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Gomparison of spinal vasculature in mouse and rat: investigations using MR angiography
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The first goal of this work is to demonstrate the feasibility of performing three-dimensional, time-of-flight
magnetic resonance angiography (MRA) on the spine and spinal cord (SC) of mouse. The MRA studies were
performed at 9.4 T magnetic field strength using a custom designed inductively coupled surface coil. The
results of the present study demonstrate the possibility of remotely imaging the arteries supplying blood to the
mouse spine and spinal cord at high spatial resolution and high signal-to-noise ratio. Data also show that the
arteries in the parenchyma of the SC are highly organized with projections at multiple levels along the cord, as
originating from the anterior spinal artery. The second goal is to compare the arterial organization in mouse
and rat at the spinal level and to explain cause-and-effect relationship to examine the differences observed in the
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The spinal vascular system is the conduit through which
nutrition, cells and drugs access the parenchyma of the
spinal cord (SC). This system is severely damaged as a
principal consequence of the spinal cord injury (SCI). The
initial vascular damage plays a critical role in establishing
the course of the well-established postinjury cascade
including compromised blood spinal cord permeability,
hypoxia, activation of various factors and, subsequently,
secondary injuries [1-6].

Rodent models play an important role in experimental
studiesof SCI[7,8]. Ratmodel of SCI ismore representative
of what occurs in most closed human injuries. In this
model, evolution of the neuropathology over time begins
with an early phase of spreading hemorrhagic necrosis
and edema, progressing to an intermediate phase of
partial repair and tissue reorganization, and reaching
a chronic phase characterized by the establishment of
central cystic cavities with atrophic parenchyma and
glial scarring. Recent trends indicate that mouse models
of SCI are becoming more common [9-17]. The main
reason behind this shift of focus is that genetically
engineered mice offer opportunities to study the role
of particular genes in the pathophysiology of SCI and
thereby allow the development of more specific treatment
strategies [18]. However, it is also recognized that the
neuropathology of injured SC in mouse exhibits distinctly
different spatio-temporal course than what is observed
in rat. Specifically, mice exhibit a unique wound-healing

response with typical characteristics of lesion site filling
in with fibrous connective tissue matrix [9, 10, 19-23].
Magnetic resonance images can sensitively detect the
differences between these pathological patterns in
moderate injuries, induced with the device described in
[17], in rat and mouse SCs (see Fig. 1).

It is conceivable that the observed differences in the
injury responses in mice and rats may be due to species-
specific differences in the vascular organization of the
spine. This establishes a strong motivation to study the
arterial formation supplying blood from the descending
aorta to the pial arteries as well as the distribution of
blood in the parenchyma of the SC. We hypothesize
that if the arterial vascularization (intra- and extra-
parenchymal) were different in normal animals, the
pathophysiology following an injury would naturally
be different. These differences may subsequently lead
to the specific neuropathological responses observed in
injured mice and rats. Therefore, our aim in this study
is to test this hypothesis by using magnetic resonance
angiography (MRA) as an in vivo imaging tool to
visualize the organization of the arterial network in
normal mouse spine and parenchyma, and compare it
with that of normal rat.

Material and Methods

All MRI scans were performed on a 9.4 T INOVA
Varian system (Varian Inc., Palo Alto, CA) with 31 cm
horizontal bore magnet. The data were acquired from
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Figure 1. In vivo sagittal MRIs showing the pathology of injured
spinal cords in (a) rat and (b) mouse on its chronic phase. Arrow
points to the formation of a cystic cavity appearing hyperintense on
the rat spinal cord image. Arrowhead points to the formation of a scar
appearing hypointense on the mouse spinal cord image.

male C57Bl/6 mice and Sprague Dawley rats using an
inductively coupled surface coil that was placed adjacent
to the spine at the thoracic level. The placement of the
coil to image the spine, optimization of its tuning at the
resonant frequency, and matching its impedance when
operated in combination with the pickup coil were carried
out according to the published procedures [24]. The
animals were scanned while under isoflurane anesthesia
(a mixture of 1.5% isoflurane, 30% oxygen, and air)
administrated via a facemask under an experimental
protocol approved by the University of Kansas Medical
Center Institutional Animal Care and Use Committee
(IACUC). The physiological condition of the animal
was monitored using ECG, respiratory and temperature
probes that were connected to an MR-compatible small
animal monitoring and gating system (Model 1025, SA
Instruments, Inc., Stony Brook, NY). The temperature of
the mouse was kept at 37 °C by circulating warm air with
40% humidity using a 5 cm diameter plastic tubing fitted
at the back door of the magnet bore.

The Plexiglass sled supporting the animal and the coil was
inserted into the scanner bore, and its proper placement
at the magnet isocenter was confirmed with scout images.
High-resolution anatomical images were then acquired
in multi-slice and interleaved fashion in axial, sagittal,
and coronal planes using a standard spin echo (SE)
sequence with T /T_ = 2000/13 ms, acquisition matrix
= 128x128, image matrix = 256x256, slice thickness =
1 mm and NEX = 2. Field-of-view (FOV) was 9x9 mm?
for the axial and 9x25 mm? for the coronal and sagittal
images. Next, angiograms were acquired using the 3D-
TOF sequence [25]. The values for the MRA parameters
were T, /T, = 45/4 ms and flip angle (FA) = 45° and
applied over a volume of 18x18x9 mm?, where the former

Figure 2. In vivo spin-echo MRIs showing the anatomy of the mouse
spinal cord in a) sagittal, b) coronal and ¢) axial planes.

represents the readout direction. The raw data were
digitized at a sampling rate of 128x128x64. A selective
excitation centered on the second phase encode direction
was applied over a slab thickness of 7 mm. With these
settings, the total acquisition time was about 12 min 20
s, and the spatial pixel resolution was about 140 um in all
directions. Rat MRAs were acquired with 128x128x128
samples over a volume of 25x20x20 mm® and 16 mm of
slab thickness.

The acquired MR A data were processed and interpolated
to a matrix size of 256x256x128 pixels for mouse and
256x256x256 pixels for rat and maximum intensity
projections were generated as angiograms in the coronal,
sagittal, and axial views.

Typical anatomical images of the mouse SC acquired
with the setup described above are shown in Figure 2. The
high-resolution images delineate the anatomical details
of the cord at the thoracic level in different views and
also provide a reference for the description of the data in
the following. A set of representative spinal angiograms
in Figure 3 shows the arterial architecture in mouse spine.
Clearly, the vascular organization of the mouse vertebral
column and SC consists of a complex network of arteries



1

delivering blood to the SC from multiple directions and
levels. Anatomically, the posterior intercostal artery
(PIC) originates from aorta and branches into smaller
projections, such as the dorsal branch (DB), anterior

Figure 3. Angiograms showing the anatomy of arteries supplying
blood to the mouse spinal cord in (a) axial, (b) sagittal and (c)
coronal planes. Top image shows the posterior section with respect
to the mouse body. PIC indicates the posterior intercostal arteries,
originating from the aorta at different thoracic levels, DB denotes
its dorsal branch, ARA is the anterior radicular artery, ASA is the
anterior spinal artery and PSA posterior spinal artery. The arrow in
(d) points to ARA (the equivalent of the great ventral radicular artery
of Adamkiewicz in humans) entering into the spinal canal through the
intervertebral foramina, continue along the nerve root to feed the pial
ASA as a single vessel at the thoracic level.
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radicular artery (ARA) and anterior spinal artery
(ASA). As in humans, a single artery, similar to the
artery of Adamkiewicz, supplies blood to the ASA at the
thoracolumbar level. The ASA longitudinally runs along
the cord, as is the posterior spinal artery (PSA) on the
dorsal site.

For the purpose of emphasizing the blood flow in the
parenchyma of the SC, we shifted the selective excitation
band closer to the posterior surface and produced the
angiograms in Figures 4—6. In the sagittal planes (Fig.
4), the parenchymal arteries are structurally seen as
branching from the ASA and projecting radially inwards
in a comb-like fashion. The coronal images (Fig. 5)
confirm this arrangement and outline these vessels as
a group of periodically separated bright hot spots in
the midline of the SC. Along the same lines, the axial

views (Fig. 6) delineate some of these perforating vessels

penetrating deeply into the parenchyma of the cord by the
way of the anterior median fissure to a final distribution
in the gray matter.

Compared to mouse, vasculature in rat spine exhibits
close similarity in terms of its anatomical organization. In
rat, SC receives blood from major external arteries, ARA
and PIC, originating from the aorta, and the arteries ASA
and PSA, as well as smaller arteries on the pial surface
of the SC (Fig. 7). Parenchymal SC tissue receives blood
from small arterial projections originating from the ASA
and penetrating radially, as shown in Figure 8.

Taken together, our data collectively demonstrate the
feasibility of performing high quality in vivo MRA on the
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Figure 4. Sagittal angiograms showing the parenchymal arteries of
mouse spinal cord (arrows). These arteries branch off the anterior
spinal artery and project radially in the parenchyma of the cord. The
arteries appear as a comb-like shape in the midline of the cord.
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spine and SC of mouse. Dealing with small size mouse
was challenging in some regards, but also offered some
advantages. To acquire high quality anatomical data,
we have implemented the necessary components in our
imaging setup and employed several strategies that have
proven to be beneficial. The characteristics of high SNR

Figure 5. Coronal view of the parenchymal arteries of mouse spinal
cord (arrows). The images from top to bottom represent coronal slices
from posterior to anterior.

Figure 6. Axial views of three arteries (arrows) in the parenchyma
of mouse spinal cord.
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and improved sensitivity in the custom designed rf coil
allowed acquiring images with small FOV (9x9 mm?),
but also produced an inherently non-uniform excitation
profile and reception sensitivity. As in the case of MRA
studies on rat SC [25], incomplete suppression of the
background tissue was evident on the mouse angiograms

Figure 7. Angiograms showing the anatomy of arteries on (a) axial
view and (b) anterior and (¢) posterior half of the rat spinal cord in
coronal views. Arrowheads in (c) point to the projections of the
smaller arteries on the pial surface.

Figure 8. Sagittal angiogram showing the parenchymal arteries of rat
spinal cord (arrow head).




but with less severity. The angiograms has shown
regional sensitivity to the inflow of the unsaturated spins
in the freshly supplied blood, but was compensated by
optimizing the imaging parameters accordingly.

We investigated if the differences between the
anatomical organization of the arterial network in mice
and rat spine may (directly or indirectly) lead to unique

neuropathologies seen in these species following SCI.

Inner variability exists in local microcirculation within
the parenchyma of the SC in each species. Our current

capabilities are limited in providing such information.

However, concerning the part that covers the major
arteries and their organization from aorta to the branches
of ASA, our data indicate that mice and rats have similar
arterial networks. This observation is in agreement with
the previous report based on the histological examination
[26], and suggests minimal participation of this network
in defining the neuropathological responses seen in
these species following SCI. Previously, it has also been
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reported that the physical size of the SC is not to be the
factor determining the course of the neuropathology
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Experimental studies of SCI increasingly employ
genetically engineered mice as a model animal, while
more frequent use of conventional MRI of mouse SC is
also becoming more common [27, 28]. We anticipate that
the addition of high resolution MR A scans will enhance
the capabilities of the existing imaging protocols in these
experimental studies. In research aimed at understanding
the natural, perturbed or intervened evolution of the
postinjury vascular processes on the same animal [6, 29—
33], MRA, in particular, can potentially play an important
role by providing a robust longitudinal modality for
imaging these processes in mouse models of SCI.
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