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Abstract

Introduction—Blood brain barrier (BBB) compromise is a key pathophysiological component of

secondary traumatic brain injury characterized by edema and neuroinflammation in a previously

immune privileged environment. Current assays for BBB permeability are limited by working

size, harsh extraction processes, suboptimal detection via absorbance, and wide excitation

fluorescence spectra. In this study, we evaluate the feasibility of Alexa Fluor 680, a far-red dye

bioconjugated to dextran, as an alternative assay to improve resolution and sensitivity.

Methods—Alexa Fluor was introduced intravenously on day of sacrifice to three groups: Sham,

Controlled Cortical Injury (CCI), and CCI treated with a cell based therapy known to reduce BBB

permeability. The brains were sectioned coronally and imaged using an infrared laser scanner to

generate intensity plot profiles as well as signal threshold images to distinguish regions with

varying degrees of permeability.

Results—Linear plot profile analysis demonstrated greater signal intensity from CCI than treated

rats at corresponding injury depths. Threshold analysis identified rims of signal at low + narrow

threshold ranges. The integrated signals from a treatment group known to preserve the BBB were

significantly less than the groups with CCI injury alone. There was no significant difference at

high + wide signal intensity threshold ranges.
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Conclusions—Alexa Fluor 680 infrared photodetection and image analysis can aid in detecting

differential degrees of BBB permeability following traumatic brain injury and may be particularly

useful in demonstrating BBB preservation of at-risk regions in response to therapeutic agents.
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INTRODUCTION

Severe traumatic brain injury (TBI) defined as a Glasgow Coma Scale of 3–8 continues to

carry high morbidity in the pediatric and adult population with limited diagnostic and

treatment modalities. Blood Brain barrier (BBB) permeability and cerebral edema play

crucial roles in the pathophysiological progression of secondary injuries following TBI, and

are clinically manifest as increased intracranial pressure and reduced cerebral perfusion

pressure. BBB compromise leads to vasogenic edema, exposing the previously

immunoinflammatory privileged cerebral tissue to an influx of inflammatory factors and

cells1. Cytotoxic edema co-exists and is the result of the cellular insult and the loss of the

ability to maintain intracellular volume2.

The injury penumbra has been previously described by our laboratory and collaborators as

tissue adjacent to the area of injury, and characterized by the presence of neuroinflammatory

cells and proinflammatory cytokines3. The condition of the BBB in this at-risk region of

brain is likely in transition between healthy and dysfunctional cerebral microvasculature and

can be evaluated in the preclinical setting via excess tissue water (cerebral edema) and dye

extravasation (increased microvascular permeability). Clinically, BBB compromise can be

estimated via microdialysis catheters or external ventricular drains as ratios between brain

and serum total protein or albumin levels 4. However, direct preclinical and clinical

visualization of penumbral BBB permeability in situ has been limited to imaging modalities

such as diffusion tensor magnetic resonance imaging. . Active research exists in identifying

and targeting therapy to rescue these at-risk regions.

In preclinical studies, the simplest method of indirectly assessing the degree of blood brain

barrier dysfunction is brain water content, which offers global differences and is subject to

variations in animal sacrifice technique and post mortem handling of brain tissue5. Evans

Blue dye extravasation, a popular assay used to study the BBB response following TBI has

affinity to the 66kDa albumin. Thus under normal circumstances, Evans Blue dye remains in

circulation because of the 0.4kDa pore size of the BBB. Following TBI, BBB compromise

causes Evans Blue extravasation into the interstitial tissue and can be quantified after

extraction6–8. We, along with our collaborators have previously used tissue water, Evans

Blue as well as immunohistochemistry to demonstrate that cell based therapies can modulate

the neuroinflammatory response following TBI resulting in penumbral BBB

preservation 9–11. 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 occluding) expression12. Walker et al showed

increased localization/organization of occludins to the microvasculature13.
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Despite wide use in TBI research, the utility of Evans Blue is limited due to several factors.

The first is the relatively large molecular size of albumin compared to the BBB pore size.

Second, the detection of extracted Evans Blue uses absorbance, a suboptimal detection

process complicated by a wide excitation fluorescence spectrum. Third, the harsh extraction

process destroys brain tissue and precludes further histologic analysis on the same tissue

sample.

Alexa Fluor (Lifetechnologies, Carlsbad, CA) is a fluorescent marker that has been

conjugated to a variety of molecules and has been used in investigations for drug transit

across the BBB 14. Highly sensitive, high resolution infrared laser scanners can detect subtle

changes in signal intensities of Alexa Fluor between adjacent anatomical structures in brain

tissue samples. We have previously demonstrated that Alexa Fluor reduces the non-specific

signal between sham and injury to 7% (p<0.001), an eightfold reduction (Figure 1). The high

sham signal for Evans Blue is likely due to the tissue handling and the extraction process

where extraparenchymal and intravascular Evans Blue dye cannot be easily excluded from

intraparenchymal dye when placed under an absorbance microplate reader. The goal of our

study was to evaluate Alexa Fluor 680, a far-red dye bioconjugated to dextran (10kDa) as an

alternative, to Evans Blue in order to expand research capabilities with a multimodal

detection assay that increases the sensitivity to BBB perturbations, allowing the

identification and quantification of at-risk penumbral areas of microvascular injury, and

preserving tissue for further assays.

MATERIALS AND METHODS

All protocols involving the use of animals were in compliance with the National Institutes of

Health Guide for the Care and Use of Laboratory Animals and were approved by the

University of Texas Institutional Animal Care and Use Committee (protocol HSC-

AWC-11-120).

Surgical study design

The three groups in this study were Sham (n=10), Controlled Cortical Impact (CCI) (n=10)

and Treatment (n=10). All groups received Alexa Fluor intravenously at time of euthanasia.

Each group underwent our acute traumatic brain injury model, undergoing their respective

injury at time zero followed by euthanasia at 72 hours. In this study, the treatment group

received human adult bone-marrow derived stromal cells that we previously showed by

Evans Blue and tissue water assays to reduce post TBI BBB permeability 9,10. The treatment

group received the cell based product at 24 and 48 hours post injury via tail vein injection.

Controlled Cortical Impact and Sham Injuries

A CCI device (Leica Impact One Stereotaxic Impactor, Buffalo Grove, IL) was used to

administer unilateral brain injuries as described previously by Lighthall. 15 Briefly, male rats

weighing 225–250g were anesthetized with 4% isoflurane and oxygen. The rats were shaved

and prepped, then mounted and secured on a sterotactic frame in the horizontal plane. After

subcutaneous infiltration of 0.25% bupivacaine, a midline incision was made and extended

in depth to the skull. A 7–8mm craniectomy centered between the bregma and lambda
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sutures was performed to the right cranial vault approximately 3mm lateral to the midline to

expose the tempoparietal cortex. The impact parameters included a 6mm diameter tip

positioned orthogonal to the cortex at an angle of 10 degrees off the vertical plane with a

deformation depth of 3.1mm at a velocity of 5.8m/s and a dwell time of 200ms. This impact

created a severe traumatic brain injury to the parietal association cortex. Sham injuries were

performed in an identical fashion, but excluded craniectomy and injury. All incisions were

closed using sterile surgical clips.

Alexa Fluor 680 dye BBB permeability analysis

At euthanasia, rats were anesthetized as described above and 1mg/kg of Alexa Fluor 680 dye

conjugated to 10kDa dextran in PBS was introduced via tail vein injection. The animals

were allowed to recover for 30 minutes, then sacrificed via right cardiac puncture and

perfused with ice cold PBS followed by 4% PFA. Explanted brains were placed in 4% PFA

for one hour, and then transferred to PBS. The brains were then sectioned coronally into

1mm slices using a rat brain matrix slicer (Zivic Instruments, Pittsburgh, PA). Eight

anatomically standardized slices encompassing the area of injury are placed on a plastic petri

dish using a grid and imaged using a LI-COR Odyssey CLx infrared laser scanner (LI-COR,

Lincoln, Nebraska) at 700 and 800nm. Raw images were then stacked, processed and

analyzed in batch using Fiji16, the fully open source version of ImageJ 1.48p(http://

imagej.nih.gov/ij). A 700nm (Alexa 680) and 800nm (background) channel merged montage

of a representative brain from each treatment group is shown in Figure 2.

Plot profiles were generated for each slice along the impactor trajectory to identify the depth

and anatomical region corresponding to the maximum Alexa Fluor signal intensity. The one

dimensional plot of Alexa Fluor signal intensity suggested that there may be two to three

dimensional regions of BBB permeability following TBI corresponding to the injury

penumbra (Figure 3). To identify potential regions of BBB permeability, threshold ranges

were applied to the stacked raw images to detect various regional patterns of Alexa Fluor

signal arising from the brain tissue from the site of cortical impact. Low + narrow signal

intensity threshold ranges identified rims surrounding the area of maximal injury (4000–

5000, 5000–7500, 5000–10,000) while high + wide signal intensity threshold ranges

identified the highest foci of signal within the most injured area of the cortex (10,000 to

60,000). For each rat brain, the area of integrated signal from the Alexa Fluor was plotted

against these intensity threshold ranges.

Data Analysis

Group data were expressed as means +/− 95% confidence interval. Plot profile analysis for

maximum intensity was analyzed with one way ANOVA with Tukey’s multiple comparison

test. Comparisons of BBB permeability between CCI and treated groups using intensity

thresholds was analyzed with two-taled t tests
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RESULTS

Plot Profile Analysis

The linear plot profile technique identified the maximum intensity and its depth from the

surface. The mean maximum signal for CCI rats 6579 +/− 2371 was significantly greater

than Sham 1478+/−218 p<0.0001) as well as the treated rats 3701+/−1699 vs. (p=0.04). For

the CCI animals, the distance to the maximum signal was 2.0+/− 0.6mm while in the treated

rats the distance was 1.7+/−0.4mm, which was not significantly different (p=0.282).

At-risk BBB Permeability Region Identification and Quantification

The integrated signal generated for regions using ranges of intensity thresholds identified

rim patterns corresponding to the penumbra as well as focal patterns corresponding to areas

of maximal injury within the cortex (Figure 4). One CCI rat brain was not analyzed as the

tissue was lost during processing. The analysis identified two treatment animals that had 10

fold intensity levels throughout the brain, likely due to inadequate perfusion or flushing of

the circulation at sacrifice, thus were excluded from the analysis. Significant differences in

integrated signal between CCI (n=9) and treated animals (n=8) was identified in the low +

narrow threshold range of 4000–5000 (1451+/−267 vs. 1041+/−224, p=0.016), 5000–7500

(2389+/−605 vs 1496+/−409, p=0.015), and 5000–10,000 (3214+/−878 vs. 2043+/−679,

p=0.030). These ranges were presumed to be penumbral regions based on their morphology

of concentric rims surrounding the core of maximal injury as well as the low + narrow

intensity signals suggesting that the identified area retained some BBB function. There was

no significant difference in the integrated signal between CCI (n=9) and treated (n=8)

animals in the high + wide signal intensity threshold range of 10,000 to 60,000 (797+/−971

vs. 345+/−377, p=0.354) presumed to be core foci of contusion, hemorrhage and/or

complete BBB disruption (Figure 5).

DISCUSSION

This study demonstrated that the Alexa Fluor 680 dye conjugated to 10kDa dextran can be

used in preclinical studies of traumatic brain injury to suggest the location and degree of

BBB permeability associated with at-risk penumbral regions. Applying the low + narrow

intensity threshold range identifies a rim of penumbral tissue that may be the subtle

transition zone of BBB permeability and allows quantitative as well as morphologic tracking

of the treatment response. Co-localization studies on the same tissue samples may then be

used to evaluate the integrity of the cells and junctional proteins comprising the BBB.

The pathophysiology of traumatic brain injury is complex, and edema is just one

component17. Previously, tissue water and Evans Blue analysis could only offer global

insight into the aggregate injury to the micro- (cerebral vasculature) and sub-

microvasculature (BBB)18. For the study of vasogenic edema and associated

neuroinflammation, Evans Blue may be limited to the size of albumin. Albumin alone may

not detect the subtle changes to signal intensity to at-risk regions along the trajectory of

impact seen in this study. Alexa Fluor 680 is also available commercially, conjugated to

6kDa dextran, which may provide even greater sensitivity to BBB perturbations.
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Whole brain slice imaging and image analysis has many advantages over tissue water and

Evans Blue analysis. Infrared image scanning precludes the need of detaching contralateral

hemispheres for normalization and decreases signal to noise. Although the Alexa Fluor dye

is considerably more expensive than Evans Blue, maintaining intact brain architecture

allows for immunohistochemistry. Furthermore, the infrared fluorescence range of Alexa

Fluor allows for the use of more fluorescent markers per sample and for the tissue to be

potentially used for flow cytometry.

There are limitations to tissue processing using Alexa Fluor. The slicing matrix currently

limits the slicing technique to a thickness of 1mm. At this thickness, slicing the brain tissue

necessitates sequential placing of razor blades from posterior to anterior at 1mm depth into

brain tissue and then advancing all blades completely into the matrix grooves

simultaneously. Standardizing which 8 slices are to be imaged is reproducible and in our lab

involves laying out all the blades with their individual slices and identifying the three slices

that contain the mammillary nucleus and median eminence. After these slices are identified,

the three preceding posterior slices and two proceeding anterior slices are included to form

the 8 standardized slices. The success of the resulting slices does depend on the condition of

the explanted brain. Any pre-existing cuts or defects and can produce suboptimal slices. The

image analysis software can then calculate the area of each slice and the 1mm slices can be

summed to estimate brain volume.

In our study, plot profiles were generated along a line connecting the cortical surface

(orthogonal to the impactor) to the center of the third ventricle. The maximum intensity was

identified and its depth from the cortex noted. While there was no difference between the

depth between CCI and treatment groups, the intensity levels were found to be significantly

different. This finding suggests that the cell based treatment may be attenuating the BBB

permeability or reducing the neuroinflammatory response at a depth that corresponds to the

interface between the cortex and the hippocampus.

The image analysis process for Alexa Fluor allows for previously unobtainable capabilities

but also has limitations. A scatter plot showing integrated density versus area across series

of single rat brains can validate the uniformity of the injury and of slicing. The threshold

selection process can be a significant limitation due to subjectivity, but can be standardized

using predetermined anatomic parameters such as penumbra selection or criteria that can be

applied across experiments such as same threshold ranges. In this study, the low + narrow

threshold range identified potential penumbral areas and showed significant treatment

effects in these areas compared to CCI rats. These findings suggest less penumbral BBB

permeability in treated rats versus rats with CCI injury alone. Despite variability in injury

size created by surgery, as evidence by the spread of the data points in Figure 5, the

consistent trend of the penumbral signals still allows for significance to be reached amongst

a heterogeneous collection of injuries. The small foci identified at the 10,000–60,000

intensity range likely represents tissue with significant dysfunction in permeability

regulation or devitalized tissue as seen with intraparenchymal contusions or microvascular

hemorrhage. The principles of identifying areas of BBB compromise and edema can be

translated into clinical practice. In 2006, Lescot et al used computed tomography to measure

volume, weight and specific gravity of contused and noncontused areas in patients with
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severe traumatic brain injury19. Recently, preclinical investigators using MRI with diffusion

weighted imaging (DWI) technology have been able to identify temporal and regional

differences in edema following traumatic brain injury in rabbits. The authors were able to

differentiate between vasogenic and cytotoxic edema based on higher or lower apparent

diffusion coefficients respectively20. 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”21. The ability to identify differential degrees of BBB permeability using Alexa

Fluor can serve as an additional useful preclinical assay for investigators in the development

and evaluation of potential stereotactic or systemically delivered therapeutics.

In conclusion, our study demonstrates that the Alexa Fluor 680 conjugated to dextran assay

is sensitive, specific and provides a platform for brain slice imaging and analysis. This

technique identifies regional changes in BBB permeability and may be used to track the

response of at-risk regions to potential therapeutics. Our future studies will employ MRI and

immunohistochemistry used in tandem with Alexa Fluor 680 to not only evaluate BBB

permeability across different imaging modalities but also provide internal validation. Rat

brains will be first imaged in vivo with MRI prior to sacrifice to map out the penumbral area

of BBB permeability. The brains will then be perfused with Alexa Fluor 680, explanted,

sectioned, imaged and then analyzed using the low + narrow intensity signal threshold range

parameters described in this study. The same sections can then be stained with

immunohistochemistry to identify markers known to be involved in BBB permeability.

Images acquired from these three modalities can be overlaid to confirm that the same at risk

region has been identified. Lastly, we anticipate that Alexa Fluor can be potentially applied

beyond TBI in research, detecting increased microvascular permeability of at risk regions in

cardiac tissue following myocardial infarction or in brain tissue following stroke.
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Figure 1.
Non-specific signals are reduced with Alexa Fluor compared to Evans Blue dye as

evidenced by the high signal from sham animals receiving Evans Blue. Evans Blue CCI

(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 rat 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.
A representative montage containing the three experimental groups after merging the two

detection channels (700nm - Alexa 680 and 800nm - background). Red areas represent

presence of Alexa-Fluor 680 dye.
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Figure 3.
One dimensional signal intensity along the impact trajectory represented as an orthogonal

line connecting the cortical surface to the 3rd ventricle. The signal intensity can serve as a

surrogate for blood brain barrier permeability along the depth of injury.
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Figure 4.
The same representative slice from each of the three experimental groups used in Figure 1

with the application of 4 different intensity thresholds to represent the three low + narrow

threshold ranges corresponding to penumbral areas and the one high + wide threshold range

representing foci of hemorrhage/contusion/complete BBB disruption. The integrated signals

from the treated rats were significantly less than CCI rats, suggesting a therapeutic effect on

the penumbral regions.
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Figure 5.
A scatter plot representation of Figure 4 demonstrates integrated signal across each

threshold intensity range for the three experimental groups. Despite the wide spread within

each treatment group suggesting heterogeneity of injury, there is a consistent trend within

each treatment group from the three low + narrow threshold ranges to the one high + wide

threshold range. A significant therapeutic effect is seen between treated versus CCI rats in

the low + narrow threshold ranges, which correspond to the red rims identified in Figure 4

(likely at-risk penumbral regions of BBB permeability).
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