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studies related to understanding the temporal changes in the cerebral blood flow following
traumatic brain injury extending to sub-acute periods are limited. In addition, knowledge
related to microhemorrhages, such as their detection, localization, and temporal progression,
is importantin the evaluation of traumatic brain injury. Materials and Methods: Cerebral
blood flow changes and microhemorrhages in male Sprague Dawley rats at 4 h, 24 h,
3 days, and 7 days were assessed following a closed head injury induced by the
Marmarou impact acceleration device (2 m height, 450 g brass weight). Cerebral blood
flow was measured by arterial spin labeling. Microhemorrhages were assessed by
susceptibility-weighted imaging and Prussian blue histology. Results: Traumatic brain
injury rats showed reduced regional and global cerebral blood flow at 4 h and 7 days
post-injury. Injured rats showed hemorrhagic lesions in the cortex, corpus callosum,
hippocampus, and brainstem in susceptibility-weighted imaging. Injured rats also showed
Prussian blue reaction products in both the white and gray matter regions up to 7 days after
the injury. These lesions were observed in various areas of the cortex, corpus callosum,
hippocampus, thalamus, and midbrain. Conclusions: These results suggest that changes
in cerebral blood flow and hemorrhagic lesions can persist for sub-acute periods after
the initial traumatic insult in an animal model. In addition, microhemorrhages otherwise
not seen by susceptibility-weighted imaging are present in diverse regions of the brain.
The combination of altered cerebral blood flow and microhemorrhages can potentially
be a source of secondary injury changes following traumatic brain injury and may need
to be taken into consideration in the long-term care of these cases.

Received : 15-07-2015
Accepted : 09-09-2015
Published : 30-09-2015

Key words: Arterial spin labeling, cerebral blood flow, hemorrhages, marmarou
model, Prussian blue, susceptibility-weighted imaging, traumatic brain injury

This is an open access article distributed under the terms of the Creative

Access this article online Commons Attribution-NonCommercial-ShareAlike 3.0 License, which allows
Quick Response Code: others to remix, tweak, and build upon the work non-commercially, as long as the
Website: author is credited and the new creations are licensed under the identical terms.

www.clinicalimagingscience.org
For reprints contact: reprints@medknow.com

How to cite this article: Kallakuri S, Bandaru S, Zakaria N, Shen Y, Kou Z, Zhang L, et al.

DOI: Traumatic Brain Injury by a Closed Head Injury Device Induces Cerebral Blood Flow Changes
~ and Microhemorrhages. J Clin Imaging Sci 2015;5:52.

10.4103/2156-7514.166354 Available FREE in open access from: http://www.clinicalimagingscience.org/text.

asp?2015/5/1/52/166354

1 © 2015 Journal of Clinical Imaging Science | Published by Wolters Kluwer - Medknow



Kallakuri, et al.: TBI induced cerebral blood flow changes and microhemorrhages

INTRODUCTION

An estimated 1.7 million traumatic brain injuries occur
annually in the United States and are attributed to a third
of all injury-related deaths and a major cause of disability
and cognitive disorders in young adults.""?The pathological
sequelae following traumatic brain injury involve a variety
of primary and secondary injuries which may continue
to evolve from the time of primary injury.>! Alterations
in the cerebral blood flow and microhemorrhages are
two such secondary injuries whose better understanding
may help lead to improved therapeutic opportunities and
the ultimate management or prevention of neuronal and
functional damage after traumatic brain injury.

Regulation of cerebral blood flow or cerebral autoregulation
is complex with multiple overlapping mechanisms and
influencing factors.® Following a traumatic insult, the
normal autoregulatory mechanisms are disturbed and
can be a factor in the progression of secondary injury
changes.l**1% |n fact, reduced cerebral blood flow in
clinical and experimental traumatic brain injury settings
is well known and can contribute to ischemia and brain
damage.l"" |t has been reported that global cerebral
blood flow was significantly reduced in traumatic brain
injury, with low cerebral blood flow in the first 24 h being
associated with poor outcome.>'® However, cerebral
blood flow changes following closed head injuries are not
well studied. The few available experimental studies were
limited to measuring cerebral blood flow changes a few
hours (30 min-8 h) to 2 days after traumatic brain injury, but
not over extended periods after injury. Also, measurements
in these studies were limited to one or two anatomical
regions with the use of laser Doppler flowmetry probe on
a specific location of interest or analyzing limited slices
despite using advanced magnetic resonance perfusion
imaging techniques such as arterial spin labeling.!""'719

Besides cerebral blood flow, the detection and localization
of smaller hemorrhages can provide valuable knowledge
on the mechanism of injury as well as prognosis following
traumatic brain injury.”® Detecting small hemorrhages
may be helpful in the evaluation of diffuse axonal injury
which is commonly associated with small hemorrhages
seated deep in the brain, and conventional imaging may
not be able to reveal all levels of hemorrhages in the brain.
For that matter, focal hemorrhagic lesions in major white
matter tracts have been usually associated with microscopic
diffuse axonal injury and are routinely used as a diagnostic
marker for diffuse axonal injury.'?'-23! Also, a significant
portion of diffuse axonal injury cases manifest hemorrhagic
lesions, but are usually much smaller than extra-axial
hematomas and hemorrhagic contusions. Pathological

data also shows microhemorrhages at the boundaries of
gray matter/white matter, in the corpus callosum, internal
capsule, and brainstem.? However, studies aimed at
finding the temporal progression of microhemorrhages
by susceptibility-weighted imaging in an animal model of
closed head injury and their histological validation in the
same animal model are lacking.

Therefore, the purposes of this study were: (1) To assess
the temporal and spatial changes in cerebral blood flow
by arterial spin labeling and (2) To assess the presence of
microhemorrhages by susceptibility-weighted imaging and
their validation by Prussian blue staining in rats subjected
to a closed head injury by Marmarou impact acceleration
device which is capable of inducing diffuse axonal and
vascular injuries.’>?"1 Results from this study indicate that a
single traumatic insult to the brain induces cerebral blood
flow changes as well as microhemorrhages in various brain
regions extending to 7 days post-trauma in a rat impact
acceleration injury model.

MATERIALS AND METHODS

Surgical procedure and traumatic brain injury
induction

All sterile surgical and animal handling procedures in these
experiments were approved by the Wayne State University
Institutional Animal Care and Use Committee. All rats
were administered Buprenex (0.3 mg/kg) subcutaneously
20 min prior to the induction of traumatic brain injury.
All rats were anesthetized initially by a mixture of 3%
isoflurane and 0.6 I/min oxygen in an anesthesia chamber
which was further maintained (1-1.75% isoflurane and
0.6 I/min oxygen) via a nose cone. After ensuing adequate
depth of anesthesia, the periosteum was reflected by a
midline skin incision to place a steel disc (10 mm diameter
and 3 mm thickness) using cyanoacrylate (Elmer’s
Products, Columbus, OH, USA) between the bregma and
lambdoid sutures. Then the rat was positioned prone on
afoam bed contained in a Plexiglas box (12 x 12 x 43 cm)
and secured in place with its head directly under the
lower end of Plexiglas tube of the impactor. Just prior
to the induction of trauma, the nose cone supplying
anesthesia was removed. Then, a 450 g cylindrical brass
weight (18 mm diameter) was dropped from a height of
2 m on to the steel helmet affixed to the exposed skull to
induce a severe closed head brain injury.l??%2°' To avoid
a second impact, the Plexiglas box was quickly removed
after the impact. Sham rats were subjected to identical
experimental procedures sans brain injury.

A total of 40 rats were used as part of these investigations.
Cerebral blood flow changes were measured by arterial
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spin labeling in 13 anesthetized male Sprague Dawley
rats (350-425 g; Harlan, IN, USA) that were randomly
assigned to sham (n = 7) and traumatic brain injury (n = 6)
groups. These rats were allowed to survive for 7 days and
were imaged before and at4 h, 24 h, 3 days, and 7 days after
trauma. These rats were also monitored for this duration to
surface right, an indirect measure of loss of consciousness.
Traumatic brain injury rats showed significantly prolonged
duration to surface right (355 + 65 s), compared to sham
animals (162 + 25 s).273%

Forassessing microhemorrhages by susceptibility-weighted
imaging and subsequent Prussian blue staining, a separate
set of 27 anesthetized male Sprague Dawley rats were used.
These rats were allowed to survive for 4 h (n = 8;imaged
at4h), 24 h (n=6;imaged at 4 and 24 h), 3 days (n=7;
imaged at 4 h, 24 h, and 3 days), and 7 days (n = 6; imaged
at4h, 24 h, 3 days, and 7 days) after trauma.

Arterial spin labeling to assess cerebral blood flow
Pulsed arterial spin labeling measurements were
performed using a 7 T horizontal-bore magnetic
resonance spectrometer (ClinScan; Bruker, Karlsruhe,
Germany) with a 30 cm bore actively shielded gradient
coil set capable of producing a gradient strength of up to
290 milliTesla/meter (mT/m) and a slew rate of 1160 T/m/s.
For all arterial spin labeling measurements, the rats were
initially anesthetized (3% isoflurane and 1 I/min air) and
maintained (0.75-1.75% isoflurane and 1 I/min air) via a
nose cone for the duration of imaging procedure. Rats were
secured with stereotaxic ear bars to minimize movement
during scanning with the head aligned at the isocenter
of the magnet. A whole-body birdcage radiofrequency
coil (inner diameter: 7 cm) was used as the transmitter for
homogeneous radio frequency excitation, and a surface
coil was used as the receiver, with active radio frequency
decoupling to avoid signal interference. The field of view
was 35 x 28.44 mm? with a matrix size of 128 x 104. The
voxel size was 0.273 x 0.273 x 2 mm?3. The arterial spin
labeling image acquisition parameters were: Repetition
time = 3000 ms, echo time = 16 ms, number of slices = 8,
slice thickness = 2 mm, inter-slice gap = 0.5 mm, and
number of acquisitions = 50. Eight two-dimensional
coronal images covering the entire brain [Figure 1] were
obtained for each rat at each time point. First, data from
the brainstem region (slices labeled 1-4) [Figure 1a] was
acquired and then the grids were moved to acquire data
from the cortical regions (slices labeled 5-8) [Figure 1b].
The pulsed arterial spin labeling sequence with echo planar
imaging readout (Bruker/Siemens sequence named-Picore
Q2TIPS) was used to measure cerebral blood flow.'32

ASL slices 1to 4

Figure 1: Sagittal and axial magnetic resonance localizer images show the
slice locations of arterial spin labeling imaging in a typical male Sprague Dawley
rat used in this study. (a) Slices numbered 1-4 covered brainstem regions and
(b) slices numbered 5-8 covered cortical regions.

Susceptibility-weighted imaging to assess
hemorrhages

For susceptibility-weighted imaging, rats were placed
in a 4.7 Tesla horizontal-bore magnetic resonance
spectrometer (AVANCE; Bruker, Karlsruhe, Germany) with
a 72 mm bore actively shielded gradient coil capable of
producing a gradient strength of up to 250 mT/m.The field
of view was set at 40 x 40 x 24 mm?3 to image the whole
brain. The imaging parameters were as follows: repetition
time = 36 ms, echo time = 15 ms, flip angle = 20°, with
an image matrix size of Nx x Ny x Nz=512 x 512 x 24
image matrix size, and number of acquisitions = 2.
Susceptibility-weighted imaging is based on a fully
flow-compensated, high-resolution, three-dimensional
gradient echo method.®! The flow compensation
ensures that there is no flow-induced phase in the
susceptibility-weighted imaging filtered phase images.

Arterial spin labeling image analysis

The cerebral blood flow maps generated by the arterial
spin labeling were processed using signal processing in
nuclear magnetic resonance software (SPIN version 2045,
http://www.mrc.wayne.edu/). The arterial spin labeling
image [Figure 2] was amplified to accurately delineate a
region of interest using the polygon selection in signal
processing in nuclear magnetic resonance software.

Cerebral blood flow changes in various regions, termed
regional cerebral blood flow, encompassing parietal
cortex (right parietal cortex, left parietal cortex, average
of left and right parietal cortex), striatum (right striatum,
left striatum, average of left and right striatum),
hippocampus (right hippocampus, left hippocampus,
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Figure 2: (a and b) Manual drawings of regions of interest on arterial spin
labeling images in coronal view of the brain of a typical male Sprague Dawley
rat used in this study. Red dashed lines indicate regions of interest for measuring
cerebral blood flow in the cortical and sub-cortical regions (Lt PCx = Left parietal
cortex; Rt PCx = Right parietal cortex; Lt Hp = Left hippocampus; Rt Hp = Right
hippocampus; Th = Thalamus; Lt St = Left striatum; Rt St = Right striatum).

average of left and right hippocampus), bilateral
thalamus [Figure 2], and brainstem [Figure 3] were
measured by drawing regions of interest around specific
brain regions using corresponding images in the rat brain
atlas as a guide.” Average cerebral blood flow values
from all these locations were used to calculate a combined
regional cerebral blood flow. Average global cerebral
blood flow was also measured by drawing a single region
of interest around the complete brain in each of the eight
arterial spin labeling slices. For each group of rats (sham
and trauma) at any given time point, cerebral blood flow
values obtained from a given brain region from all the rats
in that group were averaged to represent the mean cerebral
blood flow value for that region.

All data were analyzed for statistical significance using
Statistical Package for the Social Sciences (version 20;
IBM Corporation, USA). Cerebral blood flow values were
expressed as the mean value + standard error of the
mean. Reliability of the data at each time point for all the
rats combined was tested (Cronbach's alpha test) with an
alphavalue = 0.7 being considered as reliable. Group-wise
differences were analyzed by repeated measures of analysis
of variance. Data was further analyzed for within-group
differences by one-way analysis of variance using least
significant difference post-hoc.

Identification of hemorrhagic lesions in
susceptibility-weighted images

In susceptibility-weighted images, hemorrhagic lesions
were defined as predominantly hypointense foci that
were not compatible with vascular, bone, or artifactual
structures in conventional T2 and susceptibility-weighted
images and by our slice-by-slice comparison with
pre-trauma images of the same animal. For locating
hemorrhages in susceptibility-weighted images, coronal
slices encompassing the entire corpus callosum, the
surrounding cortical and sub-cortical areas, as well as
the brainstem areas were investigated. Selective images

Figure 3: Manual drawings of regions of interest on arterial spin labeling images
in coronal view of the brain of a typical male Sprague Dawley rat used in this
study. Red dashed lines indicate regions of interest for brainstem (Bs) in three
different slices (a-c) for measuring cerebral blood flow.

showing putative hypointense areas were then compared
with the corresponding histological sections for the
presence of Prussian blue reaction productsin the same
area as highlighted by susceptibility-weighted images.

Termination and fixation for Prussian blue
histology

At the conclusion of their respective post-injury
susceptibility-weighted imaging, each rat was
euthanized (sodium pentobarbital 60 mg/kg) and
transcardially perfused with cold 4% paraformaldehyde
in phosphate-buffered saline. The brain was fixed in
4% paraformaldehyde with 20% sucrose. The cerebral
hemispheres encompassing midbrain were cut into 40 um
frozen coronal sections (Leica CM 3050; Leica Microsystems
Nussloch GmbH, Nussloch, Germany) and collected free
floating in phosphate-buffered saline filled multi-well plates.

Prussian blue histochemistry

For Prussian blue analysis, a total of 22 brains (4 h,n=6;24 h,
n=4; 3 days, n=7;7 days, n = 3; control, n = 2) were used.
A series of representative coronal brain sections (average
of 10 sections per rat) encompassing the anterior to
posterior regions of cortex including the brainstem at the
level of midbrain were stained. For staining, the sections
were washed in 1x phosphate-buffered saline solution
and immersed for 45 min in a solution of equal parts of
freshly prepared 20% aqueous hydrochloric acid and 10%
potassium ferrocyanide. Then, the sections were rinsed in
distilled water, counterstained in nuclear fast red solution
for 5 min, and rinsed further in distilled water to remove
any staining artifacts. These sections were subsequently
dehydrated in graded alcohol and cleared in three changes
of xylene and cover-slipped with Permount.
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RESULTS

Cerebral blood flow changes in sham rats

In sham rats, no significant differences were observed in
cerebral blood flow values of parietal cortex, striatum,
hippocampus, thalamus, and brainstem before sham
surgery and at various post-sham survival periods, with
the flow values remaining stable over the measured
periods [Figure 4a-d]. Also, no differences were observed

within the combined regional and global cerebral blood flow
levels at all the measured time points in sham rats [Figure 4e].

Cerebral blood flow changes in traumatic brain
injured rats

In the parietal cortex, hippocampus and striatum of injured
rats, the values of cerebral blood flow decreased significantly
by 7 days post-injury compared to their respective
pre-injury levels [Figure 5]. Furthermore, the decrease in
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Figure 4: (a-e) Charts show temporal cerebral blood flow changes in different brain regions of sham rats. In sham rats, no apparent differences were observed in the
cerebral blood flow (CBF) values at various time points in the structures analyzed.
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Figure 5: Traumatic brain injury (TBI) induced temporal cerebral blood flow (CBF) changes. Cerebral blood flow 7 days post-trauma was significantly low in (a) parietal
cortex and (b) hippocampus, compared to pre-injury, 24 h and 3 days post-injury. Values in (c) striatum at 7 days post-trauma were significantly low compared to the
values at pre-injury and all post-trauma periods. (d) Cerebral blood flow values in thalamus and brainstem showed no changes. (e¢) Combined regional and global cerebral
blood flow was significantly reduced 7 days post-trauma compared to their pre-injury, 24 h, and 3 days post-injury levels. (*P<0.05; SEM = Standard error of the mean).
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cerebral blood flow value of parietal cortex [Figure 5a]
and hippocampus [Figure 5b] at 7 days post-trauma was
significantly low, compared to their levels at 24 h and
3 days post-trauma (P < 0.05). In striatum [Figure 5c], the
cerebral blood flow value decreased significantly at 7 days
compared to the values at all other post-trauma survival
periods (P < 0.05). In the case of thalamus, an insignificant
decrease in cerebral blood flow value was observed
at 7 days post-trauma [Figure 5d]. Brainstem showed
no significant changes in cerebral blood flow values
except for some insignificant decreases at 4 h and 3 days
post-trauma [Figure 5d]. An analysis of combined regional
and global cerebral blood flow values of injured rats also
revealed a significant reduction in combined regional and
global cerebral blood flow at 7 days post-trauma [Figure 5e]
compared to their pre-trauma as well as post-injury 24 h
and 3 days levels (P < 0.05).

Susceptibility-weighted image analysis of
traumatic brain injured rats

Hemorrhagic lesions evidenced as hypointense areas
were present in susceptibility-weighted images from
a number of rats, encompassing various post-trauma
survival periods. Occurrence of these hypointense regions
was more frequent in the corpus callosum and the septal
nucleus than in other brain regions [Table 1]. In some
cases, these hypointense regions in the corpus callosum
that appeared 4 h after trauma were not seen a day after
trauma, but reappeared at 3 days and 7 days after trauma.
Also, in all the rats that survived for 7 days post-trauma,
the hypointense region in the septal nucleus close to
ventricles appeared to enhance with increasing survival
period. In fact, frank hemorrhages in corpus callosum
not seen very obviously by T2 imaging [Figure 6a and a']
were prominently exposed by susceptibility-weighted

imaging [Figure 6b’, solid arrow]. The susceptibility-
weighted image [Figure 6b'] shows putative hypointense
areas (arrows) not visible before trauma [Figure 6b].
The hypointense areas appeared to extend beyond the
corpus callosum into the adjoining cortex. These observed
lesions were also validated histologically as revealed by
well-stained Prussian blue streaks in the corresponding
location [Figure 6c].

Prussian blue histochemistry

Prussian blue stained regions were observed in sections
from all the time points [Table 2]. Prussian blue streaks
were observed in various areas of the cortex, sub-cortical
structures (striatum, hippocampus, thalamus), white
matter tracts (cingulum, corpus callosum, external
capsule, fimbria, ventral hippocampal commissure, optic
radiations), and midbrain regions (superior and inferior
colliculi, substantia nigra, tegmentum, region close to the
posterior commissure).

In the sensory-motor cortex, Prussian blue stained
streaks were seen extending to various layers and were
predominantly located away from the blood vessels
but close to the exterior of blood vessels [Figure 7a
and b]. Prussian blue stained areas were also found

Table 1: Asummary of number of animals with lesionsin various

brain regions as revealed by SWI

% Animals with 4 h 24 h 3-4 days 7 days
brain lesions post-TBI post-TBI post-TBI post-TBI
shown by SWI (n=24) (%) (n=18) (%) (n=12) (%) (n=6) (%)
Cortex (1/24) 4.2 (1/18) 5.5 (1/12) 8.3 -

Corpus callosum (8/24) 33.3 (6/18) 33.3 (4/12) 33.3 (2/6) 33.3
Septal nucleus (1/24) 4.2 (4/18) 22.2 (6/12) 50 (6/6) 100
close to ventricles

Hippocampus (1/24) 4.2 - - -
Brainstem (1/24) 4.2 (2/18) 11.1 (2/12) 16.6 -
SWI: Susceptibility-weighted imaging, TBI: Traumatic brain injury

post-TBI

Figure 6: Comparative pre- and post-trauma T2 and susceptibility-weighted coronal images show lesions in corpus callosum from a rat subjected to traumatic brain
injury. (a) Pre-injury T2 image. (a') the corresponding 3-day post-injury T2 image shows no obvious lesion(s) in the corpus callosum. (b) Pre-injury susceptibility-weighted
image. (b') The corresponding 3-day post-injury susceptibility-weighted image showing prominent bilateral lesions in the corpus callosum (arrows). (c) Composite image of
the Prussian blue stained section shows corresponding reaction products in locations (arrows) that match with findings in the corresponding susceptibility-weighted image.
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Table 2: A summary of total number of rats showing microhemorrhagic lesions identified by Prussian blue staining in various brain

structures at various survival periods post traumatic brain injury

Prussian blue locations 6 h post-TBI 24 h post-TBI 3-4 days post-TBI 7 days post-TBI Control
(n=6) (%) (n=4) (%) (n=7) (%) (n=3) (%) (n=2)
Cortex 4/6 (66.6) 4/4 (100) 3/7 (42.8) 1/3 (33.3) =
Cingulum 1/6 (16.6) = 2/7 (28.5) = =
Corpus callosum 4/6 (66.6) 3/4 (75) 6/7 (85.7) 2/3 (66.6) =
Corpus callosum (forceps major) 4/6 (66.6) - 1/7 (14.2) - -
Ventricles 4/6 (66.6) 3/4 (75) 5/7 (71.4) 3/3 (100) -
Striatum - 1/4 (25) 2/7 (28.5) 1/3 (33.3) =
Septal nucleus - 1/4 (25) 1/7 (14.2) 1/3 (33.3) =
Anterior commissure - - 2/7 (28.5) 1/3 (33.3) -
Optic chiasm - - - 1/3 (33.3) -
Alveus 1/6 (16.6) 1/4 (25) 1/7 (14.2) 1/3 (33.3) =
Fimbria 1/6 (16.6) 2/4 (50) 3/7 (42.8) 1/3 (33.3) =
Ventral hippocampal commissure - 1/4 (25) - 1/3 (33.3) =
Hippocampus 4/6 (66.6) 2/4 (50) 5/7 (71.4) 2/3 (66.6) -
Thalamus 2/6 (33.3) 1/4 (25) 3/7 (42.8) 2/3 (66.6) -
Optic tracts 1/6 (16.6) - 3/7 (42.8) 1/3 (33.3) =
External capsule 2/6 (33.3) 3/4 (75) 3/7 (42.8) 2/3 (66.6) -
Internal capsule - 1/4 - 1/3 -
Midbrain 2/6 (33.3) 1/4 (25) 4/7 (57) 2/3 (66.6) =

TBI: Traumatic brain injury

major. Furthermore, prominent Prussian blue streaks
independent of blood vessels were observed in these
regions.

In the hippocampus, blue stained regions were observed
in the dorsal hippocampus [Figure 7c] and associated
structures such as the dorsal and ventral hippocampal
commissure, alveus, cornu ammonis, dentate gyrus, and
the fimbria. The blue staining could be seen in the lumen
of small blood vessels associated with the hippocampal
tissue, as well as around the hippocampal fissure, a site of
penetrating blood vessels.

Additional Prussian blue stained regions were observed in
the optic tract, thalamic regions [Figure 7d], and areas of
the basal ganglia. In the midbrain, areas around the medial
geniculate nucleus and the commissure of superior colliculus
also showed positive Prussian blue staining. In sections from
uninjured rats, no such Prussian blue reaction products could
be seen in the cortex, corpus callosum, and other regions.

Figure 7: Representative images show Prussian blue reaction products in
various brain regions of a rat 24 h after traumatic brain injury. (a) Prominent
Prussian blue reaction products (arrows) extending into the cortical region
away from a blood vessel (v) and in the lumen of the vessel. (b) Prussian
blue reaction product (arrows) in the corpus callosum with clear adjacent
capillaries. (c) Prussian blue reaction product (arrow) in the cornu ammonis
region of hippocampus. Clear hippocampal blood vessels can be seen in
the vicinity. (d) Prominent Prussian blue reaction product (arrows) dispersion
in the thalamic region. The blood vessel (v) with its lumen stained blue can
be seen.

DISCUSSION

in the neuropil close to the pia, where many cortical One striking feature of this study is the reproducibility of

penetrating vessels could be seen. In the corpus callosum,
the blood vessels appeared to be particularly vulnerable
to rupture, resulting in extravasation of erythrocytes
into the adjacent cortex and axonal tracts or remaining
in close association with the exterior of the ruptured
vessels. In some cases, these ruptured blood vessels were
marked by the appearance of a disrupted endothelial cell
layer. A rostral-to-caudal observation of various coronal
sections of the injured brains showed the presence of
the vascular lesions extending caudally into the forceps

the observed arterial spin labeling values as confirmed
in the sham rats that were imaged twice over a 21-day
period before sham surgery, with no significant changes
between these two time points in any of the brain regions
analyzed. Temporally, the cerebral blood flow values post
sham surgery in various brain regions were no different
compared to their pre-sham surgery levels.

Our study attempted to show cerebral blood flow changes
over a 7-day period in the cortical, sub-cortical, and
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brainstem regions, unlike the few available studies that
focused on these changes in the cortical regions alone and
for only a few hours post-injury.'”-' Using a 450 g impactor
dropped from 2 m, Ito et al., observed a severe elevation
in intracranial pressure resulting in reduced cerebral blood
flow (<30% of control value) in the cortex 2 h post-trauma.l'”!
Whereas Prat et al., demonstrated a decrease in cerebral
blood flow from 4 h to 8 h after trauma, but not during the
initial 3-h period post-trauma induced by dropping a 450 g
weight from 1T m which induces a mild injury."®In a separate
study, Petrov et al., using a similar trauma model, reported a
decrease in the cerebral blood flow by 2-3 h after trauma that
showed a trend toward normalization by 4 h post-trauma.'™

Shen et al., using magnetic resonance imaging based
perfusion imaging in a similar trauma model, reported
reduced hippocampal cerebral blood flow at 4 h (8-14%),
24 h (8%), and 48 h post-trauma (18%), compared to their
pre-injury levels. Such hippocampal cerebral blood flow
reductions at 4 h (19%) and 24 h (17%) post-trauma were
also observed in the current study. Shen et al., also reported
cerebral blood flow reductions in parietal cortex measured
from one slice at 4 h (~26%), 24 h (23%), and 48 h (17%)
post-trauma.' In the current study, a reduction in the
blood flow of parietal cortex at 4 h post-trauma (23%) with
putative recovery by 24 h (only 6% reduction) and 3 days
post-trauma (4% reduction) was observed.

Our study demonstrated that sub-cortical regions such
as the hippocampus, striatum, and thalamus were also
affected following trauma with no apparent changes
observed in the brainstem. This variation in regional
cerebral blood flow between cortical regions and brainstem
may be related to the site of the impact with the helmet
being placed between bregma and lambda. Our study
showed a significant reduction in the cerebral blood flow of
cortical and sub-cortical regions 7 days post-trauma (~49%)
compared to their pre-trauma as well as 24 h and 3 days
post-trauma levels.

The combined regional cerebral blood flow which included
the brainstem also showed an insignificant reduction of
about 16% compared to baseline at 4 h post-injury and
a significant reduction of ~44% compared to baseline
at 7 days post-trauma. Global cerebral blood flow also
showed an insignificant reduction of about 20% compared
to baseline at 4 h post-trauma and a significant reduction
of ~ 32% at 7 days post-trauma. It was previously reported
that reduction in cerebral blood flow in the first few hours
afterinjury may reach ischemic levels. In humans, ischemic
cell death has been observed in 30% of all traumatic brain
injury cases within the first 6 h after injury and was found

to cause early death.®>3% This decreased cerebral blood
flow may even trigger secondary injury events. Also,
cerebral ischemia has been observed in around 90% of
the patients who die following traumatic brain injury.l”
However, the occurrence of ischemic cell death at 7 days
post-trauma in this study warrants further investigation,
and thus, a mechanistic understanding of the observed
blood flow changes may help better manage secondary
injury changes.

We postulate the role of an impaired cerebral autoregulation
as one of the reasons for the observed abnormal cerebral
blood flow changes that can manifest for extended periods
after the initial insult. Although not studied, another
potential reason for the observed reduced blood flow
at 7 days post-trauma may be related to the progressive
edematous changes which this model is known to
induce.”>*®¥ Foda and Marmarou reported two forms of brain
edema, namely, pericapillary edema in the supraventricular
cortical areas underneath the impact site and widening
of extracellular space in the corpus callsoum. The lumina
of many capillaries were reported to be disfigured and
narrowed by vasoconstriction, which indicated that the
brain edema in the severely injured rats lasted for longer
periods than those injured mildly.?! In fact, selective
inhibition of endothelin-1, a potent vasoconstrictor, in
a closed head brain injury model was shown to reduce
neurological deficits and edema.B? Clinically, improved
cerebral blood flow following decompressive craniotomy
to relieve edema following traumatic brain injury was
also reported.”® Thus, additional studies directed at
understanding the blood flow changes at chronic time
periods after trauma and the potential role of vasodynamic
agents in improving blood flow are needed.

Besides altered cerebral blood flow changes,
microhemorrhages following traumatic brain injury could
be contributing to the ensuing secondary injury changes
in the form of hemorrhagic lesions, as shown in this study
by susceptibility-weighted imaging and Prussian blue
staining up to 7 days after trauma. Furthermore, the number
of microhemorrhages revealed by Prussian blue staining
was higher than that revealed by susceptibility-weighted
imaging. That all hemorrhages could not be detected
by susceptibility-weighted imaging may be related to
the evolution of these hemorrhages that may appear
at various time points after trauma. This was especially
revealed by hypointense areas in the septal nucleus
close to ventricles, which appeared to enhance with
increasing survival period. This study limited its focus
to the presence of microhemorrhages in the cortex and
various sub-cortical structures, which are the same regions
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that showed altered cerebral blood flow changes. In the
cortex, the hemorrhagic products could be observed with
no preferential localization. In fact, there appeared to be a
preponderance of sub-cortical lesions than cortical lesions.
In the corpus callosum, Prussian blue streaks could be
observed predominantly in the most posterior sections
including the area of forceps major. Corpus callosum is the
most common location that showed highest percentage
of lesions at all post-trauma time points and our recent
investigations also support the presence of extensive
diffuse axonal injury in the corpus callosum.[2641

The present study also demonstrated prominent Prussian
blue hemorrhagic lesions in the hippocampus, which
may be related to alterations in cognitive function with
additional reaction products being observed in external
capsule, optic tracts, fimbria, alveus, and thalamic regions.
The detection of these hemorrhages may have potential
clinical implications. For example, in the radiological
diagnosis of traumatic brain injury patients, the presence
of hemorrhages on advanced magnetic resonance imaging
and their absence on conventional imaging may have
significant clinical impact. Especially in mild traumatic brain
injury patients, the presence of hemorrhage will classify
them into the category of “‘complicated mild traumatic brain
injury” and they tend to have long-term neurocognitive
sequelae. Although we were able to demonstrate
hemorrhages extending to 7 days after injury, we were
limited in offering specific insights into the temporal
progression of the observed hemorrhages as well as their
role ifany on the observed blood flow changes.The presence
of focal and relatively large lesions in corpus callosum and
their validation by susceptibility-weighted imaging in the
present study supports the role of such lesions in white
matter tracts as a diagnostic marker of diffuse axonal
injury.”!Tong et al. (2004), utilizing susceptibility-weighted
imaging, reported fewer hemorrhages and lower volume
in children with normal outcomes or mild disability than
in those moderately or severely disabled after traumatic
brain injury, supporting the need for a better detection of
hemorrhages."?

What are the potential pathological implications of these
hemorrhages that can give rise to various extracellular
breakdown products of hemoglobin and other
hematoproteins of which heme (ferroprotoporphyrinIX)isa
crucial playerin oxidative stress and tissue injury?“!Huaetal.,
(2006) demonstrated brain atrophy in the caudate with
prolonged neurological deficits detectable 3 months after
an experimentally induced intracerebral hemorrhage."**
Iron-induced oxidative deoxyribonucleic acid damage in
brain injury was shown by Nakamura et al. (2006), who

demonstrated enhanced deoxyribonucleic acid polymerase
I-mediated biotin-deoxyadenosine triphosphate nick
translation and dinitrophenyl signals following infusion of
autologous whole blood or ferrous chloride into the right
basal ganglia in rats.*”! Furthermore, studies by Regan and
Panter (1996) on murine cortical cell cultures have shown
that non-toxic concentrations of hemoglobin potentiated
neurotoxic effects of synthetic glutamate receptor agonists
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic-acid
and kainite, as evidenced by neuronal loss that was
attenuated by the addition of iron chelator.%!

Limitations

Although this study showed changes related to cerebral
blood flow and microhemorrhages in a rat model of
the impact acceleration injury using a combination of
advanced imaging and histology, it had some limitations.
For example, the extent of cerebral blood flow changes
and microhemorrhages at more chronic time periods is
not known. Susceptibility-weighted imaging was able to
reveal only a subset of hemorrhages, whereas Prussian
blue staining showed many microhemorrhages in diverse
cortical and sub-cortical regions that otherwise could not
be detected. In order to furtherimprove detecting smaller
amounts of iron by susceptibility-weighted imaging, a
better signal-to-noise ratio is needed. Finally, in this study,
evidence is lacking for any behavioral and cellular injury
changes that can be attributed to the observed findings.
Future studies can address cellular injury changes, blood
flow changes at chronic time periods, and apply therapeutic
interventions to alleviate the altered cerebral blood flow.

CONCLUSIONS

Results from this study suggest that a single insult of
traumatic brain injury induces cerebral blood flow changes
at 4 h and 7 days post-injury in a rat impact acceleration
injury model. The model also induces microhemorrhages,
visible at various post-injury survival periods in diverse
brain locations. Taken together, these findings point to
the manifestation of putative injury changes in the brain
long after the initial traumatic insult. These ongoing injury
changes have potential clinical implications in the overall
evaluation and management of traumatic brain injury cases.
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