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Abstract

The blood brain barrier plays an important role in traumatic brain injury, serving at the crossroads of
secondary injury and potential therapies. In regards to trauma, this barrier contains an array of cellular and
molecular components that protect the central nervous system from derangements in water homeostasis
and inflammation. Preclinical and clinical assays have been developed to describe and quantify blood brain
barrier permeability in relation to the integrity of these blood brain barrier components and the handling of
edema. This review will discuss both preclinical and clinical molecular and imaging techniques that are used
to assess blood brain barrier function and recovery following traumatic brain injury.
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Introduction

Blood brain barrier (BBB) permeability and cerebral edema play crucial roles in the progression of
secondary injury following Traumatic Brain Injury (TBI), and are clinically associated with increased
intracranial pressure and compromised cerebral perfusion [1]. The pathological consequence of BBB
compromise is the exposure of the normally immunologically privileged central nervous system to an influx
of neuroinflammatory cells and proinflammatory cytokines [2,3]. Neuroinflammation promotes vasogenic
edema and co-exists with cytotoxic edema from cellular dysfunction and dysregulation of intracellular

volume [4,5].

The injury penumbra is the at-risk area adjacent to the injury site where the BBB is likely in transition
between healthy and dysfunctional cerebral microvasculature, and can be evaluated in the preclinical
setting via excess tissue water, BBB component protein up and downregulation and imaging the
extravasation of various markers. Clinically, BBB compromise can be estimated via microdialysis catheters
or external ventricular drains as ratios between brain and serum total protein or albumin levels [6]. Clinical
visualization of penumbral BBB permeability in vivo has been begun to be possible using imaging modalities
such as diffusion tensor magnetic resonance imaging and emerging in vivo fluorescence technologies [7].
This review will discuss BBB identification and use as a therapeutic target to protect and restore brain tissue

following TBI.
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Physiology

The BBB is lined with capillary endothelial cells that lack fenestrations and are attached by tight
junctions (comprised of claudin-5, occludin, zona ocludens-1 and VE-cadherin) that together restrict
transport [8,9]. Adenosine triphosphate-binding cassette transporters prevent drug penetration across the
BBB. In comparison with peripheral endothelial cells, the BBB endothelial cells are much more energy
dependent, containing five to ten times the amount of mitochondria [3]. These endothelial cells are further
covered by astrocyte end processes and have basal lamina shared with luminal pericytes. Astrocytes
express high levels of aquaporin-4, a water channel protein that is known to be involved in the clearance of
edema [10,11].

The mechanical forces of the primary injury transmitted to BBB disrupts blood flow and energy
supply, compromising the barrier to the central nervous system, allowing for the passage of
neuroinflammatory cells, potent osmotic proteins such as albumin, and neuro excitatory molecules such as
glutamate [12]. Subsequently, inflammation, edema and excitotoxicity contribute to clinically relevant
secondary brain injury that may even manifest in epileptic events [13]. The resident astrocytes and
microglia within the central nervous system are activated and also contribute to secondary injury, leading
to further neuronal death [14].

Preclinical Measurements of BBB Permeability

A number of invasive strategies have been employed by preclinical investigators to assess the status of
the BBB. The strategies include measuring brain water content, BBB components and extravasation. The
first strategy is using brain water content, the simplest method of indirectly assessing the degree of BBB
dysfunction and offers global differences between treatments, but is subject to variations in animal
sacrifice technique and post mortem handling of brain tissues [15]. The second strategy is to measure the
components involved in forming the BBB, such as perivascular astrocytes, tight junction proteins such as
claudin-5, occludin and zona occludens-1, as well as the components responsible for maintaining and
restoring water hemostasis, such as aquaporin-4 [10,16,17]. While this strategy can describe how individual
components of the BBB change following injury and treatment, the effect of other components and the
function of the BBB cannot be directly assessed.

The third strategy is to use imaging with various molecular probes to detect the degree of extravasation
present due to BBB permeability. Evans Blue dye extravasation is a common assay used in TBI research.
Evans Blue has affinity to serum albumin (66 kDa). Following injury, the BBB, with pore size normally
allowing for molecules of general 0.4 kDa mass to pass, becomes disrupted, allowing for Evans Blue to leave
the vasculature and extravasate into the interstitial tissue. The amount of extravasation can be quantified
by extraction [18,19]. Despite wide use, the Evans Blue assay is limited by the relatively large molecular size
of albumin, the reliance on detection by absorbance via a wide fluorescence excitation spectrum, and harsh
extraction process that destroys the brain tissue and precludes further histologic analysis on the same
tissue sample.

Alexa Fluor 680 (Lifetechnologies, Carlsbad, CA) is a far-red dye that can be bioconjugated to various
molecular weight dextrans as well as other molecules and has been used in investigations for drug transit
across the BBB [20]. High resolution (approaching 20 um) infrared laser scanners can detect subtle changes
in signal intensities of Alexa Fluor 680 between adjacent anatomical structures in brain tissue samples. We
previously demonstrated that Alexa Fluor 680 reduces the non-specific signal between sham and injury to
7 % (p<0.001) when compared to Evans Blue, an eightfold reduction (Figure 1). Infrared image scanning
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precludes the need of detaching contralateral hemispheres for normalization and decreases signal to noise.
Maintaining intact brain architecture allows for the use of additional fluorescent markers to evaluate cell
integrity and junctional proteins comprising the BBB. The tissue can be further processed for sectioning and
staining.

Blood Brain Barrier Permeability Assays
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Figure 1. Non-specific signals are reduced with Alexa Fluor 680 conjugated to 10 kDA dextran compared to
Evans Blue dye as evidenced by the high signal from sham animals receiving Evans Blue. Evans Blue control
cortical injury (CCl) (n=11), Evans Blue Sham (n=6), Alexa Fluor CCI (n=9), Alexa Fluor Sham (n=10). The Y axis
OD/Wt refers to optical density (absorbance) per brain weight. The X axis Integrated Density refers to the
cumulated signal detected by the far-red scanner across the brain slices.
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Figure 2. Four ranges of intensity thresholds applied to the same coronal brain slice for a rat using Image)
software. White areas demonstrate tissue edema, red areas represent the Alexa Fluor 680 conjugated to 10
kDA dextran signal captured at 700nm using a LI-COR Odyssey CLx infrared laser scanner. (A) No intensity
threshold applied. (B) The low + narrow intensity range of 4000-5000, represents areas of low Alexa Fluor
extravasation and suggests areas with a lower degree of BBB compromise within the at-risk injury penumbra.
(C) The low + less narrow intensity range of 5000-7500 represents areas of higher Alexa Fluor extravasation
and suggests areas with a higher degree of BBB compromise within the at-risk injury penumbra. (D) Intensity
range of 5000-Maximum representing all areas of Alexa Fluor extravasation.

We demonstrated that Alexa Fluor 680 dye conjugated to 10 kDa dextran can be used in preclinical
studies of TBI to suggest the location and degree of BBB permeability associated with at-risk penumbral
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regions. Rats undergoing controlled cortical injury were designated to vehicle versus intravenous cell
therapy groups and were sacrificed at 72 hours. Prior to sacrifice the brains were perfused with Alexa Fluor
680 conjugated to 10 kDa dextran, then following extraction were sectioned coronally into 1mm slices.
These slices were then imaged using a LI-COR Odyssey ClLx infrared laser scanner (LI-COR, Lincoln,
Nebraska) at 700 and 800nm. Raw images were then stacked, processed and analyzed in batch using Fiji
[21], the fully open source version of Image) 1.48p (http://imagej.nih.gov/ij).

A low and narrow intensity threshold range identified a rim of Alexa Fluor signal in the area of the
penumbral tissue that may be the subtle transition zone of BBB permeability [22] (Figure 2). This threshold
range demonstrated significant signal differences between the treated and control TBI rats. Wider
threshold ranges, with greater Alexa Fluor signal identified tissue associated with intraparenchymal
contusions or microvascular hemorrhage.

Other infra-red imaging and immunohistochemical stragegies have also been used for extravasation
studies. Infra-red imaging contrast agents of various sizes have also been used by preclinical investigators in
direct and indirect BBB permeability assays. An example of a small agent is the P-glycoprotein efflux
transporter contrast molecule, rhodamine 800 (0.5 kDa) [23,24]. Larger molecular weight permeability
markers include IRDye 800CW which can vary in size from 15 kDa and upwards, depending on conjugation
[25]. Fluorescein isothiocyanate conjugated to dextran or albumin has been used, as well as probing for IgG
penetration into the central nervous system after injury [26-30]. Two-photon microscopy with
tetramethylrhodamine-dextran is less invasive, and has been used in rat and mouse models of stroke and
neoplasia for in vivo cerebral blood flow and edema information [31]. Translating this technique to the BBB
in severe TBI animal models may be challenging due to the condition of injured tissue and the required
imaging window.

Some investigators have used a radiolabeling strategy to quantify movement of material across the BBB.
Briefly, the isotope alpha-[**C]-aminioisobutyric acid is a tracer introduced into the circulation along with a
red blood cell labeling agent, technetium-99™. The amount of tracer that has moved out of the vasculature
across the BBB can be described by a transfer constant, Ki by differentiating the parenchymal tracer
concentration from the intravascular tracer, using co-localization with red blood cells labeled with
technetium-99™ [32,33].

Clinical Measurement of BBB Permeability

BBB permeability can be clinically measured through central nervous system (CNS) and peripheral fluid
sampling or via imaging. BBB disruption has been defined as a total cerebrospinal fluid (CSF) protein
concentration to total plasma protein concentration ratio greater than 0.007 [6,34]. Proteins such as S100B
are released by astrocytes in areas of tissue injury and can be measured via jugular vein or peripherally
[35]. The principles of identifying areas of BBB compromise and edema can be translated into
neuroimaging. In 2006, Lescot et al. used computed tomography to measure volume, weight and specific
gravity of contused and non-contused areas in patients with severe TBI [36]. Positron emission tomography
(PET) can identify the injury penumbra using a metabolic strategy. Anaerobic metabolism can be identified
as hypodense gray matter and also localized by measuring oxygen extraction fraction, cerebral metabolic
rates of oxygen and glucose consumption [37].

Magnetic resonance imaging (MRI) has emerged as an imaging technique that can be used in both pre-
clinical and clinical studies of BBB permeability following TBI. Dynamic contrast enhanced MRI uses
extravasation of low-molecular weight contrast agents along with repeated T1-weighted imaging to
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evaluate the degree of BBB disruption and has been used in human and animal models in a variety of
applications from tumors to stroke [38-41]. Investigators using MRI with diffusion weighted imaging (DWI)
technology have been able to identify temporal and regional differences in edema following TBI in rabbits.
The authors were able to differentiate between vasogenic and cytotoxic edema based on higher or lower
apparent diffusion coefficients respectively [42]. Newcombe et al. applied diffusion tensor MRI to at-risk
contusions in acute post TBI patients and found a pattern of concentric regions of varying diffusion similar
to our Alexa Fluor findings. The authors suggested that the outermost rim of hypodensity may represent a
‘traumatic penumbra’ which may be rescued by effective therapy [43].

BBB studies involving mild TBI due to repeat concussions have been studied using a combination of
serum S100, auto-antibodies to S100B and diffusion tensor MRI technology focused on white matter
damage [44,45]. Blast shock wave models of mild TBI using animal models suggest that the primary injury
not only causes damage from free radical induced oxidative stress resulting tight junction, pericytes and
astrocyte end-feet disruption, but also causes vascular lesions. Both of these mechanisms may progress
into long term neuroinflammatory damage and chronic traumatic encephalopathy (CTE) [46-48].

MRI imaging technology has emerged as an excellent, non-invasive tool to follow the evolution of both
mild and severe TBI in both pathogenesis and potential therapy. Blood pool contrast agents such as the
large gadofosveset trisodium has been used in MRI as a method to examine BBB permeability non-
invasively [49]. Originally developed for vascular surgery, this particular contrast agent has strong binding
to albumin, long half-life, thus much like Evans Blue can be used in humans using MRI with the advantage
of repeated measures and localization of leakage [50]. This particular contrast agent has been used both
pre-clinically and clinically to examine BBB breakdown in brain tumors, multiple sclerosis, utilization for
traumatic brain injury is emerging [51,52]. Smaller agents have been developed, such as gadolinium
diethylenetriaminepentaacetate (0.5 kDa).

Within the MRI imaging, cellular contrast agents are now being used to show specific cellular infiltration
through the BBB. Inflammatory cells entering the human brain through the BBB can be labeled with
superparamagnetic iron oxide particles (SPIO) and perfluorocarbons [53]. This technology can help
investigators describe the cellular neuroinflammatory response across the BBB, but also help track the
response to potential therapies.

While MRI imaging has been the most common clinical imaging modality for BBB permeability, other
techniques are emerging. Recently, fluorescence-based time resolved optical detection method for
assessment of the BBB has found success in humans. This technique is based on monitoring of the
fluorescence following the excitement of indocyanine green dye. Following the washout of indocyanine
green dye circulating in the brain and may offer a useful adjunct or alternative to MRI in describing BBB
permeability [54,55].

Targets and role of cellular therapy

Strategies to protect and stabilize the BBB include the blockade of molecules or receptors to
inflammatory cytokines as well as the blockade of glutamate, transforming growth factor B, fibrinogen,
thrombin, vascular endothelial growth factor, bradykinin, histamine and metalloproteinases. Glucose
transporter modulation has also been investigated in reducing the co-transport of water into injured tissue
[56]. As TBI progresses from the primary to secondary injury, the number of deranged components of the
BBB and CNS increases along with the number of infiltrating cells and molecules. Therefore, no single
molecular target or pharmacological agent is likely to adequately rescue the BBB and protect the CNS from
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further injury.

Cellular therapy offers a treatment strategy that can potentially sense and respond to multiple signals
with multiple neuroprotective and neuroregenerative responses. BBB studies utilizing Evans Blue as well as
immunohistochemistry have previously demonstrated that cell based therapies can modulate the
neuroinflammatory response following TBI resulting in BBB preservation [57-59]. Of note, Pati et al.
demonstrated in mouse models of TBI that mesenchymal stem cells exert perivascular protective effects to
the penumbral BBB via increased junctional protein (VE-cadherin and occludin) expression [60]. Walker et
al showed increased localization/organization of occludins to the microvasculature [61]. The Cox lab is
currently using diffusion tensor MRI imaging to evaluate the response to cell therapy in acute setting for
severe TBI in pediatric and adult clinical trials (NCT01851083 and NCT 01575470 respectively).

Conclusions

The BBB continues to be an important therapeutic target in TBI research. Preclinical and clinical BBB
assays continue to evolve. Brain water content and BBB component assays can now be complemented by
an array of imaging techniques that quantify BBB related extravasation, function and even infiltration of
inflammatory cells. Non-invasive MRI and fluorescence based optical detection show promise for
translational research by providing a platform for conducting preclinical studies that can be unified with
clinical outcome measures.
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