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Abstract

Traumatic brain injury (TBI) can occur anywhere along the cortical mantel. While the cortical
contusions may be random and disparate in their locations, the clinical outcomes are often
similar and difficult to explain. Thus a question that arises is, do concussions at different
sites on the cortex affect similar subcortical brain regions? To address this question we
used a fluid percussion model to concuss the right caudal or rostral cortices in rats. Five
days later, diffusion tensor MRI data were acquired for indices of anisotropy (IA) for use in a
novel method of analysis to detect changes in gray matter microarchitecture. IA values from
over 20,000 voxels were registered into a 3D segmented, annotated rat atlas covering 150
brain areas. Comparisons between left and right hemispheres revealed a small population
of subcortical sites with altered IA values. Rostral and caudal concussions were of striking
similarity in the impacted subcortical locations, particularly the central nucleus of the amyg-
dala, laterodorsal thalamus, and hippocampal complex. Subsequent immunohistochemical
analysis of these sites showed significant neuroinflammation. This study presents three sig-
nificant findings that advance our understanding and evaluation of TBI: 1) the introduction
of a new method to identify highly localized disturbances in discrete gray matter, subcortical
brain nuclei without postmortem histology, 2) the use of this method to demonstrate that
separate injuries to the rostral and caudal cortex produce the same subcortical, distur-
bances, and 3) the central nucleus of the amygdala, critical in the regulation of emotion, is
vulnerable to concussion.
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Introduction

An estimated 1.7 million people in the United States sustain a traumatic brain injury (TBI)
each year. There are enormous costs associated with these injuries-52,000 deaths, 275,000 hos-
pitalizations, and ca. 1.4 million individuals treated and released from emergency departments.
TBI is a contributing factor to a third of all injury-related deaths in the United States. Among
military personnel, there are over 30,000 medically diagnosed cases of TBI annually. There are
no known treatments to reverse or minimize the initial brain damage caused by moderate to se-
vere TBI, which represents a critical gap in care. Health services focus on rehabilitation in the
areas of physical therapy and speech/language therapy. Psychiatric intervention is often neces-
sary to control the anxiety, depression, and PTSD like symptoms.

Advances in medical imaging, particularly in the field of magnetic resonance imaging
(MRI) have been critical in the evaluation of brain injury and disease progression following
TBI [1]. MRI can identify the edematous tissue at the site of contusion, global gray matter and
white matter damage and hemorrhagic lesions. MRI can be used to evaluate long-term volu-
metric changes in brain areas that can be correlated with neuropsychological tests of motor
and cognitive function. Diffuse axonal injury is the underlying neuropathology common to all
TBI and disruptions in connectivity between integrated neural networks affect cognitive and
emotional behavior. Diffusion tensor imaging (DTI) and quantitative anisotropy, which indi-
cate the integrity of white matter, can identify subtle changes in the diffusion of water thereby
assisting in the identification of specific areas of axonal injury following TBI (e.g., [2]. Different
diffusion indices of anisotropy in gray matter can also be used as biomarkers of disease pro-
gression such as changes in apparent diffusion coefficient (ADC) in severe TBI [3] and in
fractional anisotropy (FA) in aging [4] and therefore, changes in diffusion indices have the po-
tential to evaluate the efficacy of therapeutic interventions in vivo. While clinical studies report
changes in indices of anisotropy, how these changes relate to disease progression is unknown.
A decreased FA is possibly a sign of inflammation [5] and better prognosis of a good outcome.
Generally increased RD and AD are indicative of change for the worse. Increased FA, shortly
after injury, might have poorer outcome [6, 7]

Can different indices of anisotropy be used to identify subtle changes in gray matter? In-
deed, recent studies reported changes in neocortical brain regions in ADC in severe TBI and
multiple sclerosis [3, 8] and in FA in aging [4]. Measurements of radial diffusivity (RD) and
axial diffusivity (AD), in addition to FA, were reported for patients with persistent post-con-
cussive symptoms [9]. Changes of AD versus changes of RD were analyzed for each individual
patient and two different patterns were found. One pattern is defined by decrease in both the
AD and the RD, and the other pattern by increased AD with little or no change in RD. The lat-
ter pattern suggests gliosis as the underlying pathological process and has been originally estab-
lished in an animal model [10]. In summary, these studies advocate for the AD and RD to be
reported along with FA in studies of brain gray matter.

Animal models of TBI provide opportunities not possible in human studies. Researchers
can design prospective, longitudinal studies using histological methods with timed sacrifice to
evaluate the molecular and cellular events of disease progression. With the advent of MRI, the
same imaging modalities used in humans can be applied to preclinical studies of TBI. Nonethe-
less, areas identified with MRI as possible sites of subtle gray matter injury must be validated
with post-mortem histology. To this end, we have developed analytical methods using a 3D
segmented and annotated rat atlas and quantitative anisotropy to identify sites of putative gray
matter injury from over 150 brain areas following cortical contusion. We demonstrate in this
study that fluid percussion injury (FPI) in the rat at two separate sites on the cortical mantel
share common subcortical brain nuclei whereby significant differences in diffusivity are
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evident from the contralateral side of the brain. With post-mortem histology we are able to
focus our efforts on these areas, where we are able to confirm the presence of both neuroin-
flammation and axonal damage.

Materials and Methods
Animals

Adult male Sprague Dawley rats (n = 13) weighing ca.300-350 g each were obtained from Bio-
trofix (Waltham, MA), a contract research organization that specializes in neurological models
for preclinical research. Each animal was subjected to TBI using the fluid percussion model.
The fluid percussion model can be adjusted to deliver a force to the brain that reproducibly
causes mild to moderate TBI with neuropathological, cognitive and behavioral consequences
that reflect those seen in human head injury [11]. Following surgery, animals were housed at
Biotrofix for five days, then moved to Northeastern University, Center for Translational Neu-
rolmaging in the early morning, and imaged while alive the same day. Animals were acquired
and cared for in accordance with the guidelines published in the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health Publications No. 85-23, Revised 1985).
These studies were approved by the Biotrofix and Northeastern University Institutional use
and Animal Care Committees. Following imaging all animals were euthanized by carbon diox-
ide followed by thoracotomy.

Surgery

Animals were anesthetized with 1-3% isoflurane in a mixture of nitrous oxide and oxygen
(2:1). The skin at the site of surgery was shaved and the animal then placed in a stereotaxic
frame. The skull was exposed through a midline incision. A parasagittal craniotomy (5 mm di-
ameter) using a trephine drill was performed at 1 mm anterior and 1 mm lateral to bregma

(n = 5) for rostral concussions and 3.8 mm posterior and 2.5 mm lateral to the midline (n = 8)
for caudal concussions. A sterile plastic injury tube was next placed over the exposed dura,
bonded and secured. On the next day, animals were re-anesthetized then connected to the fluid
percussion device. The device consists of a Plexiglas cylindrical reservoir bounded at one end
by a rubber-covered Plexiglas piston and the opposite end fitted with a transducer housing and
a central injury screw adapted for the animal’s skull. The injury was induced by the descent of
a metal pendulum striking the piston, thereby injecting a small volume of sterile saline into the
closed cranial cavity and producing a brief displacement of neural tissue. The amplitude of the
resulting pressure pulse was measured in atmospheres by a pressure transducer (2.5-3.0 atmo-
spheres). This procedure produces a moderate TBI [12] characterized by a focal brain contu-
sion and cell death under the point of the connector tube on the dura and a percussion wave
through the brain that causes focal white matter damage and neuronal death in the distant hip-
pocampus. The brain injury results in focal motor deficits in the opposite limbs and memory
disturbances. There is no mortality during post-TBI. It should be noted the contralateral side
was not exposed to sham surgery. Previous studies in our laboratory showed no visible injury
to the brain as determined by histology.

Anatomical Scans

Experiments were conducted using a Bruker Biospec 7.0T/20-cm USR horizontal magnet (Bru-
ker, Billerica, Massachusetts) and a 20-G/cm magnetic field gradient insert (ID = 12 cm) capa-
ble of a 120-ps rise time (Bruker). Radiofrequency signals were sent and received with a
quadrature volume coil built into the animal restrainer (Animal Imaging Research,
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Massachusetts, USA). At the beginning of each imaging session, a high-resolution anatomical
data set was collected using the RARE pulse sequence (20 slice; 1 mm; field of vision [FOV] 3.0
cm; 256 x 256; repetition time [TR] 2.5 sec; echo time [TE] 12.4 msec; NEX 6; 6.5-minute ac-
quisition time). An example of anatomical images is provided in Fig 1. These anatomical im-
ages are not only used to visualize the position and extent of the cortical lesion, they are also
necessary for registration of the data collected from the other imaging modalities.

Brain Volume Lesion Volume Percentage of Brain Volume
rostral FP (n=5) 2195 mm3 13.57 mm3 0.60%
caudal FP (n=8) 2119 mm3 9.3 mm3 0.40%

Fig 1. Contusion Location and Volume. Shown in the two left columns are contiguous axial sections of representative rats that received fluid percussion
injury in the rostral or caudal cortex. The sections cover the caudal/rostral boundaries of the contusion as indicated by the arrows. The location and volume of
the lesion for each contusion site are shown in red in the 3D yellow reconstruction of the full brain on the right. The lesion volume can be calculated from
seeding and thresholding the 2D lesion followed by segmentation and volume rendering over the entire lesion from which measures can be taken for
statistical analysis. The table below reports the average brain volume, average lesion volume and the percentage of the lesion volume to whole brain volume
for both the rostral and caudal injuries.

doi:10.1371/journal.pone.0125748.g001
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T2 Relaximetry

Images were acquired using a multi-slice multi-echo (MSME) pulse sequence. The echo time
(TE) was 11 ms, and 16 echoes were acquired during imaging with a recovery time (TR) of
2500 ms. Images were acquired with a field of view [FOV] 3 cm?, data matrix = 256x256x20
slices, thickness = 1 mm. Values for longitudinal relaxation time (T,) were obtained from all
the slices using ParaVison 5.1 software. T, was used to characterize the site of injury on the cor-
tex. No significant changes were found except at the point of injury where edema was present.
The T, values were used for segmentation of the area of edema and to quantify the volume of
the injured site. The T, values were computed using the equation; y = A+C*exp (-t/T2) (S.D.
weighted) obtained from the Paravision 5.1 software. Where, A = absolute bias, C = signal in-
tensity, t = echo time and T2 = spin-spin relaxation time. The edematous tissue was identified
as a hyperintensity on the T2 map on the affected ipsilateral side of the brain. The lesion vol-
ume was calculated using a snake region growth algorithm in itk-SNAP (www.itksnap.org).
The threshold was set at 6300 to 9000 as absolute pixel intensity. A point is seeded within the
edema region and the algorithm run until segmentation is complete [13].

Diffusion Tensor Imaging

Quantitative MRI reflects the physical properties of proton spins in water that create the con-
trast that characterize the properties of different tissue. These measures include fractional an-
isotropy (FA) and apparent diffusion coefficient (ADC) or mean diffusivity. The determinants
of indices of diffusion at a microscopic level are many as the microarchitecture of the brain pa-
renchyma is composed of neurons and their axonal and dendritic fibers, glia, connective tissue,
capillaries, and intracellular and extracellular water. At a macroscopic level, the coherence of
the axons in a voxel, i.e., are they parallel or crossing, is the key determinant. It should be noted
that microscopic axonal properties and general microarchitecture of a voxel together with fiber
coherence are the key determinants of diffusion anisotropy and not myelination as originally
posited [14]. Additional indices of diffusion are provided by measures of radial diffusivity
(RD), which is the diffusivity in directions perpendicular to the principal axis of diffusion (i.e.
(A2 + 13)/2) and axial diffusivity (AD), which is the diffusivity along the principal axis (i.e. A1).
Work by Song and colleagues indicate that RD is a measure of myelin while AD is a measure of
axonal integrity [15]. Accordingly, diffusion tensor imaging is a very sensitive method that can
detect subtle micro- and macrostructural changes in tissues, but cannot specify what changes
occurred. The specificity of the changes is better addressed by histological methods.

Pulse Sequences

DTTI was acquired with a diffusion-weighted (DW) spin-echo echo-planar-imaging (EPI) pulse
sequence having the following parameters: TR/TE = 500/20 ms, eight EPI segments, and 10
non-collinear gradient directions with a single b-value shell at 1000 s/mm? and one image with
a b-value of 0 s/mm? (referred to as b0). Geometrical parameters were: 60 slices, each 0.313
mm thick (brain volume) and with in-plane resolution of 0.313x0.313 mm? (matrix size
96x96; FOV 30 mm”). The imaging protocol was repeated two times for signal averaging. Each
DTI acquisition took 44 min and the entire MRI protocol lasted about 1 hour 28 min.

Image Analysis

Image analysis included DTI analysis of the DW-3D-EPI images to produce the FA, AD and
RD maps. DTI analysis was implemented with Matlab (The Mathworks, Inc. USA) and MedIN-
RIA (1.9.0; http://www-sop.inria.fr/asclepios/software/MedINRIA/index.php) software. Because
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sporadic excessive breathing during DTT acquisition can lead to significant image motion arti-
facts that are apparent only in the slices sampled when motion occurred, each image (for each
slice and each gradient direction) was automatically screened, prior to DTT analysis, for motion
artifacts. Following the elimination of acquisition points with motion artifacts, the remaining ac-
quisition points were corrected for linear (motion) and non-linear (eddy currents/susceptibility)
artifacts using SPM8 (Welcome Trust Centre for Neuroimaging, London, UK).

For statistical comparisons between rats, each brain volume was registered with the 3D rat
atlas allowing voxel-based statistics [16, 17]. All image transformations and statistical analyses
were carried out using in-house MIVA software [18, 19] with affine registration. For each rat,
the b0 image was co-registered with the b0 template (using a 6-parameter rigid-body transfor-
mation). The co-registration parameters were then applied on the different DTT indexed maps
(FA, AD, RD). Normalization was performed on the maps since they provide the most detailed
visualization of brain structures and allow for more accurate normalization. The normalization
parameters were then applied to all DTT indexed maps. The normalized indexed maps were
smoothed with a 0.3-mm Gaussian kernel. To ensure that FA values were not affected signifi-
cantly by the pre-processing steps, we used the ‘nearest neighbor’ option following registration
and normalization.

One of the major advantages to animal imaging is the homogeneity of the subject pool.
Commercial, inbreed strains of rats are essentially genetically identical. Using male rats of the
same weight and age, as in this study, assures that the size and shape of the brains are indistin-
guishable. When registered into a 3D segmented, annotated rat atlas, the anatomical fidelity
across subjects is highly conserved. In this study ca 20,000 isotropic voxels with one of five dif-
ferent values of IA were localized to one of 150 discrete 3D brain volumes. In the case of the
central nucleus of the amygdala, ca 46 voxels occupy this volume, equally divided between left
and right sides. The variation between voxel numbers for brain area between subjects is usually
less than 2%. In this study the variance in the mean IA values was extremely small where the
SD was less than 10% in a group of only five animals. This made it possible to compare 150 bi-
lateral brain areas for difference in IA values using a small sample of animals.

Histology

Immediately after imaging, five days post-concussion, rats from the rostral cortical TBI group
were deeply anesthetized and perfused with 4% paraformaldehyde via cardiac puncture. Brains
were then extracted and left for fixation for 24 hours at 4°C in 4% paraformaldehyde. Subse-
quently, brains were sunk in 20% sucrose for 24 hours for cryogenic protection of tissue prior
to sectioning on a cryostat. Brain tissue was then coronally sectioned on a freezing microtome
at 40 pm.

Tissue was processed for single label immunohistochemistry according to previously pub-
lished methods, with the following modifications: a 0.3% hydrogen peroxide was substituted
for the phenylhydrazine step and primary antibodies were selected to examine axonal integrity
and astrocyte activation. Serial sets (every 3" section) of free-floating tissue sections were
rinsed in 0.05 M potassium phosphate buffered saline (KPBS) to remove excess cryoprotectant.
Sections next were incubated in 1% sodium borohydride for 20 min at room temperature to re-
duce free aldehydes to alcohol followed by a rinse in KPBS. Tissue was incubated in primary
antibodies for either glial fibrillary acidic protein (GFAP, 1:1500, AbCam ab7260) or myelin
basic protein (MBP, 1:1000, AbCam ab40390) for 1 hour at room temperature followed by 48
hours at 4°C. Sections were then rinsed in KPBS before being incubated for 1 hour at room
temperature in biotinylated goat, anti-rabbit IgG (Vector Labs; 1:600 dilution in KPBS + 0.4%
Triton X-100). Sections were rinsed again in KPBS and then incubated in an avidin-biotin
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peroxidase complex (45ul A, 45 pl B per 10 ml KPBS + 0.4% Triton X-100; Vectastain ABC kit-
elite pk-6100 standard; Vector Labs) for 1 h at room temperature. Sections were rinsed in
KPBS and then with tris buffered saline. Immunoreactivity was visualized by incubation in a
solution containing 50 ml of tris buffered saline, 1.25 g nickel sulfate, 41.5 pl of 3% H,0, and
10 mg of diaminobenzidine for 15 min at room temperature. Sections were rinsed in tris buff-
ered saline following by a series of rinses in KPBS.

Sections were mounted on gelatin-coated slides and air-dried overnight. Sections were then
dehydrated in ascending ethanol dilutions and cleared with Histoclear (National Diagnostics).
Slides were then cover slipped with Histomount (National Diagnostics). Images were acquired
using a Nikon Eclipse E 800 microscope with 2x and 4x objectives giving 20x and 40x magnifi-
cation, respectively and a Sensi-cam camera, and IP Lab 3.7 computer software (Scanalytics
Inc,, Fairfax, VA). All camera/microscopy parameters were standardized; measurement of
optic density was standardized, but the OD results were not normalized or transformed.
Immunohistochemical staining was quantified in the central nucleus of the amygdala, the hilus
of the hippocampus and the laterodorsal thalamus. Three slices were imaged and quantified for
each brain region. Staining was measured when it exceeded a threshold pixel intensity of ap-
proximately twice background using Image] (NIH) and compared between the concussed
hemisphere and the non-concussed contralateral hemisphere within each animal. Optical den-
sity was measured as the number of pixels above threshold within a brain region, each of which
were of a standardized size. Immunohistochemical data were compared via two-tailed paired t-
tests for each brain region and stain.

Results

Representative examples of FPI from two rats, one with a rostral cortical contusion and the
other with a caudal contusion, are shown in Fig 1. The contiguous axial brain sections show the
deformation of cortical tissue and change in tissue contrast using a T2 weighted imaging proto-
col. The 3D reconstructions of the brain show the calculated lesion volume in red for each cor-
tical insult. The average lesion volumes for rostral cortex (n = 5) and caudal cortex (n = 8)
ranged between 9-14 mm?® and qualifies these TBIs as mild to moderate [12].

Table 1 shows the comparison in FA values between the concussed (ipsilateral) and non-con-
cussed (contralateral) sides of the brain from rostral and caudal injury, for different regions of in-
terest, rank ordered for their significance, taken from 150 discrete areas in the 3D segmented rat
atlas. Tables 1-3 report only those brain areas that were significantly different between ipsilateral
and contralateral sides. The complete statistical summary for all 150 brain areas, for all IA values,
and for rostral and caudal concussions are available through the PLOS One data repository. The
general trend in these brain areas is an increase in FA on the concussed ipsilateral side of the
brain, particularly the amygdaloid complex, and hippocampal areas. However, there are a few ex-
ceptions. In the rostral cortical concussions these include the laterodorsal thalamus and lateral
geniculate. In the caudal concussions these include the lateral and basal amygdala, anterior cin-
gulate and agranular insular cortices, paraventricular nucleus and laterodorsal thalamus. Areas
underlined are common to both rostral and caudal concussions. The direction of the IA values
were consistent between rostral and caudal insults (Tables 1-3). For example, if the FA value for
the central nucleus of the amygdala was greater on the ipsilateral side than the contralateral side
following rostral cortical concussion (0.582 > 0.414), it was also greater following caudal concus-
sion (0.419 > 0.320). The only exception was the lateral amygdala for FA values.

Table 2 shows the comparison in RD values between the concussed (ipsilateral) and non-
concussed (contralateral) sides of the brain for different regions of interest, rank ordered for
their significance. RD values for rostral and caudal concussions are shown. While the general
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Table 1. Fractional Anisotropy.

Region of Interest(ROI)

CA1 dorsal hippocampus
central amygdala

medial amygdala
laterodorsal thalamus

dorsomedial striatum

lateral geniculate
somatosensory ctx secondary
lateral amygdala

subiculum hippocampus
nucleus brachium

Region of Interest (ROI)

laterodorsal thalamus

dentate gyrus hippocampus
CA3 hippocampus ventral
globus pallidus

auditory ctx

basal amygdala
somaotsensory ctx secondary

somatosensory ctx primary
temporal ctx

insular ctx

gustatory ctx
paraventricular thalamic nuclei
central amygdala

medial geniculate

medial septum

lateral amygdala
infralimbic ctx

agranular insular ctx
anterior cingulate ctx
cortical amygdala

Measures of fractional anisotropy (FA) following lateral fluid percussion injury to the rostral (n = 5) and caudal (n = 8) cortex. Statistical differences

Right Rostral Cortical Insult—FA Values

contralateral (left)

FA values

0.336
0.414
0.482
0.436
0.368
0.316
0.220
0.262
0.298
0.208

Right Caudal Cortical Insult—FA Values

contralateral (left)
FA values
0.488
0.203
0.241
0.356
0.173
0.264
0.186
0.208
0.196
0.199
0.250
0.353
0.320
0.260
0.356
0.256
0.288
0.225
0.276
0.256

SD

0.021
0.044
0.059
0.068
0.018
0.024
0.012
0.036
0.033
0.042

SD

0.050
0.016
0.046
0.047
0.031
0.014
0.021
0.028
0.023
0.019
0.028
0.037
0.053
0.025
0.037
0.030
0.047
0.019
0.037
0.034

ipsilateral (right)
FA values

0.410 1
0.582 1
0.618 1
0.276 |
0.414 1
0.278 |
0.246 1
0.356 1
0.344 1
0.272 1

ipsilateral (right)
FA values
0.357 |
0.245 7
0.343 1
0.457 1
0.221 1
0.232 |
0.216 1
0.242 1
0.230 7
0.226 1
0.288 1
0.301 |
0.418 1
0.288 1
0.400
0.210 |
0.232 |
0.252 1
0.232 |
0.300 7

SD

0.010
0.033
0.013
0.042
0.017
0.011
0.013
0.055
0.015
0.039

SD

0.060
0.021
0.047
0.047
0.024
0.021
0.016
0.014
0.021
0.018
0.026
0.036
0.083
0.017
0.028
0.040
0.040
0.025
0.034
0.037

t-test

0.001
0.001
0.001
0.002
0.003
0.012
0.013
0.013
0.021
0.046

t-test

0.001
0.001
0.001
0.001
0.003
0.004
0.007
0.007
0.008
0.011
0.013
0.013
0.013
0.018
0.019
0.020
0.023
0.025
0.026
0.026

between 150 brain regions comparing FA values between the affected ipsilateral side (right) and the contralateral side (left) are rank order for significance.
Values are presented as the mean and standard deviation (SD). Areas underlined are common to both sites of cortical injury. Arrows denote the direction

of the difference between the affected and control sides. Note that there is predominately an increase in FA with a few exceptions e.g., laterodorsal

thalamus, basal amygdala, infralimbic ctx. Note the lateral amygdala shows a change in direction in FA values between rostral and caudal concussions.

doi:10.1371/journal.pone.0125748.t001

trend in these brain areas is for an increase in RD on the concussed ipsilateral side of the brain,
there are again a few exceptions, e.g., paraventricular nucleus and laterodorsal thalamus, lateral
geniculate, basal amygdala, and anterior cingulate and infralimbic cortices. In most cases these
are the same areas identified in Table 1 for the FA values.
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Table 2. Radial Diffusivity.

Region of Interest(ROI)

CA1 dorsal hippocampus
central amygdala

medial amygdala
laterodorsal thalamus

dorsomedial striatum
subiculum hippocampus
lateral amygdala
cochlear nucleus

lateral geniculate
nucleus brachium

Region of Interest(ROI)

dentate gyrus hippocampus
laterodorsal thalamus

CAB ventral hippocampus
globus pallidus

auditory ctx

somatosensory ctx secondary
gustatory ctx

paraventricular thalamic nuclei
insular ctx

central amygdala
somatosensory ctx primary
cortical amygdala

temporal ctx

medial septum

anterior cingulate ctx
infralimbic ctx

agranular insular ctx

basal amygdala

medial amygdala

medial geniculate

posterior amygdala

Right Rostral Cortical Insult—RD Values

contralateral (left)

RD values

0.256
0.316
0.394
0.388
0.284
0.232
0.204
0.212
0.234
0.180

Right Caudal Cortical Insult—RD Values

contralateral (left)
RD values
0.168
0.434
0.193
0.265
0.126
0.134
0.190
0.326
0.145
0.245
0.158
0.198
0.145
0.273
0.218
0.219
0.168
0.203
0.294
0.195
0.273

SD

0.022
0.033
0.053
0.073
0.015
0.029
0.027
0.028
0.026
0.027

SD

0.012
0.061
0.041
0.039
0.023
0.016
0.017
0.024
0.014
0.038
0.018
0.029
0.021
0.034
0.029
0.039
0.016
0.014
0.042
0.023
0.090

ipsilateral (right)
RD values

0.330 1
0.492 1
0.540 |
0.210 |
0.340 |
0.286 1
0.310 1
0.316 |
0.200 |
0.224 1

ipsilateral (right)
RD values
0.207 ©
0.298 |
0.286 1
0.357 1
0.162 1
0.158 1
0.220 1
0.286 |
0.166 1
0.340 ©
0.180 1
0.252 1
0.171 1
0.315 1
0.180 |
0.175 |
0.191 1
0.182 |
0.362 1
02171
0.388 1

SD

0.007
0.044
0.014
0.035
0.024
0.018
0.063
0.081
0.012
0.032

SD

0.018
0.064
0.048
0.054
0.015
0.011
0.021
0.027
0.013
0.078
0.013
0.045
0.015
0.026
0.027
0.032
0.024
0.020
0.072
0.017
0.116

t-test

0.001
0.001
0.001
0.001
0.002
0.008
0.009
0.026
0.030
0.048

t-test

0.001
0.001
0.001
0.002
0.002
0.003
0.007
0.007
0.007
0.008
0.011
0.012
0.012
0.014
0.018
0.029
0.033
0.035
0.036
0.040
0.042

Measures of radial diffusivity (RD) following lateral fluid percussion injury to the rostral (n = 5) and caudal (n = 8) cortex. Statistical differences between

150 brain regions comparing RD values between the affected ipsilateral side (right) and the contralateral side (left) are rank ordered for significance.

Values are presented as the mean and standard deviation (SD). Areas underlined are common to both sites of cortical injury. Arrows denote the direction

of the difference between the affected and control sides. Note that there is predominately an increase in RD with a few exceptions e.g., laterodorsal
thalamus, basal amygdala, infralimbic ctx.

doi:10.1371/journal.pone.0125748.1002
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Table 3. Axial Diffusivity.
Right Rostral Cortical Insult—AD Values

Region of Interest(ROI) contralateral (left) ipsilateral (right)

AD values SD AD values SD t-test
central amygdala 1.098 0.074 1.334 1 0.088 0.002
laterodorsal thalamus 1.322 0.149 0.988 | 0.099 0.003
lateral amygdala 1.136 0.044 1.360 1 0.129 0.006
raphe dorsal 1.650 0.139 1.968 1 0.199 0.019
medial amygdala 1.262 0.101 1.420 1 0.068 0.020
periagueductal gray midbrain 1.054 0.063 1.188 0.091 0.027
medial geniculate 0.968 0.085 1.074 1 0.023 0.028
mediodorsal thalamus 1.240 0.063 1.340 7 0.071 0.046

Right Caudal Cortical Insult—AD Values

Region of Interest(ROI) contralateral (left) ipsilateral (right)

AD values SD AD values SD t-test
central amygdala 1.071 0.025 1.221 1 0.088 0.001
mediodorsal thalamus 1.164 0.058 1.280 1 0.061 0.002
medial amygdala 1.204 0.040 1.327 1 0.086 0.002
dentate gyrus hippocampus 1.101 0.054 12357 0.089 0.003
laterodorsal thalamus 1.410 0.162 1172 | 0.107 0.004
subiculum hippocampus 1.088 0.027 1.195 1 0.085 0.004
globus pallidus 1.031 0.060 1.186 1 0.114 0.004
periagueductal gray midbrain 1.165 0.073 1.300 1 0.105 0.010
lateral posterior thalamus 0.990 0.079 1.101 7 0.072 0.011
tenia tecta ctx 1.178 0.135 1.403 7 0.212 0.023
cortical amygdala 1.055 0.076 1.217 1 0.165 0.024
paraventricular n. hypo 1.029 0.087 1.167 1 0.155 0.045

Measures of axial diffusivity (AD) following fluid percussion injury to the rostal (n = 5) and caudal (n = 8) cortex. Statistical differences between 150 brain
regions comparing AD values between the affected ipsilateral side (right) and the contralateral side (left) are rank ordered for significance. Values are
presented as the mean and standard deviation (SD). Areas underlined are common to both sites of cortical injury. Arrows denote the direction of the
difference between the affected and control sides. Note that there is predominately an increase in AD with only one exception the laterodorsal thalamus.
These data from rostral and caudal concussions were collected 5 days post TBI.

doi:10.1371/journal.pone.0125748.t003

Table 3 shows the comparison in AD values between the concussed (ipsilateral) and non-
concussed (contralateral) sides of the brain for different regions of interest, also rank ordered
for their significance. AD values for rostral and caudal concussions are shown. While the gen-
eral trend in these brain areas is an increase in AD on the concussed ipsilateral side of the
brain, the only exception is the laterodorsal thalamus, which shows a decrease in AD values, a
finding common across all IA values for both rostral and caudal concussions.

Fig 2 shows a 3D reconstruction of the major subcortical areas involved in rostral and cau-
dal concussions. The red ovals show the approximate locations of the concussion sites. The
subcortical areas are highly represented by the amygdaloid complex, e.g., medial, cortical, later-
al, basal and central amygdala; hippocampus, e.g., subiculum, CA1, CA3, and dentate gyrus;
and thalamus, e.g,, laterodorsal and paraventricular thalamic nuclei, and medial and lateral ge-
niculate. The individual 3D volumes of each area are shown in color on the left, and coalesced
into a single volume (yellow) on the right. This 3D perspective of affected areas in the context
of the whole brain shows a common organization of subcortical sites vulnerable to FPI from

PLOS ONE | DOI:10.1371/journal.pone.0125748 May 8, 2015 10/19
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Fig 2. 3D Reconstructions of Subcortical Brain Areas Sensitive to Cortical Contusion. The brain areas
in Table 1 with significant differences in FA values between the ipsilateral concussed side of the brain and the
contralateral side are shown in colored 3D volumes for both the rostral and the caudal fluid percussion
injuries. Top images are coronal displays while the bottom images show a sagittal view of the brain. The
individual brain areas are coalesced into a single volume (yellow) on the right side of the brain. The red oval
depicts the approximate location of the fluid percussion injury. The significantly different cortical areas
reported in Table 1 are not shown because they would obscure the visualization of the underlying subcortical
brain areas. The medial amygdala and posterior amygdala from the Table 1 caudal concussion are not
shown because they are hidden amongst the other amygdaloid nuclei.

doi:10.1371/journal.pone.0125748.9002

different areas of the cortex. These common brain areas are very similar, often contiguous, and
in some cases identical, e.g., central, medial and lateral nuclei amygdala and laterodorsal nucle-
us of the thalamus, as shown in blue in Tables 1-3.

Areas in the amygdala, thalamus and hippocampus showing common changes in IA val-
ues in response to both rostral and caudal FPI were analyzed with immunohistochemistry for
changes in GFAP and MBP as measure of inflammation and axonal myelination, respectively.
The photomicrographs in the top panel of Fig 3 show GFAP staining in the ipsilateral and
contralateral central nucleus of the amygdala. Analyses of optical density revealed a greater
than two-fold increase (p = 0.012) in immunostaining for GFAP in the concussed, ipsilateral
central nucleus of the amygdala as compared to the contralateral side (bar graphs above),
which suggests inflammatory processes occurring in the ipsilateral amygdala. The bottom
panel of photomicrographs shows staining for MBP on the ipsilateral and contralateral cen-
tral nucleus of the amygdala. There was a significant (p = 0.015) reduction in MBP levels on
the ipsilateral, as compared to contralateral nucleus (bar graphs above), which suggests loss
of myelinated fibers in this area of the amygdala. Shown in Fig 4 are GFAP and MBP staining
and optical density values for the laterodorsal thalamus and CA3 hippocampus. The level of
GFAP staining was significantly higher (LD p = 0.010; CA3 p = 0.038) in both brain areas on
the affected ipsilateral side, as compared to the contralateral side (bar graphs above), which
suggests the presence of inflammatory processes. There were no significant differences in
MBP levels between contralateral and ipsilateral sides of the brain in the laterodorsal thala-
mus and CA3 hippocampus.

PLOS ONE | DOI:10.1371/journal.pone.0125748 May 8, 2015 11/19
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Fig 3. Injury to the Amygdala. Shown in the upper bar graphs are the comparisons in optical density
(mean * SE) of immunostaining for glial fibrillary acidic protein (GFAP) and myelin basic protein (MBP)
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between ipsilateral and contralateral sides of the amygdala. Photomicrographs of immunostaining are
presented in the panels below for each molecular marker. Optical density for each was measured in the

box sampling the area of the central nucleus of the amygdala (CE) depicted in photomicrographs A and B.
Higher magnifications of the same areas are shown in photomicrographs C and D. The scale bare = 100 ym.
* <0.05; Abbreviations: Bla—basolateral amygdala; Me—medial amygdala; La—lateral amygdala.

doi:10.1371/journal.pone.0125748.9003
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Fig 4. Injury to Thalamus and Hippocampus. Shown in the upper bar graphs are the comparisons in optical density (mean + SE) of immunostaining for
glial fibrillary acidic protein (GFAP) and myelin basic protein (MBP) between ipsilateral and contralateral sides of the thalamus and hippocampus.
Photomicrographs of immunostaining are presented in the panels below for each molecular marker. Optical density for each was measured in the boxes
sampling the areas of the laterodorsal thalamus (LD) and CAS3 of the hippocampus depicted in photomicrographs A and B. Higher magnifications of the same
areas are shown in photomicrographs C, D, E, and F. The scale bare = 100 pm. * < 0.05; Abbreviations: DG—dentate gyrus; CA1 area of the hippocampus;
MD—mediodorsal thalamus.

doi:10.1371/journal.pone.0125748.9004

PLOS ONE | DOI:10.1371/journal.pone.0125748 May 8, 2015 13/19



@’PLOS ‘ ONE

Traumatic Brain Injury and Subcortical Injury

Discussion

In this study we demonstrate for the first time that fluid percussion at two sites on the cortical
mantel share common subcortical regions showing significant differences in diffusivity from
the contralateral side of the brain. The gray matter, subcortical brain areas most sensitive to
concussions at disparate sites on the cortex can be parsed into three major regions—the hippo-
campus, thalamus and the amygdala. This was demonstrated by changes in FA, RD and AD in
discrete brain areas in each of these three regions on the ipsilateral side using DTI methodolo-
gy. While, there was a small amount of edema at the points of contusion, they did not introduce
any global deformation in the brain that could have influenced these changes. To confirm that
these discrete brain areas identified in vivo with DTT were affected by cortical injury, we fol-
lowed up with histological preparations to show neuroinflammation in all three affected brain
regions and specific axonal demyelination in the central nucleus of the amygdala. Since these
data were obtained using a new analytical method combining DTT maps registered into a 3D
segmented rat atlas, we follow up below whether these findings are in agreement with those re-
ported in the preclinical and clinical literature.

Studies on rodents using a variety of cellular and molecular markers to localize gray matter
subcortical areas affected by different models of TBI all identify hippocampal involvement [11,
20-31]. Neuroinflammation measured by astrocyte expressing GFAP, as applied in this study,
is routinely used as a cellular biomarker to follow disease progression post-concussion [25, 32].
Using stereological methods to quantify neuronal loss and glial proliferation, Grady and co-
workers showed the hippocampus was selectively vulnerable to FPI given laterally or midline
on the cortex [33]. The hilus was particularly sensitive to both sites of concussion, a finding
corroborated in this study. In a multimodal imaging study Liu and colleagues followed devel-
opmental changes in the hippocampus following FPI [34]. PET imaging with (18)F-FDG re-
vealed hypometabolism of the hippocampus that persisted for up to one month. There are
many studies in humans using MRI based volumetric analysis or DTT that report a progressive
reduction in hippocampal volume or alterations in IA values following TBI (for review see
[11]. Hence preclinical and clinical studies show the hippocampus is vulnerable to the deleteri-
ous effects of TBI. This vulnerability of the hippocampus observed in our studies is consistent
with the preclinical and clinical studies showing memory impairment following TBI [30, 31,
35-38]. Despite the wide use of DTT in clinical setting, there have been few animal studies re-
porting hippocampal changes as consequence to mild and moderate TBI. Most recently, studies
in blast-induced TBI have reported structural changes in rat hippocampus using ex-vivo DTI
[39, 40]. In the present study, assessment of gray matter damage in the hippocampus was ini-
tially made in vivo and later confirmed by postmortem histology showing neuroinflammation
with increased GFAP levels.

Again, studies in rodents using different markers of neuroinflammation and neuronal dam-
age have identified the thalamus as susceptible to the effects of TBI [22, 24, 25, 31, 41, 42].
Raghavendra and colleagues reported a time-dependent increase in microglia and astrocyte ac-
tivation concomitant with neural death in the thalamus of the rat 1-14 days post-concussion
[42]. The thalamus shows delayed yet persistent apoptosis beginning 1-2 weeks post FPI and
continues for up to one month [22, 41]. Interestingly, in a recent study Das and coworkers re-
ported that TBI initiates a systemic inflammatory reaction that precedes the local brain re-
sponse and suggests that spleen- and/ or thymus-derived proinflammatory chemokines may
promote and sustain neuronal injury in thalamus and hippocampus [22].

Patients recovering from TBI show significant thalamic hypometabolism [43]. It is common
for patients with TBI to show progressive loss of thalamic volume [36, 44-47]. Reduction in
thalamic volume and alterations in DTI are correlated with changes in cognitive function [36,
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48, 49]. Little and colleagues have proposed a "thalamic hypothesis" as a central mechanism for
the decrease in cognitive function following TBI [48]. Loss of connectivity between the fore-
brain cortex and the thalamic nuclei, particularly the dorsomedial nucleus, can affect executive
function [50]. Indeed, the suppression of cortical oscillatory activity following TBI observed in
the fluid percussion model suggests an injury-induced functional disruption of thalamocortical
networks [51]. It should be noted that using DTT, the present study showed changes to the me-
dial dorsal and laterodorsal thalamic nuclei in response to both rostral and caudal contusions.
These findings are consistent with the clinical data and support the notion of thalamic vulnera-
bility to diffuse TBI. Moreover, the ability to register DTT maps into the 3D segmented rat atlas
allows one to identify in vivo damage to specific thalamic nuclei which can then be used as seed
points in functional connectivity studies in the same animal.

Another subcortical area that appears vulnerable to TBI is the amygdala. In our studies we
noted the central nucleus of the amygdala was affected by rostral and caudal contusions across
several IA values (see Tables 1-3). In general it could be said that the amygdaloid complex was
at risk since several nuclei, e.g., medial, lateral, and cortical were affected with one or both con-
cussion sites. Interestingly, as compared to the hippocampus and thalamus, there is a paucity
of literature on the amygdala in human TBI studies [36, 52]. This deficiency may be due to
more subtle and more variable changes in gray matter volume in the amygdala
following injury.

In preclinical studies, Hogg and coworkers [53] found no evidence of neurological deficits
but did report a modest number of behavioral deficits in mild TBI caused by FPI. Rats with
concussions localized to the parietal cortex show reduced contextual freezing suggesting a cog-
nitive deficit in learning and memory involved in the formation of associations. In a subse-
quent study from the same laboratory, the brain was mapped with immunostaining for several
inducible transcription factors to identify areas affected by mild TBI that could affect condi-
tioned fear [21]. The hippocampus and the amygdaloid complex, particularly the central nucle-
us of the amygdala, showed significant differences from controls. In a more recent study,
Rodgers and coworkers found increased reactive gliosis in the amygdala, particularly the baso-
lateral and central nucleus in rats following FPI associated with exaggerated freezing behavior
in a novel environment [32]. Our results corroborate these findings but open the field of TBI to
an in vivo approach to identify discrete gray matter areas of neuropathology prior to post-mor-
tem histology; thus making it possible to perform longitudinal studies on the same animal for
the evaluation of new treatment strategies. Again the predictions made in vivo of gray matter
damage to discrete amygdaloid areas was confirmed by postmortem histology showing neu-
roinflammmation by GFAP staining. It should be noted that the central nucleus of the amygda-
la also showed a decrease in MBP, suggesting injury to myelinated nerve fibers in and around
the area. Indeed, the boundaries of the central nucleus of the amygdala encompass the commis-
sural stria terminalis [54], a white matter tract originating from the lateral olfactory nucleus
and the bed nucleus of the stria terminalis with projections to the anterior commissure [55].

While the neurological problems (e.g., motor and visual disturbances) associated with mild to
moderate TBI may recover soon after insult [56], problems involving dysregulation of emotion
and cognition may persist for months or even years [57, 58]. Indeed, changes in mood and anxi-
ety are common psychiatric disorders following TBI. It has been hypothesized that dysregulation
of prefrontal control over limbic cortex and amygdala may underlie these changes in behavior
following concussion. The discovery in this study that the amygdala, hippocampus and dorsal
thalamic nuclei are vulnerable to modest diffuse fluid percussion is particularly relevant to the
clinical perspective on TBI. Connections between the hippocampus and amygdala [59, 60] and
those between dorsal thalamic nuclei and limbic cortex [61] provide a frame work of distributed
neural circuitry affecting behavior, learning and memory [62]. The sensitivity of the central
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nucleus of the amygdala to diffuse cortical impacts may be key to understanding the psychiatric
consequence, like depression and post-traumatic stress disorder (PTSD) that are strongly associ-
ated with mild TBI. The models of PTSD have the amygdala and its connections to the hippo-
campus and prefrontal cortex as key neural substrates contributing to the exaggerated fear,
anxiety and altered stress [63]. Major depression is a frequent complication of TBI and is associ-
ated with executive dysfunction, negative affect, and prominent anxiety symptoms [64].
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