipsilaterally and

contralaterally for CCI alone and HS alone animals. However, animals that

obtained CCI followed by HS, demonstrated a greater extent and duration of

hypoperfusion, which had a subsequent influence on mediating the secondary injury

process [21]. This study indicates that alterations in cerebrovascular dysfunction

following injury may play an important role in the management of TBI patients and

that non-invasive means of monitoring changes in CBF can be very valuable. It is

likely that the application of ASL as an important prognostic tool in determining

patient outcomes will be widely used in the future as it has implications for
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metabolic integrity of the tissue which may eventually lead to changes in micro-

structure of the tissue.

29.5 Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) offers a unique opportunity to

non-invasively measure cellular biochemicals in vivo. In the brain, metabolites

such as the neuronal and axonal marker, N-acetylaspartate (NAA), the myelin

breakdown products choline (Cho) and phosphocholine, lactate (Lac) which is a

marker of anaerobic metabolism, creatine (Cre), and myo-inositol (mI), can be

measured to evaluate metabolic changes following brain injury. Both experimental

and clinical studies have shown a significant decrease in NAA following TBI

implying that neuronal injury through DAI is present in these regions [4, 17, 25,

26, 71]. What makes these findings more compelling is that the concentration of

NAA was shown to correlate with patient outcome and severity of injury [66]. Ele-

vated levels of Cho and mI have been found in the regions of normal-appearing

Fig. 29.1 DKI parameter maps (MK, FA, MD) and conventional MRmaps of a severe TBI patient

(40 years old male, GCS ¼ 3T, scanned 2 days post injury) at the same axial location. High Ms

may indicate formation of glial scars around the lesions (yellow arrows), which are otherwise not

noticeable from conventional imaging. Notice the different MK behavior from red and green
arrows, which both showed low MD values
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brain regions suggesting reactive astrocytosis that occurs in regions of DAI follow-

ing trauma. The increase in Cho may also suggest a disruption of membranes in the

normal appearing brain [25, 26]. Except in very severe TBI patients, few studies

have found lactate in the brain following TBI. Ashwal et al. found that children with

visible amount of lactate following TBI had poorer outcomes [4]. Several studies

have reported reductions in NAA in white and gray matter and elevated Cho in

various regions of the brain as shown. This reduction in NAA and increased choline

can be visualized in Fig. 29.3 which shows an example of spectra from the splenium

of the corpus callosum from a severe TBI patient compared to a healthy control. In

addition, the TBI patient shows elevated lactate levels in this region compared to a

healthy control.

Strong correlations have been observed between the metabolites and neuropsy-

chological function suggesting that MRS could be a potential tool in determining

the long-term outcome of TBI patients [6, 23, 24, 27, 62, 88]. Holhouser et al. [36]

found a decrease in the NAA levels and an elevation in the Cho/Cr ratio, especially

in the corpus callosum region. This predicted the long term outcome with 83 %

accuracy. The fact that MRS is able to determine biochemical abnormalities among

normal appearing brain tissues suggests that MRS may detect abnormalities long

before morphological changes are seen using MRI, making it especially helpful in

the assessment of mild TBI patients who have normal structural scans but persistent

symptoms. Despite its strengths, MR spectroscopy in not routinely used in the acute

setting of head injuries due the length of the MRS scans. However, recent advances

Fig. 29.2 Structural imaging and raw CBF maps from a pulsed arterial spin labeling (pASL)

(TE ¼ 11 ms, TR ¼ 2,500 ms, FOV ¼ 230 mm, resolution 64 � 64, 16 slices, sl.th. ¼ 5 mm,

45 pairs of labeled and control volumes) scan from a severe TBI patient at (a) 70 days following

injury and (b) 6 months following injury. Reduced CBF noted in left frontal lobe corresponding

with the left frontal lobe contusion noted in the T2 weighted imaging as noted with the red arrow.
Frontal lobe CBF was calculated using the WFU PickAtlas frontal lobe ROI
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have made spectroscopy scans faster. For example, 3D MRSI and echo-planar

spectroscopic imaging (EPSI) in conjunction with parallel imaging are able to

cover the entire brain within a clinically feasible time of 10–20 min. For example,

spectra from a severe TBI patient compared a healthy control using the EPSI

technique [29] clearly depicts the metabolic deficits in various regions of the

brain including reduced NAA and an increase in the Cho levels. Establishing a

link between local blood perfusion as measured by ASL and the changes in

metabolic patterns may provide valuable insights into the cerebrovascular coupling

with the metabolic changes.

29.6 Functional MRI

While most post-concussive symptoms resolve within the first few months follow-

ing injury, impairment continues into the chronic stage in a significant portion of

TBI patients. Two of the common findings following TBI are impaired information

processing [34, 39] and memory deficits [55, 56]. Other common symptoms include

fatigue, deficits in attention and executive function, headaches and chronic pain,

sensory perception disorders, language, difficulty with socializing, depression, and

anxiety [14, 37, 50, 58, 59].

Functional MRI (fMRI) is a valuable tool as it can identify the deficits in neural

networks associated with various cognitive processes. It provides an indirect means

to measure brain activation and is based on the signal differences between deoxy-

genated blood and oxygenated blood. When specific neurons for a given task are

activated, there is an increase in freshly oxygenated blood to the local tissue to keep

up with the increased neuronal activity. This change from deoxygenated blood to

oxygenated blood in the activated region causes a change in the tissue signal as the

local tissue changes from a predominantly paramagnetic state to diamagnetic state.

Fig. 29.3 MR spectroscopy imaging showing from a voxel in splenium of the corpus callosum in

a severe TBI patient (21 year old male, GCS 4, scanned 1 day post injury) and healthy volunteer.

Spectra demonstrate (a) reduced N-acetyl-aspartate (b) increased choline and (c) elevated lactate

levels in severe TBI patient
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It is this change that is measured in fMRI and is called the blood oxygen level

dependent (BOLD) signal.

29.7 Task Based fMRI

Task based fMRI studies in TBI have focused primarily on frontal lobe damage and

executive functioning deficits noted in TBI. Multiple fMRI studies on patients with

TBI have shown alterations in BOLD responses during tasks designed to probe

spatial memory [72], working memory [15, 55, 67, 82], executive function [73], and

sustained attention [52]. For example, McAllister et al. [55] found that during

N-back task, chronic mTBI patients had increased activations during a moderate

working memory load but had decreased activations during a high working memory

load suggesting that mTBI populations have differing compensatory mechanisms

based on differences in task difficulty.

While the use of task-based fMRI is difficult to perform during the acute stages

of severe TBI, research in the chronic stage has led to many new insights in severe

TBI. Kasahara et al. [41] found that chronic TBI patients had reduced performance

and reduced activations during a working memory task indicating a failure of TBI

patients to adequately activate the parietal regions of this task positive network

(TPN). Furthermore, the default mode network (DMN) is a group of regions often

deactivated during task related activities while remaining active during rest

[30, 64]. Chronic TBI patients who failed to deactivate the DMN demonstrated

impairments of attention [11]. This is also found in mild TBI populations as verified

in Fig. 29.4 which depicts a failure of chronic mild TBI patients to deactivate the

DMN during a 2-Back working memory paradigm compared to controls. Further-

more, this failure to deactivate the DMN has been associated with damage in white

matter tracts connecting the right anterior insula to other nodes of the SN

[12]. While subtle differences in study design have resulted in contradictory

findings, future multi-center studies are likely to provide not only deeper insights

into the injury process but also priceless information on the potential repair

processes from rehabilitative and pharmacotherapeutic interventions.

29.8 Resting State fMRI

In addition to focusing on task based fMRI, there currently is an increased interest

in looking into resting state brain networks to understand the interaction between

global brain networks between disparate regions. Referred to as resting state

functional connectivity (rs-FC), this method measures the efficiency and strength

of interactions between these large-scale networks in the absence of a task

[76, 83]. The DMN and the TPN are also functionally connected networks during

resting conditions, and these two networks are anti-correlated at rest [22].
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The rs-FC within the DMN and the interplay between the two networks are

associated with cognitive performance [18, 33, 84]. It also has been suggested

that a third network, the Salience Network (SN), modulates the balance between the

DMN and TPN [57, 68, 77]. Other networks include the motor and primary sensory

networks. Altered rs-FC within these networks as a result of TBI is an active area of

research as has the potential for providing valuable information on the cognitive

condition of patients especially during the acute stage when they are unable to

perform tasks or if they are in a vegetative state.

Both severe and mild TBI patients have demonstrated reduced inter-hemispheric

rs-FC[51, 72], possibly due to the compromised integrity of the corpus callosum.

However, TBI has also been shown to alter rs-FC in multiple networks that are not

directly linked through the corpus callosum including the motor network [40, 70],

thalamic network [78], TPN [35, 54, 70, 75], and the DMN [35, 54].

While it is often predicted that due to DAI, rs-FC will be reduced, there are some

networks that demonstrate increased rs-FC following TBI. For example, groups

found increased rs-FC in the left fronto-parietal network in mild TBI patents [70]

and DMN in severe TBI patients [12, 69]. It was noted that TBI patients with higher

rs-FC within the DMN had better cognitive performance suggesting the possibility

of compensatory mechanisms within this chronic patient population [69]. Further-

more, this increase in rs-FC has been found between DMN and TPN in mild TBI

patients [53]. In addition, another group recently reported increased rs-FC between

Fig. 29.4 Group results from a 2-back working memory fMRI paradigm in mTBI patients and

controls. (a) Activations of the task positive network (TPN) in warm colors and deactivations of

the Default Mode Network (DMN) in cool colors during 2-back paradigm. 18 mTBI patients in the

chronic stage (6 months post injury) and 18 control. Z > 2.3, p < 0.005. (b) Control < mTBI

cool colors. Z > 1.9, p < 0.005
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the DMN, TPN and SN in mild TBI patients with memory complaints when

compared to both control participants and mild TBI patients without memory

complaints [74] as shown in Fig. 29.5. Furthermore, this increased rs-FC, specifi-

cally between the TPN and right anterior insula of the SN, was associated with

reduced memory performance. Longitudinal studies examining resting state fMRI

over the time course of injury are still needed for a more complete understanding of

these alterations and the subsequent effects on recovery from injury.

29.9 Conclusions

The bulk of the pathologies experienced in TBI arise from secondary injuries and

the sequelae includes DAI, inflammation, edema, apoptosis, excitotoxicity, mito-

chondrial dysfunction and neuro-metabolic alterations. Given the diffuse nature of

these injuries and the various possible pathways that the injury could potentially
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Fig. 29.5 Positive rs-FC (red arrows) and negative rs-FC (black arrows) connections between the
TPN, DMN, and SN in (a). Mild TBI patients without memory complaints (N ¼ 10). (b) Mild TBI

patients with memory complaints (N ¼ 13). Arrows represent connections with rs-FC significantly

different than zero ( p ¼ 0.05) uncorrected. The inset shows the region in the right anterior insula

which demonstrates increased rs-FC with the TPN in mild TBI patients with memory complaints

compared to mild TBI patients without memory complaints. The SN includes: L In left insula, R
Ain right anterior insula, SMA supplemental motor area. TPN includes: L IFG left inferior frontal

gyrus, L SMG left supramarginal gyrus, R SPL right superior parietal lobule, L DLPFC left

dorsolateral prefrontal cortex
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take, no single imaging technique, however advanced, is likely to provide the

sensitivity and specificity required to actively manage the negative consequences

of such injury. While many advances in the understanding of the mechanisms of

injury and recovery from TBI have been made using MRI, there is still much to be

understood. Multi-parametric approaches using the most sensitive advanced imag-

ing techniques that can measure cerebrovascular changes, biochemical and bio-

physical changes in conjunction with acute stage vital signs and neurocognitive

assessments are needed. This will lead to a better understanding of the neurode-

generative processes, leading to the development of therapeutic interventions,

while at the same time providing identification of imaging biomarkers, all of

which are needed to actively manage consequences of TBI.
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