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Abstract

Following the primary traumatic injury, spinal cord tissue undergoes a series of pathobiological
changes, including compromised blood-spinal cord-barrier (BSCB) integrity. These vascular
changes occur over both time and space. In an experimental model of spinal cord injury (SCI),
longitudinal dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)studies were
performed up to 56 days post-SCI to quantify spatial and temporal changes in the BSCB permeability
in tissue that did not show any visible enhancement on the post-contrast MRI(non-enhancing tissue).
DCE-MRI data was analyzed using a two-compartment pharmacokinetic model. These studies
demonstrate gradual restoration of BSCB with post-SCI time. But, based on DCE-MRI, and
confirmed by immunohistochemistry, the BSCB remained compromised even at 56 days post-SCI.
In addition, open-field locomotion was evaluated using the 21 point Basso-Beattie-Bresnahan scale.
A significant correlation between decreased BSCB permeability and improved locomotor recovery
was observed.
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INTRODUCTION

The central nervous system (CNS) responds to traumatic spinal cord injury (SCI) in complex
ways (1). The primary mechanical injury results in axonal and vascular damage at the site of
contusion and is generally considered to be irreversible. Subsequently, a series of
pathobiological events is initiated in response to the primary insult that further damages the
issue both at and around the site of injury (2,3).

The secondary injury cascades following mechanical trauma include dynamic vascular changes
that are known to occur as both early and delayed events (4-14). These vascular changes
contribute to the secondary pathogenesis that influence the chronic functional deficits observed
in SCI. Specifically, these vascular events include changes in blood flow, intraparenchymal
hemorrhage, inflammation, disruption of the blood-spinal cord barrier (BSCB), and
angiogenesis. In these studies we have focused on the role of the BSCB in SCI.
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The BSCB exists at the capillary level and regulates the molecules that can enter the tissue,
thereby protecting it from neurotoxins in systemic circulation (15,16). In fact, one of the earliest
events following traumatic SCI is the disruption of the BSCB. The compromised barrier is
detrimental to tissue recovery. A number of studies have also demonstrated that BSCB
disruption lasts up to 28 days following the initial injury and spreads along the length of the
cord (11,17,18). The extended time course of BSCB breakdown has also been confirmed by
magnetic resonance imaging (MRI) (19,20).

Traditionally, vascular plasticity has been assessed using large cohorts of animals, sacrificing
groups of them at multiple time points. While such approaches provide critical information
with high spatial resolution about the ongoing microvascular remodeling, they are limited to
providing only static “snap shots” of the post-injury environment. Dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) is a powerful noninvasive technique that enables
quantification of BSCB permeability (4,19,20). Because of its noninvasive nature, this
technique allows probing of temporal and spatial changes in the BSCB permeability in the
same group of animals. DCE-MRI involves repeated acquisition of T1-weighted MR images
following the intravenous administration of a paramagnetic contrast agent such as gadopentate
dimeglumine (Gd) (21). In intact vasculature, these contrast agents are confined within the
systemic circulation and do not cross the BSCB. However, in the presence of compromised
BSCB, the contrast agent escapes into the interstitial space that results in regionally increased
signal intensity in the T1-weighted images. Using an appropriate pharmacokinetic model
(19), the temporal changes in the contrast agent-induced signal increase can be quantitatively
related to the BSCB permeability.

Following the administration of Gd, two types of intensity changes are visually observed in
the spinal cord tissue on T1-weighted images (4,19): 1) diffuse enhancement (DE) which results
from mechanically disrupted vasculature and is mainly confined to and around the site of
primary injury and 2) focal enhancements (FE) that are the result of leaky angiogenic vessels
and are generally observed two weeks after SCI, mainly confined to the spinal cord white matter
(WM) (210). Much of the tissue that is about 3 mm away from the site of injury does not show
any enhancement (non-enhancing (NE)), at least visually, suggesting lack of gross disruption
of the BSCB. However, the BSCB in the NE tissue may still be compromised. Quantitative
analysis of DCE-MRI studies allow for the non-invasive quantification of spatial and temporal
changes in BSCB permeability and assessment of microvascular integrity in this non-enhancing
tissue. In these studies we have focused on the NE area because its role in the progression of
secondary injury in SCI is not known.

The application of DCE-MRI studies for estimation of BSCB permeability in SCI was reported
by Bilgen et al. in the acute phase as well as up to 30 days post-injury (4,19). Those studies
showed that BSCB permeability was compromised even at day 30 post-SCI and that BSCB
permeability was inversely correlated with the neurobehavioral status, as assessed by the
modified Tarlov score (22). Those studies mainly concentrated on tissues that exhibited
enhancement on post-contrast images and assessed only the global changes. In contrast, the
main focus of our studies is the spatial and temporal changes in the BSCB in tissue that does
not visually exhibit post-contrast enhancement. We hypothesize that the BSCB of spinal cord
regions that are away from the site of injury, but do not exhibit enhancement, is compromised
and this compromised BSCB plays an important role in the progression of secondary injury.
In order to verify this hypothesis we have quantified the BSCB permeability of the non-
enhancing tissue by analyzing DCE-MRI and correlated the BSCB permeability with
behavioral outcome as assessed by the Basso-Beattie-Bresnahan (BBB) score (23).

NMR Biomed. Author manuscript; available in PMC 2009 September 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cohen et al. Page 3

EXPERIMENTAL

The protocol employed in these studies was approved by the institutional Animal Welfare
Committee. All animal procedures were performed according to the NIH Guide for the Care
and Use of Laboratory Animals.

Spinal Cord Injury

Male Sprague-Dawley rats (300-350 g) were anesthetized with spontaneous inhalation of
isoflurane (4%). They were then intubated and maintained under anesthesia by mechanical
ventilation with 2% isoflurane, 30% O, and 68% air. Under anesthesia, a single spinous
process and the corresponding laminae at the T7 level were surgically removed. The spinal
cord was exposed and a moderately severe injury at the T7 level was produced using an in-
house developed injury device that has been shown to produce consistent injuries (10). Briefly,
the injury device was designed to produce contusive-type injury and is based on a linear motor
(P01-23x80LinMot Inc., Zurich, Switzerland) mounted on an x-y-z platform (Sherline
Products Inc., Vista, CA). The tip of the injury bit measured 0.5 mm x 0.5 mm. The mechanical
parameters were impact speed of bit = 1.5 m/sec, cord compression = 1.7 mm, and duration of
compression = 80 ms. These mechanical parameters were shown to produce a moderately
severe injury to the spinal cord (10).

For improved SNR in MRI, a 11 mm x 27 mm radiofrequency (RF) coil tuned to 300 MHz
was implanted subcutaneously over the injury site, without touching the spinal cord (24). The
wound was closed in two layers using absorbable sutures. To enable intravenous delivery of
contrast agent (Magnevist, Berlex Laboratories, Montville, NJ) during the DCE-MRI scans,
the right jugular vein was cannulated and a vascular port with silicone tubing (Instech Solomon,
Plymouth Meeting, PA) was implanted. The catheter was secured with a 4-0 silk suture. At the
end of the catheter a two way valve was connected for administering Gd and saline chase. The
reservoir of the jugular port was implanted subcutaneously in the right chest region and skin
incisions were closed with 4-0 Vicryl sutures.

Animal Care

Animals were allowed to recover in warmed cages and received saline subcutaneously (10 mL
after anesthesia wore off and 5 mL eight hours later). The manual subcutaneous hydration
schedule was 5 mL twice daily for 1-2 days post-SCI, 4 mL twice daily for 3-4 days post-SCl,
and 3 mL twice daily for 5 days post-SCI. Thereafter, hydration in the rats was monitored.
Animals received Baytril-100 (2.5 mg/kg, Bayer Healthcare LLC Animal Division, Shawnee
Mission, KS) subcutaneously twice daily for 0-3 days post-SCI and Buprenex (0.01 mg/kg,
Hospira Inc., Lake Forest, IL) subcutaneously twice daily for 5 days post-SCI. While animals
had free access to food and water, if they were found to be starving and/or dehydrated,
aminoplex and/or fluids were administered subcutaneously. Animals' urinary bladders were
manually expressed every 12 hours until the return of spontaneous urination. Zinc oxide
ointment (E. Fougera & Co., Melville, NY) was applied if the skin appeared irritated. Triple
antibiotic ointment (Alpharma USPD Inc., Baltimore, MD) was applied on wounds or broken
skin. When necessary, rats were gently bathed with hypoallergenic shampoo (HydroSurge,
Carlsbad, CA) and warm water.

MRI Protocol

All MR studies were performed on a 7 Tesla Bruker scanner (70/30 USR Bruker Biospec,
Karlsruhe, Germany) using a 116 mm shielded gradient insert that is capable of producing
maximum gradient amplitude of 400 mT/m with 80 ps rise time. On MRI scan days, animals
were anesthetized with an induction dose of 4% isoflurane and were then intubated and
mechanically ventilated with 2-2.5% isoflurane, 30% oxygen and 67.5-68% air (rodent
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ventilator, model 683, Harvard Apparatus, Holliston, MA) for the duration of the scan
(approximately 3 hours). Rats were placed in the supine position on a Plexiglas bed and an in-
house designed 35 mm x 40 mm linear surface coil (24) was placed under the rat and was
inductively coupled to the implanted RF coil. Silicone tubing (Instech Solomon, Plymouth
Meeting, PA) was attached to the jugular port while the other end of the tubing was attached
to a two-way valve. The two ports of the valves were each connected to a syringe, one of which
was filled with Gd (Magnevist, Berlex Laboratories, Montville, NJ) at a concentration of 287
mg/kg and the other of which was filled with 0.9% saline. The tubing was long enough to allow
administration of Gd without moving the animal bed during the MRI scan. Following the
acquisition of a tri-pilot scan (for locating the spinal cord) and anatomical scans, pre-contrast
T1-weighted spin echo, axial images were acquired with the following parameters: repetition
time (TR) = 500 ms, echo time (TE) = 10.4 ms, field-of-view (FOV) = 2.6 cm x 2.6 cm, slice
thickness = 1 mm, and acquisition matrix = 256x128 (zero-filled to 256x256). Then a 0.2 mL
bolus of Gd was injected in less than 5 s into the jugular vein via the vascular port. Immediately
following the administration of Gd, T1-weighted images were acquired continuously with
identical geometry and scan parameters were acquired at 30 time points with a temporal
resolution of 2 minutes, as part of the DCE-MRI scan. The total scan time for a DCE-MRI
study was thus approximately 60 minutes.

Prior to performing each DCE-MRI scan, a quality assurance scan that included SNR and
magnetic field homogeneity assessment was performed (with a phantom that has the same
loading effects as the tissue) to ensure consistent performance from scan to scan. The magnet
was shimmed initially using the autoshim routine provided by the manufacturer, followed by
manual adjustment of linear and Z2 shims.

In order to investigate if repeated administration of Gd to the animals (as was done in this
study) is neurotoxic, we (1) administered Gd on days 3, 5, 7, 10, 14, 21, and 28 post-SCI to a
separate group of 15 injured animals and (2) administered saline on days 3, 5, 7, 10, 14, 21,
and 28 post-SCI to a another group of 10 injured animals, using the same protocol for
intravascular delivery employed in this study. The BBB locomotor scores were evaluated in
both groups of animals.

Animals underwent the DCE-MRI scans on days 3, 7, 14, 28, 42, and 56 post-SCI. In order to
reduce mortality, at the recommendation of the veterinarian, MRI scans were not performed
on some of the days for certain animals. Significant mortality was observed in animals that
were scanned 3 days post-SClI; therefore, the majority of animals that were scanned on day 3
post-SCI were not scanned on subsequent days. Table 1 summarizes the animals that were
scanned at each time point. Prior to MRI scans, open field BBB locomotor assessments (23)
were performed by two independent observers and BBB scores are reported as the average of
those two scores.

Mathematical Model of Gadolinium Distribution in the Rat Spinal Cord

The model for analyzing the DCE-MRI data in rat spinal cord was described previously (19).
The concentration of Gd in the extravascular extracellular space (EES), [Gd(t)ggs], at each
time, t, was estimated according to the following formula (19):

_RIE()
T X1y (1)

[GM%Q

where T1q is the longitudinal T1 relaxation time prior to administration of Gd, rq is the

_S()-5(0)
relaxivity, and RIE (1) TS0 where S(t) is the MRI signal intensity at time t and t=0
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denotes the value of the signal prior to injection of the contrast agent. The following values
were used: T1g = 1.6 s and r; = 3.9 sTmM-1 (4,19,25). The value of T1o was measured at 7 T
on a separate group of animals in a different study (P. A. Narayana, unpublished report). The
value of ry for Gd has not been reported at 7 T at 37 °C. However, Pintaske et al. (26) have
reported a value of 3.9 sTmM-1 for r;y for Gd in human blood serum at 37 °C at both 1.5 T and
3 T. Therefore, we have used this value in the current studies. As shown previously (25), the
rate constants are relatively insensitive to the choice of T1g and ry.

For estimation of the transport coefficients of Gd leakage through compromised BSCB, we
considered two compartments: systemic circulation (intravascular) and the EES within the
spinal cord. The adequacy of a two-compartment model in spinal cord has been demonstrated
in (4,25). The rate of change of Gd(t) can be expressed as:
d Gd(®),.,..
= | Gd(1)4 | =Kips x [ Gd(@), | - Kgp x (—m)

Ve @)

where Gd(t)ges and Gd(t)p are the concentrations of Gd at time t in the EES and the systemic
circulation, respectively, and V. is a dimensionless parameter that represents the volume
fraction of the EES. The parameters Kpsand Kgp represent the transfer rates of Gd from systemic
circulation to the EES compartment and from EES to systemic circulation, respectively. It has
been shown that Kps and Ky are unequal (19). For the concentration of Gd in the arterial
systemic circulation, we used the empirical formula previously described (19):

| Gd(1), | =A x (0.4 +0.16¢%) )

where A is a constant that is subject-dependent and can be absorbed into the rate constant,
Kps- Therefore, without loss of generality we set A = 1. Similarly, the volume fraction of EES,
Ve, was also set to unity and absorbed into the rate constant, Kgp. With these simplifications,
Kps and Kgp represent the apparent transfer rate constants and indirectly reflect the status of
BSCB permeability. Combining Egs. 1 and 3 and solving Eq. 2 yields:

0.4 0.16 04 0.16
Gd(),...[=K ~Kept [ ZF ) -0.6r _ ~0.041
|Gt | <K x ((0.6 “Kyp  0.04- Ksp) ¢ (0.6 - Ksp) ¢ 0.04 —Kyp)© “

The values of Gd(t)ggg at each time point were estimated using the DCE-MRI data. These
values were fitted to Eq. 4 using Matlab (MathWorks, Inc., Natick, MA) to estimate K5 and
Ksp. Because of the uncertainty in the exact time of Gd injection and because it improved the
ability of the model to fit the data, the time of contrast injection (tg) was also estimated as a
part of the curve fitting routine.

Tissue processing and histology

To verify the Kpg results based on DCE-MRI, we used immunohistochemistry (IHC) to detect
albumin extravasation into the spinal cord parenchyma. Previous studies have directly (8,27)
or indirectly (28) assessed albumin extravasation as an indicator of BSCB integrity in rodent
models of spinal cord injury.

Following the terminal MRI scans on day 56 post-SCI, three SCI animals and one uninjured
animal were transcardially perfused with saline followed by 4% paraformaldehyde (PFA) in
PBS. The spinal cord was then removed, postfixed overnight in 4% PFA, and immersed in
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30% sucrose-PBS (0.1 M PBS) for 2-3 days at 4°C. Spinal cords were sectioned into three
segments of 3 mm length each: an epicenter segment (centered around the lesion site), a rostral
segment, and a caudal segment. Each segment was embedded in tissue freezing medium and
frozen at-20°C. Spinal cord segments were sectioned at 35 um using a cryostat (Leica CM1800,
Bannockburn, IL) and stored at -20°C in tissue storing media.

Spinal cord sections were washed three times in 1x PBS for 10 min per wash. Sections were
then blocked in 5% goat serum (Invitrogen, Carlsbad, CA) in 1% PBS containing 0.3% Triton
X-100 (Sigma, St. Louis, MO) (PBST) for one hour at room temperature. Sections were
incubated in the dark in primary antibody (diluted in PBST) for two hours at room temperature.
The primary antibody was sheep polyclonal anti-rat albumin fluorescein-5-isothiocyanate
(FITC, 1:500, Abcam #ab53435, Cambridge, MA). Sections were washed three times in the
dark in 1x PBS for 10 min per wash. Sections were then mounted onto non-subbed slides
(Fisher Scientific Company # 12-550-16A, Pittsburgh, PA) and allowed to dry in the dark
overnight. Coverslips (Corning Inc. #2940-225, Lowell, MA) were affixed with Fluormount-
G (Southern Biotechnology Associates, Inc., Birmingham, AL) prior to visualization.

Tissue sections were viewed and captured using a Spot Flex digital camera (Diagnostic
Instruments, Inc., Sterling Heights, MI) attached to a Leica RX1500 upright microscope (Leica
Microsystems, Inc., Bannockburn, IL). The albumin antibody was excited at 495 hm and
visualized at 520 nm (green visible light). 10x and 20x fluorescence images were captured with
SPOT Advanced imaging software (Diagnostic Instruments, Inc., Sterling Heights, MI). For
comparisons between sections, the exposure time was held constant for a given magnification
level. The primary antibody in one set of spinal cord sections (negative control) was omitted
to confirm that the observed signal in the other spinal cord sections that were exposed to the
primary antibody is from albumin.

Data Analysis

Exclusion Criteria—Data were excluded if the rat died during the 56 day period subsequent
to an observable illness (bloody urine, lack of appetite, reddish porphyrin rings around eyes,
etc.). However, if an otherwise healthy rat died after the completion of the MRI scan, the
corresponding data was not excluded.

Estimation of NE area—As indicated earlier, three different types of tissues, based on their
enhancement behavior, were identified: 1) FE that reflects new vessels which are leaky (4), 2)
DE that reflects disrupted vasculature as a result of the initial mechanical trauma, and 3) NE
that reflects no visible enhancement. Based on histology, it has been previously shown that FE
areas on post-contrast DCE-MR images of injured spinal cord correspond to neovasculature
(4,10). The enhancing (FE and DE) areas were identified in an unbiased manner using the
statistical decision mechanism that is based on histogram analysis as described elsewhere (4).
The NE areas were obtained by subtracting the FE and DE areas from the total spinal cord
cross-section. In the event that no enhancing areas were present, the total spinal cord cross-
section was considered as the NE area. A typical example of T1-weighted MR images showing
DE, FE and NE spinal cord tissue areas is shown in Figure 1. The images shown in this figure
were acquired at different sections and on different days for clear visualization of the three
different tissue types. As can be seen from this figure, and consistent with previous observations
(4), CSF shows enhancement following the administration of Gd. This enhancement is
unrelated to the pathology (4).

Estimation of the BSCB permeability (transport) coefficients—The ROI data were

analyzed to determine Kps and Kgp. Even though we have determined both Kps and Kgp, we
have focused only on K since this parameter is the one that represents leakage of Gd from
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the systemic circulation and thus represents the barrier permeability. In addition, K, tends to
be noisy since it is determined from the late time points of the time-concentration curves
(25).

Statistics—All statistical analyses were performed using STATA (Intercooled Stata 9.2 for
Windows, StataCorp LP, College Station, TX). Generalized estimating equations (GEES) were
used to analyze the longitudinal data. In order to determine the overall association between the
BBB scores and Kps values we used the GEE procedure for a population-averaged model
(29). The GEE procedure allowed us to test the significance of the relationship between two
major outcome variables (BBB scores and Kps values in NE areas) while simultaneously
accounting for the correlation among the temporally repeated observations for each animal.
Unlike multiple analyses of variance (MANOVA) which requires the imputation of missing
data by using options such as last value carried forward, longitudinal interpolation, longitudinal
regression, etc., GEE can handle cases with missing data without the need for imputation
(30). Using various imputation methods on an incomplete longitudinal dataset, Twisk et al.
(30) concluded that not imputing missing data would result in superior GEE results, while
imputing missing data would result in superior MANOVA results. Because any imputation
technique introduces some bias, we chose not to impute any missing data and employed GEE
analysis.

All values are reported as mean + standard deviation unless otherwise stated. Statistical
significance was defined as p<0.05, with corrections for multiple comparisons affecting the
cutoff value, a, against which the measured p-value is compared (Bonferroni adjustment). To
attain statistical significance, the p-value must have been less than or equal to the value of a
corrected for multiple comparisons.

The BBB scores of two different injured cohorts that received Gd (n=15) and saline (n=10) at
multiple time points are shown in Figure 2. There was no statistical difference in the BBB
scores between the SCI animals receiving Gd or saline. Thus this experiment suggests that
chronic administration of Gd in SCI animals has no significant effect on neurobehavioral
scores. In addition, the mortality between these two cohorts was not different.

About 70% of the animals planned for 56-day study (n=10) survived until this time point. Some
of the reasons for mortality in this cohort included suspected kidney failure at 45d post-SCI
(animal 2), development of a sore due to immobility at 46d post-SCI (animal 13), and
respiratory infection at 51d post-SCI (animal 11). These three animals were sacrificed prior to
their last scheduled scan at the recommendation of the veterinarian.

The BSCB permeability parameters were calculated on days 3, 7, 14, 28, 42, and 56 post-injury.
In addition to comparing the values of K by individual days, data was also analyzed by three
post-SCI time periods: acute (day 3), subacute (between days 7 and 14), and chronic (after day
14). Additionally, the spatial locations were grouped into three regions: caudal region (slices
that were 4-8mm caudal to the injury epicenter), epicenter region (slices that were <2mm away
from the injury epicenter (including the epicenter slice itself)), and rostral region (slices that

were 4-8mm rostral to the injury epicenter).

For each scan, the SCI epicenter on MRI was determined independently by two observers as
the slice with the largest lesion. If the observers' choice of epicenter slice did not match, they
conferred until an epicenter slice was agreed upon.
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BSCB permeability in uninjured spinal cord

In uninjured animals, the value of Kps was too small to measure because of the intact barrier.
Therefore, we calculated the baseline Kps from slices which were >10mm rostral to the
epicenter of injury. This value was found to be 0.006978+0.001864 minL. As can be seen in
Table 2, this baseline value of Ky is significantly smaller than the values of Kps in NE areas
at all spatial regions and at all time periods (unpaired two-tailed Student t-test).

BSCB permeability in non-enhancing tissue

Figure 3 shows the spatial variation of Ks along the length of the spinal cord for different post-
SCI time periods. In this plot, each data point represents the value of Kps for each 1mm slice
of the spinal cord relative to the epicenter of injury. In the acute period (Figure 3a) a
caudalrostral asymmetry in the BSCB permeability, with a leakier BSCB (corresponding to
greater Kps values) caudally than rostrally, was observed (two-tailed Student t-test: p<0.0028).
Thisasymmetry was not statistically significant in the subacute and chronic phases. We initially
considered whether the values of K5 changed significantly between successive scan days.
Because no significant differences were detected in adjacent-day comparisons, the analysis
was repeated between pairs of the three time periods (a corrected for multiple comparisons =
0.0167). As can be seen in Figure 4, K,s was significantly greater in the acute period compared
to both the subacute and chronic periods.

The values of K5 within each spatial region were then tested for significant changes over time
(o corrected for multiple comparisons = 0.0167). As can be seen in Figure 5, Ky in the caudal
region was significantly smaller in the subacute and chronic periods compared to in the acute
time period. In the epicenter region, Kps was significantly smaller in the chronic period
compared to in the acute period.

BSCB permeability in enhancing tissue

Figure 6 displays the value of Kps in NE and FE tissue areas, over time. In both tissue areas,
Kps decreased with time, with the value of K in FE areas being consistently greater than that
in NE areas for each time period. Despite the variance in the Kps data, significant differences
based on time post-SCI and spatial region were detected, even after correcting for multiple
comparisons. As pointed out in this manuscript and in the published literature (4), relatively
few focal enhancements are seen in the acute or subacute periods.

Relationship between BBB scores and BSCB permeability

The relationship between BBB scores and Kps values in NE areas was tested (a corrected for
multiple comparisons = 0.01) and the results are shown in Figure 7. The overall association
between these two outcomes (BBB scores and K5 values in NE areas) was statistically
significant (p<0.001). Next, the association between K,s and BBB score was tested in each of
the three spatial regions of the spinal cord. The association between Kys and BBB score was
statistically significant (p<0.001) in all three spatial regions (denoted by “**” in the legend of
Figure 7).

In order to determine which spatial region(s) contributed most to the overall association
between Kps and BBB scores, the GEE procedure was performed to test for interactions
between BBB scores and Kps values within each of the three spatial regions in the spinal cord.
A ssignificant interaction between the epicenter region and the BBB score was found (p<0.001,
a corrected for multiple comparisons = 0.01). Table 3 summarizes the statistically significant
results for overall association, region-specific association, and region-specific interaction
between BBB scores and BSCB permeability parameter Kps in NE areas.

NMR Biomed. Author manuscript; available in PMC 2009 September 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 9

Qualitative histological verification of DCE-MRI results

Histology was evaluated qualitatively. As shown in Figure 8, albumin staining was prominent
in the epicenter region/segment, in both the injured tissue area (dorsal spinal cord) and the
uninjured area (ventral spinal cord) that appears as a NE area on DCE-MRI. In the caudal
region/segment, albumin extravasation persisted in the NE area (ventral spinal cord),
confirming that the BSCB is not fully restored by this time point. The albumin staining in the
uninjured control spinal cord was similar to that observed for the negative control sections that
were not treated with the primary antibody (data not shown).

DISCUSSION

We have non-invasively investigated both the temporal and spatial evolution of BSCB
permeability in the non-enhancing tissue on post-contrast images with DCE-MRI. We
investigated the temporal changes in BSCB permeability over a period of eight weeks post-
injury. We believe this is the longest post-injury period over which changes in BSCB
permeability have been investigated. For example, Popovich et al. (11) and Bilgen et al. (25)
have previously investigated the temporal changes in BSCB permeability up to 28d post-injury.

In order to assure robustness of the data in these longitudinal studies, we have implemented a
rigorous quality assurance program that minimizes changes in SNR and shim settings from
one scan to the next. In addition, our measurements of Ky are based on normalization of post-
contrast signal intensity to pre-contrast signal intensity. Therefore the estimation of the transfer
coefficients at different time points is expected to be quite stable.

Our studies show that the BSCB permeability gradually reduced with post-SCI time, but that
the BSCB remains compromised even at eight weeks post-injury. The gradual reduction of
BSCB permeability could be one of the endogenous repair processes that have been well
documented; see for example, (10).

Popovich et al. (11) have shown that the BSCB is compromised for as long as 28 days post-
SCI and is completely restored thereafter. Whetstone et al. (18) have observed restoration of
the BSCB between 7-14d post-injury. In contrast, our studies show that the barrier remains
compromised even at 56d post-injury based on both DCE-MRI analysis (Figure 5) and IHC
(Figure 8). This is confirmed by our IHC results demonstrating extravasation of albumin. Our
DCE-MRI studies, consistent with histology-based studies (11,17,18) as well as our own
histology results described above, demonstrate that tissues that are as far as 8mm rostral and
caudal to the site of injury are compromised.

One of the important observations made in these studies is the inverse correlation between
BSCB permeability and the BBB scores. A statistically significant association between the
BSCB permeability parameter Kps and BBB locomotor score was observed. Not only was the
association between Kysand BBB score significant overall (p<0.001), but it was also significant
in each of the three spatial regions (p<0.001 in each region). A significant interaction between
Kps and BBB score (p<0.001) was found in the epicenter region.

Our studies suggest a correlation between the restoration of BSCB and locomotor recovery
post-SCI. A number of mechanisms could contribute to this observed correlation. For example,
reduced extravasation of agents from the systemic vasculature (e.g. plasma proteins, immune
cells) have been shown to exacerbate SCI through downstream mechanisms of edema and
reactive oxygen species (34-40). Attenuation of edema and nitric oxide synthase expression
(which is involved in the formation of reactive oxygen species) post-SCI has been attributed
to improvements post-SCI (41-44). Therefore, we believe that restoration of BSCB limits the
entry of many of the neurotoxins into the spinal cord parenchyma. Based on these results we
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also hypothesize that vascular stabilizing agents such as angiopoietin-1 could further improve
the outcome (31,45-47).

An asymmetry was found at 3d post-SCI in that BSCB permeability, as quantified by the
Kps parameter, was greater caudal to than rostral to the epicenter of injury. Like increased
BSCB permeability, oxidative stress represents another process of the secondary sequelae of
SCI. Baldwin et al. (48) showed a similar asymmetric pattern in the staining of 4-
hydroxynonenal/protein complex (HNE), a marker of lipid peroxidation and oxidative stress,
in a rat model of T10 contusion SCI. They found increased HNE staining caudally compared
to rostrally, at 2d post-SCI.

While the BSCB permeability was significantly reduced over time in the caudal and epicenter
regions, a similar change was not detected in the rostral region (see Figure 5). These results
parallel the MRI and histological studies described by Narayana et al. (10), who found that
neuronal recovery was more pronounced caudal to than rostral to the injury epicenter. Based
on Nissl and immunofluorescence staining, Narayana et al. (10) observed larger cavities and
increased disruption in spinal cord grey matter in regions rostral to the injury epicenter. Those
findings, combined with our present findings, suggest that delayed reconstitution of the BSCB
rostrally may impede endogenous recovery processes post-SCI in this region of the spinal cord.

Our studies differ from the earlier published studies by Bilgen et al. (4,19) in a number of ways:
1) our studies focus on the NE regions, 2) we have retained the spatial information of the BSCB
permeability, 3) we have extended these experiments to 56 days post-injury, 4) these studies
were performed at 7T magnetic field strength, which offers a superior signal-to-noise ratio
(SNR) that was exploited to improve the spatial resolution (1mm slice thickness), and 5) we
have correlated the BSCB permeability with neurobehavioral studies as assessed by the Basso-
Beattie-Bresnahan (BBB) score (23), the most commonly used instrument in SCI.

Recent studies by Nesic et al. (49) and Gordh et al. (27) implicated compromised BSCB in
neuropathic pain. Thus it would have been interesting to correlate BSCB permeability with
neurosensory measures. Unfortunately we did not include neurosensory measures that
objectively measure neuropathic pain. In future studies, we plan to include measures such as
the von Frey hair filament test, which measures the mechanical allodynia experienced after
SCI (50,51).

Because of the animal mortality in these longitudinal studies, not every animal was scanned at
each time point. A number of factors could have contributed to the animal mortality in the
current studies. For example, isoflurane dose used in these studies could predispose animals
to neurogenic pulmonary edema (52-55). The mortality that we observed in our laboratory is
comparable to that observed in other SCI laboratories, employing the same breed of rats and
at the same injury severity, where animals are not subjected to repeated anesthesia (Raymond
Grill, Ph.D., personal communication). Therefore, itis perhaps unlikely that isoflurane-induced
neurogenic pulmonary edema was the culprit. However, we can not rule out endothelial damage
in these rats. Another possible confounder is the repeated application of Gd in a condition
where increased BSCB permeability may lead to further tissue damage. However, this does
not appear to be the case since our other experiment showed no statistically significant
differences in the BBB scores between two other SCI cohorts that were subjected to chronic
Gd and saline administration (see Figure 2).

CONCLUSIONS

We have non-invasively determined the temporal and spatial changes in BSCB permeability
in experimental SCI by analyzing DCE-MRI studies using a two-compartment
pharmacokinetic model. A decrease in BSCB permeability with increasing distance (both
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rostrally and caudally) from the epicenter of the injury was observed. A gradual restoration of
the barrier with post-injury time was also observed. However, based on DCE-MRI, and
confirmed by immunohistochemistry, the BSCB remained compromised distal to the SCI
epicenter, even 56d post-SCI. These studies also demonstrate a significant inverse correlation
between the BSCB permeability and neuromotor recovery in the post-injury period.
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Figure 1.

Representative axial DCE-MR images containing the different areas of interest (FE area is
outlined in blue and DE area is outlined in green). The NE area is calculated by subtracting the
FE and DE areas from the entire spinal cord ROI. (a) An axial T1-weighted MRI slice of the
spinal cord; (b) the same slice as in (a), with DE and FE areas outlined in green and blue
respectively; and (c) an example of a slice that contains only NE areas. The hyperintense ring
around the spinal cord contains cerebrospinal fluid (4). Bars represent 1 mm.
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Figure 2.
Effect of chronic administration of Gd or saline on BBB scores in SCI. Error bars represent
standard error of the mean.
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Figure 3.

Variation of Ky in the NE areas along the length of an injured spinal cord for different post-
SCI time periods. The distance 0 represents the epicenter. Negative and positive values of
distance correspond to locations caudal and rostral to the epicenter of injury, respectively. The
acute, subacute, and chronic time periods correspond to post-SCI day 3; days 7 and 14; and

days 28, 42, and 56, respectively.
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Figure 4.

Kps in the NE areas in the three post-SCI time periods. * indicates p<0.01, *** indicates
p<0.0001, ¥ indicates p<10~>, 4 indicates p<10-8, and § indicates p<1011. Error bars represent
standard error of the mean.

NMR Biomed. Author manuscript; available in PMC 2009 September 10.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Cohen et al.

Page 19

0.06

0.05

0.04

Kps (‘gmin)
o
(o}

0.02

0.01

BSCB Permeability Across Time and Space

| ?Baseline OAcute Time Period OSubacute Time Period W Chranic Time Period

g

I_ -
I [
| [

N

%

%

Caudal Epicenter Rostral
Spatial Region

Figure 5.

Variation of Ky in NE areas across time and space. * indicates p<0.01 and ** indicates
p<0.001. Error bars represent standard error of the mean. Statistical differences in Kps between
NE areas and baseline values are summarized in Table 2.
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~

FE area

Variation of Kps in NE and FE areas over time. For a given tissue area in a given time period,
the upper box represents the third quartile and the lower box represents the second quartile.
The upper (dotted) and lower (solid) bars represent the maximum and minimum values,
respectively. The triangles represent the median values.
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Figure 7.

Variation of K in NE areas (solid squares) and the BBB locomotor score (open squares)
during the three post-SCI time periods. Statistical significance was seen (p<0.001 (**)) for the
association between Kps and BBB score. Error bars represent standard error of the mean.
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Figure 8.

Albumin extravasation at day 56 post-SCI. The absence of primary antibody (a, d, g) confirms
the validity of observed albumin signal. In the epicenter region (b, e, h) there is marked staining
for albumin at both the injury site (e) and the NE area (h). In the caudal region (c, f, i) there is
less staining compared to epicenter, but albumin extravasation can be seen in the NE area(i).
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Table 2
Summary of the statistical tests comparing the Kps values between baseline and NE area
Baseline K, values compared
to NE area K, values in: p-value
Spatial Region | Time Period
Caudal Acute p<0.0001
Caudal Subacute p<0.01
Caudal Chronic p<0.0001
Epicenter Acute p<10”
Epicenter Subacute p<10”
Epicenter Chronic p<10®
Rostral Acute p<0.03
Rostral Subacute p<0.001
Rostral Chronic p<0.0001
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Table 3

Summary of statistically significant association between K5 and BBB scores

Association being tested

Non-enhancing (NE) tissue

Overall association between K and BBB score p<0.001

Association between K and BBB score, by spatial | Caudal region: p<0.001

region

Epicenter region: p<0.001
Rostral region: p<0.001

Interaction between region and BBB score, for K, | Epicenter region: p<0.001
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