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Abstract

OBJECTIVE—Traumatic brain injury (TBI) is a leading cause of death and severe morbidity for
otherwise healthy full-term infants around the world. Currently, the primary treatment for infant
TBI is supportive, as no targeted therapies exist to actively promote recovery. The developing
infant brain, in particular, has a unique response to injury and the potential for repair, both of
which vary with maturation. Targeted interventions and objective measures of therapeutic efficacy
are needed in this special population. The authors hypothesized that MRI and serum biomarkers
can be used to quantify outcomes following infantile TBI in a preclinical rat model and that the
potential efficacy of the neuro-reparative agent erythropoietin (EPO) in promoting recovery can be
tested using these biomarkers as surrogates for functional outcomes.

METHODS—With institutional approval, a controlled cortical impact (CCI) was delivered to
postnatal Day (P)12 rats of both sexes (76 rats). On postinjury Day (PID)1, the 49 CCI rats
designated for chronic studies were randomized to EPO (3000 U/kg/dose, CCI-EPO, 24 rats) or
vehicle (CCl-veh, 25 rats) administered intraperitoneally on PID1-4, 6, and 8. Acute injury (PID3)
was evaluated with an immunoassay of injured cortex and serum, and chronic injury (P1ID13-28)
was evaluated with digitized gait analyses, MRI, and serum immunoassay. The CCl-veh and CCI-
EPO rats were compared with shams (49 rats) primarily using 2-way ANOVA with Bonferroni
post hoc correction.

RESULTS—Following CClI, there was 4.8% mortality and 55% of injured rats exhibited
convulsions. Of the injured rats designated for chronic analyses, 8.1% developed leptomeningeal
cyst-like lesions verified with MRI and were excluded from further study. On PID3, Western blot
showed that EPO receptor expression was increased in the injured cortex (p = 0.008). These
Western blots also showed elevated ipsilateral cortex calpain degradation products for all-spectrin
(al1-SDPs; p < 0.001), potassium chloride cotransporter 2 (KCC2-DPs; p = 0.037), and glial
fibrillary acidic protein (GFAP-DPs; p = 0.002), as well as serum GFAP (serum GFAP-DPs; p =
0.001). In injured rats multiplex electrochemi-luminescence analyses on PID3 revealed elevated
serum tumor necrosis factor alpha (TNFa; p = 0.01) and chemokine (CXC) ligand 1 (CXCL1).
Chronically, that is, in PID13-16 CCl-veh rats, as compared with sham rats, gait deficits were
demonstrated (p = 0.033) but then were reversed (p = 0.022) with EPO treatment. Diffusion tensor
MRI of the ipsilateral and contralateral cortex and white matter in PID16-23 CCl-veh rats showed
widespread injury and significant abnormalities of functional anisotropy (FA), mean diffusivity
(MD), axial diffusivity (AD), and radial diffusivity (RD); MD, AD, and RD improved after EPO
treatment. Chronically, P13-P28 CClI-veh rats also had elevated serum CXCL1 levels, which
normalized in CCI-EPO rats.

CONCLUSIONS—Efficient translation of emerging neuro-reparative interventions dictates the
use of age-appropriate preclinical models with human clinical trial-compatible biomarkers. In the
present study, the authors showed that CCI produced chronic gait deficits in P12 rats that resolved
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with EPO treatment and that chronic imaging and serum biomarkers correlated with this
improvement.
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controlled cortical impact; diffusion tensor imaging; diffusivity; erythropoietin; infant; serum
biomarker; traumatic brain injury; trauma

The global burden of traumatic brain injury (TBI) in infants is immense not only because of
the life-long deficits it causes, but also for its societal costs. In the US, TBI is the leading
cause of death and severe morbidity in full-term infants who are born healthy.5%:59.75 While
severe infant TBI is not as well documented in many other countries, the incidence and
outcomes are probably similar to, if not worse than, those in the US. Despite the global toll
of infantile TBI, little progress has been made toward developing effective interventions to
treat this population. Children in the US under 2 years of age most commonly suffer TBI
from falls (44%), abusive head trauma (22%), motor vehicle or pedestrian—-motor vehicle
collisions (14%), and other injuries (7%)*":73 such as television tip-over.5281 The majority
of these injuries involve a component of impact. The observed variability in age-specific
responses to emerging neuro-reparative interventions has emphasized the need for the
development of age-appropriate preclinical models with translational potential. To address
this need, we approached the present study with 2 primary objectives. Our first was to
quantify clinically relevant chronic outcomes with imaging and serum biomarkers by using
an age-appropriate model of infantile impact-related TBI. The second objective was to test
whether the emerging neuro-reparative agent erythro-poietin (EPO), administered via an
extended dosing regimen based on its CNS mechanisms of repair, could alter chronic
outcomes after infant TBI.

Erythropoietin has multiple mechanisms of action that can be beneficial for treating
TBI,1469.90 jncluding enhancing the survival and maturation of oligodendrocytes and
neurons after injury.38:53.97 Similar to the effect on erythroblasts in the bone marrow,
unbound EPO receptors (EPORs) promote neural cell apoptosis.*344 In the developing
brain, EPOR expression disproportionately increases after injury relative to ligand,*1:53
promoting neural cell death after injury. Exogenous EPO administration can restore the EPO
ligand/receptor balance and thus promote neural cell survival and differentiation.>3 For
preterm infants with CNS injury, high doses of EPO over an extended regimen are safe2440
and effective for neuroprotection.#6:63 Accumulating evidence suggests that in order for
EPO to be effective at neurorepair, the agent must be given at high dosages for an extended
period.>3:57.77.103 Extended EPO treatment has shown promise in adult trials of other disease
processes®:61 put not in a recent adult TBI trial.”” The pronounced efficacy of EPO in the
developing brain compared with the mature CNS suggests that age at the time of treatment
may also be important. Indeed, the characteristics of EPO, including activity against
multiple pathophysiological mechanisms known to contribute to secondary injury after TBI
and a therapeutic window sufficiently long to be practical in the clinical setting, support its
protective capacity after infant TBI.7!
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We developed a postnatal day (P)12 controlled cortical impact (CCI) injury model in
Sprague-Dawley rats, in which P7—P9 is equivalent to full term in humans and P17—- P21 is
considered toddler age in humans.1:87 Controlled cortical impact produces contusion and
injury in the cortex, white matter, and hippocampus immediately beneath the impact and
diffuse injury in the hemisphere contralateral to the impact.10:27:86 Unlike fluid percussion
models that have been increasingly used to study sports concussion and blast-induced TBlI,
CCI mimics biomechanical events contributing to injury such as the force and tissue
deformation common to mechanisms in infants with head injury.

We evaluated chronic microstructural abnormalities using ex vivo MR diffusion tensor
imaging (DTI). Fractional anisotropy (FA) of the diffusion tensor provides a gross
quantification of the spectrum of microstructural integrity on a scale from 0 to 1, with lower
numbers representing less integrity due to microstructural damage.#8.9 In the subacute and
chronic phases, mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD)
measure the directionality of water diffusion at the cellular and organelle level.”48 We
hypothesized that CCI at P12 could alter chronic microstructural parameters and provide an
MRI biomarker of infantile TBI. While serum biomarkers of CNS injury do not localize
structural damage as imaging does, serum levels of degradation products (DPs) from CNS
molecules critical to neural cell function and proinflammatory cytokines may reflect the
biological severity as well as the recovery of the injury. Thus, serum biomarkers may allow
stratification of patients and individual tailoring of therapeutic interventions. We also
expected serum biomarkers to reflect both the acute and chronic alterations produced by the
P12 CCI. We found that serum glial fibrillary acidic protein (GFAP)-DPs and tumor necrosis
factor alpha (TNFa) levels were elevated 3 days postinjury (PID3). An unexpected finding
was the elevated chemokine (CXC) ligand 1 (CXCL1) levels in serum in both the acute and
chronic phases of injury. Finally, we tested the hypothesis that EPO treatment would alter
functional outcomes and that these changes would be measureable with MRI and serum
biomarkers. We found chronic gait deficits that resolved with EPO treatment and were
accompanied by normalization of MRI abnormalities and serum CXCL1 levels.

Sample Size Estimation

A schematic of the analyses performed in this study (125 rats total) is presented in Fig. 1.
Because functional outcomes have not been defined for gait in a model of infant TBI, gait
analyses from other types of perinatal brain injury were used to estimate the sample size
needed to detect a significant difference. Previous computerized analyses of videotaped gait
studies (Digigait, Mouse Specifics, Inc.) from the same rat strain at the same age showed
that a significant change in gait was detectable with a sample size of at least 8 rats per
group.3435 A similar strategy was used to estimate the sample sizes needed to detect group
differences in mRNA and protein levels from the brain for EPOR levels,53 cytokines and
calpain DPs,37:107 serum cytokine changes following TBI,% and microstructural DTI
alterations on ex vivo MRI.38 A sample size of 6 per group would be expected to detect a
20% difference with a Type 1 error of 0.05 with a SD of 20% of the mean. Given the high
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resource intensity of these studies, this initial pilot study was not powered to detect sex
differences in the degree of injury or EPO responsiveness.

Infant Rat CCI

All procedures were performed in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by the institutional animal
care and use committees at the Boston Children’s Hospital and the University of New
Mexico Health Sciences Center. As stated above, P7-P10 in rats is equivalent to full term in
humans, P17-P21 is equivalent to a toddler, and P25-P35 is equivalent to an older child.8”
We estimated that P12 is approximately equivalent to a several-month-old infant. Given our
experience in producing a consistent CCI injury in mice*9:50-52 and because the P12 rat pup
is approximately similar in size to an adult mouse, we used a mouse CCI device to deliver a
brain injury to P12 rats. Under isoflurane anesthesia, P12 Sprague-Dawley rat pups
underwent a 5-mm-diameter left craniectomy. Care was taken to avoid dural injury. The rat
heads were fixed with the animals prone (76 rats), and an air-powered piston (3-mm
diameter, Amscien Instruments) delivered a CCl to a 0.6-mm depth at a velocity of 6 m/sec
to the left parietal lobe consistent with our prior reports.49>1 The main point of impact in
rats this age was the parietal cortex (bregma —3.0 mm). Sham animals (49 rats) underwent
an equal time (15 min) of anesthesia with a scalp incision but no craniectomy. Body
temperatures were maintained throughout the brief procedure. Note that pilot studies have
shown that craniectomy in sham rats resulted in mild intracranial injury and that intracranial
injury has occurred from craniotomy alone in mice.83 All animals recovered with their
mothers. Pups were reared with dams until P21, when they were weaned and housed in
single-sex groups of 2—3 animals per cage, with lighting on from 7 AM to 7 PM, food
available ad libitum, room temperature of 21°C + 1°C, and room humidity of 55% + 5%.
Both sexes and rats generated from at least 2 separate litters were used in all experiments.
Sex was recorded at the time of tissue collection.

Erythropoietin Administration

For the chronic injury studies, 49 CCI rats, at 24 hours after injury, were randomized to
receive either EPO (3000 U/kg, R&D Systems; 24 rats) or vehicle (sterile saline, 25 rats)
intraperitoneally once daily on Days 1-4, 6, and 8 following CCI. The dosage of 3000 U/kg
was chosen based on prior studies in preclinical models of perinatal brain injury,42:53.94
preclinical models of adult TBI,192 and human trials of both perinatal brain injury and adult
TBI1.40.77.101 No sham-EPO group was included because EPO has been shown to be safe in
neonates after perinatal brain injury24:25.40.63.101 and in adult TBI patients.”’

Gait Analysis

Computerized gait analysis (Digigait) was performed on P25-P28 rats (PID13-PID16; sham
= 13 rats, CCl-veh = 11 rats, CCI-EPO = 9 rats).3° Briefly, digital video of each rat running
on a backlit transparent treadmill set at 30 cm/ sec was acquired and analyzed using Digigait
software. Given the unilateral location of the CCl, ipsilateral and contralateral gait
parameters were separately analyzed. Stride is a combination of the swing and stance
phases. The swing phase is when the paw is not in contact with the surface. Stance refers to
the period of the stride when the paw is in contact with the surface and is composed of a
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deceleration component (braking) and an acceleration component (propulsion). Braking
begins at initial paw contact following the swing phase and extends to maximal paw contact,
while propulsion is the period from maximal paw contact to just before the swing phase. We
focused on parameters that are also evaluated in humans. Analyzed parameters included the
proportion of time spent in each phase (swing, brake, propel, stance, and stride), stride
length and frequency, paw area and paw force at maximal contact, stance width, gait
symmetry, and ataxia.

Serum and Tissue Collection

Approximately half of each acute or chronic cohort was designated for ex vivo MRI and
other histological analyses, while the other half was used for biochemical analyses. For
serum assays, blood was collected on P15 or P28 and processed in a centrifuge at 6000 RCF,
and serum was collected, then divided into aliquots, and stored at —80°C. Microdissected
ipsilateral cortex samples were collected and stored at —80°C.

Western Blot

Samples were homogenized and sonicated in lysis buffer and processed in a centrifuge at
4200 RCF for 10 min. Protein concentration was determined with a Bradford assay
(BioRad). Equivalent amounts of protein were loaded on 4%—-20% Tris HCI gels, separated
by electrophoresis, transferred to polyvinylidene fluoride (PVDF) membranes, incubated
sequentially with block, primary antibody, appropriate horseradish peroxidase—conjugated
secondary antibodies, and detected with chemiluminescence (Thermo). Primary antibodies
were EPOR (1:100, Santa Cruz, 8 rats/group), GFAP (1:5000, AbCam, 6-12 rats/ group),
and potassium chloride cotransporter 2 (KCC2; 1:100, Santa Cruz, 6-12 rats/group). Bands
were quantified using an LAS 4000 imager (GE). Actin was used as a loading control for the
brain, and Coomassie staining was used for serum. At least 2 blots were used to assay each
protein.

Ex Vivo MRI

On P28-P35, rats (sham = 6 rats, CCl-veh = 8 rats, CCI-EPO = 6 rats) were deeply
anesthetized with a mixture of xylazine and ketamine and perfused with phosphate-buffered
saline, followed by 4% paraformaldehyde. Brains were postfixed in 4% paraformaldehyde
for 1 week and embedded in 2% agarose containing 3 mM sodium azide for ex vivo MRI.
Fixation adequately preserves brain microstructures and allows the generation of MR images
with superior contrast and resolution, which is especially beneficial for evaluating white
matter fibers and for assessing the brain’s microstructural integrity. Magnetic resonance
imaging was performed on a Bruker 4.7-T BioSpec 47/40 Ultra-Shielded Refrigerated
nuclear MRI system equipped with a 72-mm inner diameter quadrature radiofrequency coil
and a small-bore (12-cm inner diameter) gradient set with a maximum gradient strength of
50 Gauss/cm. Magnetic resonance protocols consisted of multislice multiecho (MSME) spin
echo and rapid acquisition with relaxation enhancement (RARE) sequences for T2-weighted
imaging, susceptibility-weighted imaging (SWI), and echo-planar (EP)-DTI. Images of 12
contiguous coronal 1-mm slices were obtained (FOV 3.00 cm, TR 2514.7 msec, TE 12
msec). The EP-DTI sequences used a TR of 3000 msec, TE of 40 msec, and b-value of 2000
mm?/sec with 30 gradient directions. Observers blinded to treatment status analyzed brain

J Neurosurg Pediatr. Author manuscript; available in PMC 2017 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Robinson et al.

Page 7

regions of interest (ROIs) by using Bruker’s Paravision 5.1 imaging software. For this study
the ROI included the ipsilateral cortex and adjacent subcortical white matter, as well as the
matching contralateral regions. Tractography, fiber reconstruction, diffusion-weighted
images, and FA maps were generated. The 3 eigenvectors (A1, A2, and A3) of the diffusion
tensor were measured, and ellipsoids were rendered for representative parameters using
MATLAB (version 2015a, MathWorks). Fractional anisotropy, MD ([A1+A,+A3]/3), AD
(A1), and RD ([A2+A3]/2) were calculated. Mean diffusivity describes the average of the 3
eigenvectors depicting the ellipsoid-shaped extent of water diffusion, whereas AD and RD
provide specific detail regarding directionality. The longest primary eigenvector denotes AD,
whereas RD is the mean of the 2 smaller eigenvectors. Given our resource limitations and
our observation from functional studies that sex had an insignificant impact on outcome,
separate analyses by sex were not performed for the DTI studies.

Multiplex Determination of Cytokine Expression

Serum concentrations of inflammatory cytokines were determined in duplicate® with the aid
of a V-PLEX multielectrochemiluminescence (MECI) immunoassay (MesoScale Discovery)
for 9 cytokines: CXCL1 (known as CINC in the rat), interferon gamma (IFNg),
interleukin-1beta (IL-1b), IL-4, IL-5, IL-6, IL-10, IL-13, and TNFa at the acute stage (P15,
6 rats/group) or at P25-P40 (6-11 rats/group). Serum (1:4 dilution) or calibrator was loaded
onto a multispot plate in duplicates, and assays were performed per the manufacturer’s
protocol. Plates were read on a Quickplex SQ 120 Imager. The coefficient of variation was
less than 15% for each analyte, and interassay variation was less than 15% when samples
were retested across plates to check assay reliability.

Statistical Analysis

Results

The Shapiro-Wilk test was used to test each group of data for normality, and Levene’s test
was used to check the homogeneity of variances. For analysis of 2 groups at 1 age (sham vs
CCl), a 2-tailed Student t-test with unequal variance or the Mann-Whitney U-test was
performed, as appropriate. For analysis of more than 2 groups (sham, CCl-veh, and CCI-
EPO), a 2-way ANOVA (injury x treatment) was performed with Bonferroni’s post hoc
correction for multiple comparisons using SPSS version 21 (IBM Corp.). For all analyses, p
< 0.05 was considered significant.

Clinical Manifestations of Infant CCI

In this study mortality was 4.8% (6/125, 5 CCI and 1 sham) within 1 hour of the procedure.
No mortality occurred after 1 hour, and no animals suffered infection. After injury, most rats
appeared somnolent, in contrast to the shams, which were rapidly alert. Moreover, 42 (55%)
of 76 injured pups were noted to display intermittent head nodding and shaking suggestive
of postimpact seizure activity that began within an hour of their injury and persisted for up
to 2 days before resolving. Four (8.1%) of 49 injured rats that were designated for chronic
analyses (1 CCl-veh and 3 CCI-EPO) developed cranial protuberances suggestive of a
leptomeningeal cyst 6-12 days following the CCI. To confirm that the protuberances were
attributable to abnormal CSF dynamics and not infection, we used MRI with T2-weighted
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and SWI sequences. Deformation of the lateral ventricle toward the pia, consistent with a
leptomeningeal cyst, was observed on the MR images (Fig. 2A). Despite our best efforts to
avoid dural injury during the craniectomy and impact, a dural laceration probably occurred
in this small proportion of injured animals. These 4 brains were not included in the
subsequent analyses. Altogether, this P12 impact model appears to replicate multiple clinical
components of infantile TBI, including an alteration in consciousness, early postimpact
seizures, and, in a small subset, the formation of a leptomeningeal cyst.

Structural Injury Varying From Moderate to Severe on SWI

To determine the variation in the severity of the structural injury and the degree of
hemorrhage, SWI was performed 2—-3 weeks following impact at P28-P35. None of the 6
sham brains had any evidence of injury or hemorrhage (Fig. 2B). Of the 14 CCI brains
subjected to SWI, the extent of injury varied along a spectrum from moderate to severe.
Seven CCI brains showed moderate injury primarily limited to the white matter with
minimal to moderate extension to the overlying cortex (Fig. 2C). Injury consisted of the loss
of sharp white matter definition, and hypointense signal suggested hemorrhage. The other
half of the CCI brains had severe injury that involved the overlying cortex and white matter
and often extended to the dorsal hippocampus with obvious structural deformation (Fig. 2D).
These results show that SWI offers an approximation of the extent of injury and hemorrhage,
with findings similar to those found in humans.

Infant CClI Increasing EPOR Expression at PID3

To identify potential responsiveness to EPO treatment in the infant brain following impact
injury, EPOR levels were quantified using immunoblotting in the ipsilateral cortex at P15,
that is, 3 days postinjury when the damage was probably near maximal. At PID3, EPOR
expression was increased by 30% in the CCl-veh cortex (8 rats) compared with shams (8
rats, p = 0.008; Fig. 3). These data show that the developing brain responds to impact TBI
with an increase in EPOR expression, suggesting that the injured developing CNS should be
responsive to exogenous EPO administration.

Erythropoietin Treatment and Subtle Motor Deficits Following Infant CCI

To determine whether EPO treatment alters chronic motor function, detailed digital gait
analyses were performed on P25-P28 juvenile rats, approximately 2 weeks after a CCl
(PID13-PID16). The CCl-veh rats (11 animals) showed a mildly altered gait pattern in the
forelimb ipsilateral to the injury compared with shams (13 animals) or CCI-EPO rats (9
animals). Specifically, the left forelimb in CCl-veh rats spent proportionately less time in the
brake phase of the stance than that in the shams (p = 0.02) or CCI-EPO rats (p = 0.003; Fig.
4A). In a compensatory manner, the left forelimb in CClI-veh rats spent a greater proportion
of time in the propel phase of the stance than that in shams (p = 0.02) or CCI-EPO rats (p =
0.003; Fig. 4B). In addition, the forelimb stance width was narrower in the CCl-veh rats than
in the shams (p = 0.004) or CCI-EPO rats (p = 0.001; Fig. 4C). In this study no other
significant differences in gait were present in the other 3 limbs among sham, CCl-veh, and
CCI-EPO rats (data not shown). Despite the relatively severe injury to the left hemisphere
with neurological signs at the time of injury, the motor deficit in the subacute period 2 weeks
after CClI injury was relatively mild.
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Erythropoietin Treatment and DTl Abnormalities From CCI

Diffusion tensor imaging was performed to more specifically quantify the extent of injury
and the potential efficacy of EPO treatment. To determine if DTI, which is used to measure
microstructural injury in humans, could also quantify chronic injury in infant rats following
CCl, rat brains were imaged (PID16-23) at P28—P35, an age equivalent to a juvenile human.
Color maps showed a loss of directionality in the region of direct impact in the ipsilateral
cortex and white matter and in the contralateral white matter, with improvement following
EPO treatment (Fig. 5A). Ellipsoids were plotted using the mean of each eigenvector (A4,
Ao, and A3) for a region of interest to determine whether all 3 eigenvectors were
independently changed by injury and EPO treatment. Representative ellipsoids show that
diffusivity increases in all directions in the ipsilateral cortex in the CCl-veh brains compared
with shams (Fig. 5B). By contrast, diffusivity in the CCI-EPO cortex is similar to that in
shams and is reduced in all directions compared with CCl-veh cortex. Detailed analyses of
DTI parameters revealed widespread microstructural abnormalities involving the ipsilateral
lesion cortex and white matter, as well as the contralateral cortex and white matter.
Specifically, in CCl-veh brains (8 rats), the ipsilateral lesion cortex FA was reduced
compared with that in sham brains (6 rats, p = 0.004, 2-way ANOVA,; Fig. 6A), showing a
loss of microstructural integrity. Similarly, the ipsilateral white matter FA was reduced (p <
0.001; Fig. 6B). The FA was also lower in the contralateral hemisphere white matter in CCI-
veh brains (p = 0.001; Fig. 6C), suggestive of widespread white matter injury that extended
into the contralateral hemisphere. By contrast, only a minor reduction in FA occurred in the
contralateral cortex (p = NS; Fig. 6D). Collectively, these findings showed that P12 CCl
caused widespread loss of structural integrity affecting both hemispheres.

A detailed analysis of diffusivity parameters, measures that have also been used to assess
TBI in humans, was performed to determine whether EPO treatment altered microstructural
recovery from infant CCI. In the chronic phase, CCl-veh lesion cortex MD was elevated
compared with that in sham (p = 0.011) and CCI-EPO brains (p = 0.04; Fig. 7A), and MD
levels in the sham and CCI-EPO brains were similar to one another, suggesting that MD was
responsive to EPO treatment. To more specifically define the direction of the altered
diffusivity present, AD, the primary eigenvector, and RD, the mean of the 2 smaller
eigenvectors, were measured. In CCl-veh lesion cortex, the AD was increased compared
with that in shams (p = 0.014) and was reduced to sham levels following EPO treatment (p =
0.020; Fig. 7B). Similarly, RD was also elevated in the CCI-veh lesion cortex compared with
that in shams (p = 0.01) and improved to sham levels with EPO treatment (p = 0.037; Fig.
7C). A similar pattern for MD, AD, and RD was observed in the ipsilateral white matter
(Fig. 7D-F). In summary, these results showed that an extended course of EPO treatment
following P12 CCI normalizes the chronic changes in MD, AD, and RD in the lesion cortex
and adjacent white matter. Together, these data showed that the chronic ipsilateral
microstructural injury that altered water diffusion improved with EPO treatment.

To determine if EPO treatment also affected widespread injury in the contralateral
hemisphere, diffusivity parameters were evaluated in the contralateral white matter and
cortex corresponding to the lesion site. In the contralateral white matter, MD was also
increased in CCl-veh brains compared with that in shams (p < 0.001; Fig. 7G) almost to the
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same extent as in the ipsilateral white matter, suggesting extensive white matter injury.
Notably, the white matter damage represented by MD improved with EPO treatment (p =
0.005), suggesting that EPO treatment affects widespread, extensive white matter injury. As
in the ipsilateral white matter, AD increased in the contralateral white matter compared with
that in shams (p = 0.001), and the injury was reduced with EPO treatment (p = 0.002; Fig.
7H). Radial diffusivity in the contralateral white matter was also elevated in CCl-veh brains
compared with that in shams (p < 0.001) and improved with EPO treatment (p = 0.01; Fig.
71). Like the widespread injury evident in the contralateral white matter, a similar pattern
was observed in the contralateral lesion cortex. The MD, AD, and RD of the contralateral
lesion cortex were elevated in the CCl-veh brains and improved with EPO treatment (Fig.
7J-L). In summary, P12 CCI induced widespread microstructural injury to the contralateral
white matter and overlying cortex, as shown by changes in MD, AD, and RD. Moreover, an
extended course of EPO treatment reversed this damage, suggesting that the impact of EPO
therapy may repair the widespread, extensive chronic injury to white matter that occurs in
the developing brain after impact injury. Together, these results suggest that diffusivity may
provide an MRI biomarker to detect sustained improvement during recovery after impact
TBI.

Infant CCI Coinciding With Excess Calpain Degradation in Brain

In addition to identifying imaging biomarkers, we also sought to identify serum biomarkers
of TBI, as many infants with severe TBI are too ill to be frequently transported to an MRI
suite. While serum biomarkers lack the localization provided by MRI, serum levels of these
markers may reflect ongoing cellular injury or recovery and are amenable to more frequent
analysis without the need for patient transport. Candidate serum biomarkers for TBI include
inflammatory cytokines and calpain DPs of CNS molecules.

Since excess calpain activity has not been documented in this model of infant TBI, we first
investigated whether excess DPs were present acutely in the lesioned cortex, that is, PID3.
Activated calpain degrades full-length all-spectrin (approximately 250 kD), a neuron-
specific cytoskeletal protein, into a calpain-specific 145-kD fragment, and the ratio of
cleaved to full-length all-spectrin DPs (all-SDPs) is a measure of calpain activity. In P15
rats, calpain-induced a.ll1-SDPs were elevated 2.2-fold in the cortex following CCI (PID3, 12
rats) compared with levels in shams (10 rats, p < 0.001, 2-tailed t-test; Fig. 8A). Because
neuron-specific KCC2 promotes multiple components of neuronal function and is also a
calpain target, brain KCC2-DPs may also reflect neuronal health after injury. Three days
after CCl, 90-kD KCC2-DP levels in CCl-veh cortex (12 rats) were elevated compared with
sham levels (10 rats, p = 0.037; Fig. 8B). The astrocyte filament GFAP is a marker of gliosis
and a substrate of calpain. The sum of full-length GFAP and calpain DPs reflects the amount
of gliosis, while DP levels alone probably represent the degree of injury mediated by excess
calpain activity. We hypothesized that 3 days after CCI in P12 rats both the sum total
expression of GFAP due to gliosis and the amount of GFAP-DPs due to excess calpain
activity would increase. As expected, the sum total GFAP levels increased 2-fold in the CCI-
veh cortex (6 rats) compared with sham levels (6, p = 0.005; Fig. 8C). Levels of GFAP-DPs
also increased at PID3 compared with sham levels (p = 0.002). Together, these results show
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that, 3 days after injury, infant CCI precipitates excess calpain activity at least in the region
of injury and alters the levels of all-SDPs, KCC2-DPs, and GFAP-DPs.

Serum Biomarker Levels Altered by Infant CCI

Since excess serum calpain activity is a biomarker that could potentially be measured in
human infants following TBI, we determined whether the observed excess calpain activity in
the brain following infant CCI was also detectable in the serum. Serum levels of total GFAP
and GFAP-DPs were quantified at P15 using immunoblotting. The sum total of GFAP was
elevated in the serum from CCl-veh rats (7 rats) compared with sham levels (8 rats, p <
0.001; Fig. 9A). Similarly, GFAP-DPs were elevated in the serum from CCl-veh rats
compared with sham levels (p = 0.001; Fig. 9B). These data show that serum GFAP levels
reflect the same pattern of calpain degradation observed in the CNS following infant CCI.

Serum cytokine levels have also been suggested as potential serum biomarkers. Nine serum
inflammatory cytokines were surveyed at P15 using the MECI immunoassay. At P15 serum
TNFa levels from CCl-veh rats (6 rats) were elevated compared with sham levels (6 rats, p
=0.01; Fig. 9C). In chronic samples from P25-P40, no difference in serum TNFa levels was
present when shams (10 rats) were compared with either CCl-veh (11 rats) or CCI-EPO (6
rats; Fig. 9D) rats, suggesting that TNFa. was elevated in the serum only in the acute period
following CCI. Interestingly, serum CXCL1 levels (6 rats) were elevated at P15, compared
with sham levels (6 rats, p = 0.009; Fig. 9E). Moreover, serum CXCL1 levels were
persistently elevated weeks after CCI at P25—-P40 (11 rats) compared with levels in shams
(10 rats, p = 0.033, 2-way ANOVA; Fig. 9F). Most importantly, serum CXCL1 levels were
modulated by an extended course of postinjury EPO treatment (6 rats, p = 0.022; Fig. 9F). In
contrast, at either P15 or P25-P40, serum levels for the remaining cytokines were either
below the level of detection (IL-1p and IL-5) or no differences between shams and CCl-veh
rats were detected (IFN-y, IL-4, IL-6, IL-10, and IL-13). Thus, the elevations observed in
serum TNFa and CXCL1 levels suggest that specific signaling mechanisms are activated
rather than a general inflammatory response.

Discussion

Our overall goal is to translate diagnostic and therapeutic strategies from a preclinical model
to infants who suffer moderate to severe TBI. Our first objective with this initial study was
to determine whether emerging human clinical trial-compatible MRI and serum biomarkers
could detect injury in a clinically relevant rodent model of infant impact TBI. The second
objective was to test whether the neurorestorative cytokine EPO, administered in an
extended dosing paradigm congruent with its mechanisms of action, could demonstrate
efficacy in infant TBI. We found that P12 rats, approximately equivalent to 6-month-old
human infants, subjected to CCI developed an acute clinical presentation similar to that of
human infants with severe impact TBI. Controlled cortical impact on P12 produces an acute
elevation in cortical EPOR expression, accompanied by excess calpain activity and a specific
serum inflammatory cytokine response. The CCl also causes a chronic functional motor
deficit in juvenile rats that is accompanied by chronic SWI and DTI abnormalities, as well as
a chronic elevation in serum CXCL1 levels. Importantly, these imaging and serum
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biomarkers demonstrated responsiveness to EPO treatment—the first time that treatment
responsiveness using human-compatible biomarkers has been shown in a model of infant
TBI.

Clinical Manifestations of Infant TBI and EPO Treatment

The pattern of response to the P12 CCI injury with a somnolent appearance and shaking
suggestive of postimpact seizures is congruent with the clinical pattern often described for
infants who reportedly suffer an impact-induced head injury. This injury response is also
consistent with those exhibited in other infant and toddler TBI models that include a
description of the initial injury response.3-106 Chronic posttraumatic epilepsy is a significant
problem for infants who suffer severe TBI,5:64 and detailed analyses of the alterations in the
chronic seizure threshold using this CCI model are underway. All rats in our study received
injuries of the same depth of impact yet demonstrated a spectrum of structural injury, similar
to the range of injury observed in infant humans with known impact injuries. While larger
mammals mimic infant humans better in the ratio of gray to white matter, an important
factor when studying injury to the developing brain,196 rats are less resource intensive than
larger mammals. In summary, this rat model of CCI on P12 allows testing of specific
hypotheses focused on translation to clinical trials of interventions in infant humans.

Erythropoietin signaling in neural cells invokes multiple mechanisms of repair that are
manifested over an extended timeframe of at least several days, including the genesis,
survival, and maturation of neurons and oligodendrocytes,14:38:53.90.97 a5 well as reduces
calpain degradation and chronic inflammation.29:37:39 These mechanisms of action support
the rationale that an extended dosing regimen with neuroprotective doses of EPO is probably
necessary to alter recovery after TBI. In particular, because exogenous EPO promotes
oligodendroglial lineage survival and maturation3® and because recovery of the
oligodendroglial lineage extends over 3 months after CCI injury in mice,1% EPO treatment
should theoretically benefit white matter recovery over a protracted period. In extended,
neuro-reparative dosing regimens, EPO has shown promise in adult trials of other disease
processes.®0:61 Moreover, EPO treatment has shown benefit in clinical trials of preterm
infants both through improved early long-term imaging6 and through improved long-term
cognitive outcomes at 2 years.53 Conversely, in a recent US trial of adults with severe
nonpenetrating TBI, EPO treatment did not provide significant benefit;’” however, the trial
was underpowered to detect an effect using higher neuro-reparative doses. Another recent,
very small trial from Turkey suggested improvement with a version of extended EPO
treatment,* though this study was similarly underpowered. In a preclinical model of toddler
TBI in rats with CCl on P17, extended EPO dosing was effective in reducing neuronal
apoptosis and improving novel object recognition at 14 days after injury.8% A longer duration
of EPO treatment provided additional functional improvement in adult CCI rats.192 In the
present study, the dosing regimen was designed to be extended and to use high neuro-
reparative doses. Importantly, in clinical trials, high-dose EPO treatment has been safe for
infants with perinatal brain injury2®55101 and adults with TBI.7” Additional studies are
needed to determine whether EPO repair is dose dependent. In the present study 6 doses
were given over 8 days following CCI. Elevated EPOR levels were found in the injured
cortex 3 days after CCl, but the regional and temporal patterns of excess EPOR expression
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have yet to be fully characterized. This first approximation at an extended dosing regimen
for infant TBI demonstrated efficacy with improvement in motor function, as well as
imaging and serum biomarkers.

Controlled cortical impact rats showed a subtle motor deficit with a shift in the proportion of
time spent during stance from the brake phase to propel phase in the forelimb ipsilateral to
the CCI. The CCl-veh rats showed a narrower stance width, which is associated with
instability in humans.22 These relatively subtle deficits are markedly different from the
severe gait deficits found in prior computerized gait analyses performed in same-age rats
(P25-P28) with different types of early CNS injury,3435 which argues that the testing
paradigm is capable of detecting complex gait deficits. Motor deficits may be subtle because
the primary point of impact was in the parietal region and not in the motor strip. The lack of
a severe chronic motor deficit also reflects injury to the brain at this particular stage of
development. Significantly, in infant humans motor deficits can be subtle on clinical
examination despite the presence of significant anatomical abnormalities. For example,
infants with prenatal middle cerebral artery stroke may not manifest motor deficits until a
year later.#> Though a mouse model of frontal lobe CCI injury to a toddler-age equivalent
(P21) has shown a chronic motor deficit,1” no other preclinical models of infant or toddler
TBI have shown chronic motor deficits following early CCI.1:84.106 Thys, even though the
deficits detected in the present study were subtle, this is the first time that chronic significant
gait differences in infant CCl-veh rats were identified. Most importantly, EPO treatment
reversed the motor deficits. Testing of other functional deficits, specifically cognitive
deficits, social interaction, and impulsivity, has not yet been performed in this model but is
anticipated. In a Morris water maze, infant P11 CCI rats performed worse than toddler P17
CClI rats,”* which suggests that cognitive deficits are likely to be found in our P12 CClI rats.
In addition, in a toddler P17 model of TBI, EPO treatment restored memory testing novel
object recognition in rats at 2 weeks after injury.8% Here, EPO treatment restored motor
performance, demonstrating that extended postinjury EPO treatment can induce sustained
improvement following infant TBI.

Imaging Biomarkers Reflect Functional Improvement With EPO Treatment

In the present study widespread injury extending beyond the area of impact was found on
T2-weighted and SWI of chronic injury, consistent with the extensive insult beyond the
impact region that others have found following early CCI using traditional histological
analyses.2:74.89.93,106 | 3 small subset of CClI rats, a protuberance similar to a
leptomeningeal cyst formed several days after injury, and MRI showed findings similar to
those in human infants with a leptomeningeal cyst.82 In P11 CClI, similar deformation of the
lateral ventricle has been noted on histological analyses.”* Additional histological and
imaging studies are expected to correlate histological changes with MRI findings; however,
those studies are beyond the scope of the present study. Initial findings with our P12 CClI
model are consistent with results in previous preclinical models and imaging in human
infants following impact TBI.

Detailed analyses of the DTI revealed chronic changes with a reduction in FA and an
increase in MD, AD, and RD in bilateral white matter regions of CCl-veh brains, suggesting
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that the relatively focal CCI caused widespread chronic changes in diffusivity. Not
surprisingly, the severity of the microstructural abnormalities was more prominent ipsilateral
to the impact. These changes are similar to chronic white matter DT1 abnormalities observed
after TBI in children.18:95 To our knowledge no DTI studies of infant TBI have been
performed, although these imaging studies have been used extensively to follow chronic
outcomes in perinatal brain injury;33:58 therefore, DTI should be feasible to use in infants
with TBI. The P12 CCI also caused a similar pattern of bilateral microstructural
abnormalities in the cortex. Recently it was recognized that DTI can detect abnormalities in
gray matter as well as in white matter.91 Results from the present study demonstrated the
feasibility of using DTI as a detailed biomarker to quantify the severity and regional extent
of injury and repair after infant TBI. Additional detailed regional analyses to clarify the
extent of microstructural abnormalities throughout the brain using this model are underway.

Importantly, DTI abnormalities due to P12 CCI generally normalized with postinjury EPO
treatment. These results suggest that DTI may be used as a biomarker to document
responsiveness to emerging neuro-reparative strategies. In a preclinical model of toddler TBI
with P17 CCI, a reduction in white matter RD related to an oral treatment regimen was
observed.8* Indeed, detailed imaging studies have demonstrated differences in treatment
groups when preterm infants were imaged at a term-equivalent age,>8 a relatively short
interval of a few months to detect structural improvement in neurodevelopment in humans.
These recent reports,®46 in combination with data presented here, suggest that DTI may be
used as an imaging biomarker in infant TBI to measure responsiveness to neuro-reparative
strategies.

Serum Biomarkers Reflecting Functional Outcomes After EPO Treatment

Serum biomarkers will potentially allow stratification of patients and personalized tailoring
of neuro-reparative strategies to the extent of injury, confounding comorbidities and
individual tolerance for and response to injury. Accurate use of serum biomarkers requires
an understanding of their biological basis in the CNS, which is probably complex in the
developing brain.37:39 In the present study we showed that cortical calpain activity is
elevated 3 days after a CCI delivered on P12, as shown by increases in all-SDPs, KCC2-
DPs, and GFAP-DPs. The observed elevation in all-SDPs is consistent with findings from
other TBI studies.870:86.107 while degradation of the cytoskeletal protein all-S is a generic
marker of neuronal injury, cerebral KCC2 levels more specifically reflect neuronal
functional activity. In fact, KCC2 influences multiple components of neuronal activity
including neuronal survival, inhibitory tone, synaptogenesis, and seizure
threshold,%:32.68.76,92.99 | oss of KCC2 expression occurs with epilepsy,3! gliomas,15:65
trauma, 111267 and perinatal brain injury.37:36.79 Developmentally regulated molecules
essential for cerebral function are vulnerable to calpain including KCC2,37:39.72.108 myelin
basic protein, and phosphorylated neurofilament.3% A better understanding of the pattern of
excess CNS calpain activity following infant TBI will guide the dosing of therapeutic
interventions. These initial studies demonstrate that excess CNS calpain activity occurs
following P12 CClI, as in other preclinical models of TBI.86
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We focused on serum GFAP because it reflects both gliosis and calpain degradation, and
GFAP-DPs are emerging as a leading TBI biomarker in humans.21:26:56.107 Jsing
immunoblotting, we found elevations in total GFAP and GFAP-DPs in serum at 3 days after
CCI, which corresponded to CNS levels. Huang and colleagues did not find elevated GFAP
in serum at 24 hours after TBI; however, they used a different age (adults), injury
mechanism (fluid percussion), and method of detection (enzyme-linked immunosorbent
assay [ELISAY]),30 differences that emphasize the need for age and assay specificity.
Nonetheless, GFAP and GFAP-DPs and all-SDPs are emerging as sensitive serum
biomarkers.8:13.26 Clinically, elevated peripheral levels of GFAP following TBI are
associated with unfavorable neurological outcomes.2%:56 Notably, in children with TBI,
GFAP outperforms other biomarkers such as S100p in detecting head trauma and predicting
intracranial lesions on head CT.56 Moreover, GFAP levels are typically higher in serum
following severe injury than after diffuse injury, and serum GFAP levels may be especially
relevant in the pediatric patient population to detect contusion or intracerebral
hemorrhage.19% Additionally, rapid measurement of GFAP-DPs may be useful in
establishing or excluding the diagnosis of intracranial injury apparent on imaging across the
spectrum of TBI. Thus, as an adjunct to current screening practices, measuring GFAP-DP
levels may help avoid unnecessary CT scans without sacrificing sensitivity.>6 While
additional studies are needed to clarify the timing and regional extent of excess CNS calpain
activity following P12 CCI, our initial results with serum GFAP suggest that calpain DPs
will provide potentially useful serum biomarkers in infant TBI.

In the present study we also identified acute serum elevations in the proinflammatory
cytokines TNFa and CXCL1 but not multiple other cytokines, which suggests that the
increases in TNFa and CXCL1 reflect activation of specific signaling mechanisms. In our
P12 CCI model, TNFa elevations were transient, whereas CXCL1 levels remained elevated
for 2—-3 weeks after injury. To our knowledge this is the first report of elevated serum
CXCL1 levels after infant TBI. As with other chemokines essential for neurodevelopment,
CXCL1 signaling through its receptor CXCR2 regulates neuronal survival?3 as well as
oligodendrocyte precursor proliferation and migration.80.78.96.101 However, high levels of
CXCL1 signaling are probably toxic to the developing brain. In preclinical models of
chronic pain in the mature CNS, astrocytes secrete CXCL1,104 which stimulates A-methyl-
D-aspartate (NMDA) receptors!® and probably calpain activation and KCC2 loss.37108 We
speculate that after TBI, astrocytes and/or microglia secrete excess CXCL1, probably driven
by TNFa.194 Indeed, CCl in Cxcr2-deficient mice induced less tissue and histological
correlates of injury compared with wild-type mice, although functional outcomes were not
altered.®8 Investigations of the mechanisms of TNFa and CXCL1 signaling are complex.
Importantly, serum levels of CXCL1 that remained elevated for 2-3 weeks after P12 injury
were attenuated by EPO treatment and collectively demonstrated the same pattern of
improvement seen with functional studies and MRI biomarkers.

Study Limitations

This initial study has multiple limitations. The results presented here lead to several more
questions including how P12 CCI alters the timing and location of CNS EPOR expression,
gliosis from astrocytes and microglia, excess calpain activity, and inflammatory cytokines.

J Neurosurg Pediatr. Author manuscript; available in PMC 2017 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Robinson et al.

Page 16

These issues are being addressed with additional studies. A limitation in using young
rodents is the challenge in performing a craniotomy without imparting injury to the
underlying dura and brain. Even in adult mice, CCI produces changes in sham-operated rats
compared with naive animals.83 Another recent study of CCl in P14 rats also used a
craniectomy.28 In that study anesthesia was induced and an incision without a craniectomy
was performed in shams, while CCI rats underwent craniectomy with CCI. The CCI with
craniectomy mimics the situation in infants who suffer severe TBI and are treated with
decompressive craniectomy, a common clinical scenario. Because pilot studies showed that
shams had some response to craniectomy and because our focus in the present study was to
determine whether MRI and serum biomarkers could detect chronic injury changes, the
experimental paradigm used here was most informative and consistent with the consensus
that the presence or absence of craniectomy is especially important when function is
evaluated at early time points.83 Subsequent studies with P12 rats to compare chronic injury
in shams with craniectomy and CCI rats without craniectomy are underway. Finally, our
studies were underpowered to determine any differences related to sex. Both sexes were
used in all experiments to facilitate translation to humans. Our goal with this first report was
to determine in infant impact TBI whether injury could be measured using MRI and serum
biomarkers and the potential efficacy of EPO treatment.

Conclusions

In this initial study of CCl in P12 rats, we demonstrated that gait changes after CCI were
accompanied by DTI abnormalities that resolved with EPO treatment. Similarly, chronic
serum CXCL1 levels normalized with EPO treatment. We found that P12 rat CCI functional
outcomes were reflected in MRI and serum biomarkers. Together, these results support both
the use of MRI and serum biomarkers in infant TBI and the use of rats to test emerging
neuro-reparative interventions.
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A: Schematic of experimental paradigm. The P12 rat pups, approximately equal to 6-month-

old human infants, underwent CCI. A subset of P15 sham and CCl-veh rats underwent

studies in the acute period at 72 hours after CCI (49 rats). For chronic studies (76 rats), CCI
rats were randomized to receive 3000 U/kg of EPO or vehicle on PID1, 2, 3, 4, 6, and 8 and
underwent analysis beginning at P28 (PI1D16). B: Regions of interest used for DTI analysis
for the ipsilateral and contralateral white matter (#/n strips) and cortex (wide strips). Figure

is available in color online only.
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A leptomeningeal cyst B sham

FIG. 2.
Representative SW1 studies of sham and CCI brains reveal the spectrum of sustained injury

from P12. A: A few CCI rats developed a cranial protuberance suggestive of a
leptomeningeal cyst 6-12 days after CCI. Susceptibility-weighted imaging demonstrated
deformation of the lateral ventricle toward the cortical lesion (arrow), similar to the pattern
observed in human infants with a leptomeningeal cyst. B: Sham rats demonstrated no
abnormalities in the cortex and sharp demarcation of the underlying subcortical white
matter. C: In contrast, CCI rats demonstrated a spectrum of injury, with approximately half
of the CCI rats showing moderate injury with the loss of the gray-white matter demarcation
(arrow) and mild extension of hypointense signal into the overlying cortex. D: The
remaining half of the CClI rats that underwent SWI had severe injury with extensive focal
injury to the cortex, subcortical white matter, and dorsal hippocampus.

J Neurosurg Pediatr. Author manuscript; available in PMC 2017 March 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Robinson et al.

Page 26

16 -

*%*
12 -
08 -
S04 -
00 . —

Sham CClI

Sham Sham CCI| CCI
EPOR — 60 kDa

B-actin — .. 45 kDa

ve to p-actin

relat

FIG. 3.
Immunoblotting of EPOR protein in microdissected cortex ipsilateral to the impact revealed

that CCl induces a significant increase in EPOR expression 3 days after injury and suggests
that vacant CNS EPOR should be responsive to exogenous EPO treatment days after injury.
CCI = CCl-veh. **p = 0.008, 2-tailed t-test with unequal variance. Figure is available in
color online only.
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FIG. 4.
Controlled cortical impact on P12 disturbed gait patterns, and extended EPO treatment

reversed gait abnormalities. A: The portion of the stance spent in the brake phase was
significantly reduced in CCl-veh rats, and EPO treatment restored the brake portion to sham
levels. B: Similarly, the portion spent in the propel phase was increased following CCI and
normalized with EPO treatment. C: The forelimb stance width was also significantly
reduced in CCI rats compared with shams and normalized with EPO treatment. *p < 0.05,
**p < 0.01, ***p < 0.001, 2-way ANOVA with Bonferroni post hoc correction. Figure is
available in color online only.
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FIG. 5.
Diffusion tensor imaging measures the diffusion of water in the CNS. Diffusion is

constrained by structures such as myelin, axons, and cellular organelles, and injury alters the
diffusivity of water. A: Color maps of representative sham, CCl-veh, and CCI-EPO rat
brains. Note that the color intensity is reduced in the region of the CCI (arrows), indicative
of a loss of microstructural integrity. Improvement is apparent in the CCI-EPO brain.
Directionality of DTI is indicated by different colors: red, transverse; green, vertical; and
blue, orthogonal plane. B: The average of each of the 3 eigenvectors (A1, A», and A3) for a
ROI can be modeled by an ellipsoid to show directional changes in diffusivity after injury or
repair. Ellipsoids representing the mean eigenvectors for the ipsilateral cortex for sham,
CCl-veh, and CCI-EPO rats demonstrate that diffusivity increases after injury in all
directions in CClI-veh rat brains and that EPO treatment reduces diffusivity to levels similar
to those in shams. Figure is available in color online only.
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FIG. 6.

Ipsilateral cortex and bilateral subcortical white matter show loss of FA, a crude measure of
microstructural integrity. A: In the ipsilateral cortex, FA was significantly reduced in CCI
brains. B: Similarly, FA was significantly lower in the ipsilateral subcortical white matter. C:
The reduction in FA following CCI extended to the contralateral subcortical white matter. D:
By contrast, the FA in the contralateral cortex was not affected. *p < 0.05, **p < 0.01, ***p
<0.001, 2-way ANOVA with Bonferroni post hoc correction. Figure is available in color
online only.
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FIG.7.

Detailed analyses of DTI eigenvectors demonstrated significant efficacy of extended EPO
treatment following P12 CCI, providing MRI biomarkers of treatment responsiveness. Mean
diffusivity describes the average of the 3 eigenvectors depicting the ellipsoid-shaped extent
of water diffusion, whereas AD and RD provide specific detail regarding directionality. The
longest, primary eigenvector denotes AD, whereas RD is the mean of the 2 smaller
eigenvectors. In CClI-veh brains, MD was elevated in the ipsilateral lesion cortex (A) and
subcortical white matter (D). More specifically, AD was elevated in both the lesion cortex
(B) and the subcortical white matter (E). Similarly, RD was also increased in both areas (C
and F). Most importantly, CCI-EPO brains showed significant restoration of AD and RD in
both brain regions. As expected, the magnitude of the increase in diffusivity after injury was
less prominent in the contralateral subcortical white matter and cortex (G-L). The efficacy
of EPO treatment was similar to that in the ipsilateral hemisphere, indicating that after injury
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extended EPO treatment imparts widespread microstructural restoration. *p < 0.05, **p <
0.01, ***p < 0.001, 2-way ANOVA with Bonferroni post hoc correction. Figure is available
in color online only.
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FIG. 8.

Excess cortical calpain activity at P15 degrades essential neuromolecules. A: The ratio of
all-SDPs, a neuron-specific cytoskeletal protein, was significantly elevated at PID3. B:
Calpain DPs for KCC2, a molecule important for neuronal function, were also significantly
increased at PID3. C: The astrocyte intermediate GFAP increases proportionally with gliosis
and is also degraded by calpain. After CCI, the sum total of GFAP levels (/ef) and the
GFAP-DPs (right) were both significantly increased. *p < 0.05, **p < 0.01, ***p < 0.001, 2-
tailed t-test with unequal variance. Figure is available in color online only.
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Serum biomarkers reflect CNS injury patterns. A: Serum GFAP levels were assayed with
immunoblotting using Coomassie staining as a loading control, and the sum total of full-
length and DPs (approximately 48 kD) was significantly elevated in serum 3 days after
injury. B: Similarly, GFAP-DP levels were significantly increased at P15. C: Serum TNFa
levels were significantly increased at P15. D: Serum TNFa levels normalized by the chronic
phase. E: Serum CXCL1 (known as CINC in the rat) levels were also significantly increased
at PID3. F: Serum CXCL1 levels remained elevated in the chronic phase and, importantly,
were normalized by an extended course of EPO treatment. CCl = CCl-veh. *p < 0.05, **p <
0.01, ***p < 0.001, 2-tailed t-test with unequal variance (A-C, E) and 2-way ANOVA with
Bonferroni post hoc correction (D and F). Figure is available in color online only.
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