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ARTICLE INFO ABSTRACT

Keywords: Spinal cord paralysis is relatively common after surgical repair of thoraco-abdominal aortic aneurysm (TAAA)
Ischemia and its etiology is unknown. The present study was designed to examine the histopathology of the disease and
Spinal cord investigate whether miR-155 ablation would reduce spinal cord ischemic damage and delayed hindlimb paralysis
microRNA

induced by aortic cross-clamping (ACC) in our mouse model. The loss of locomotor function in ACC-paralyzed
mice correlated with the presence of extensive gray matter damage and central cord edema, with minimal white
matter histopathology. qRTPCR and Western blotting showed that the spinal cords of wild-type ACC mice that
escaped paralysis showed lower miR-155 expression and higher levels of transcripts encoding Mfsd2a, which is
implicated in the maintenance of blood-brain barrier integrity. In situ based testing demonstrated that increased
miR-155 detection in neurons was highly correlated with the gray matter damage and the loss of one of its
targets, Mfsd2a, could serve as a good biomarker of the endothelial cell damage. In vitro, we demonstrated that
miR-155 targeted Mfsd2a in endothelial cells and motoneurons and increased endothelial cell permeability.
Finally, miR-155 ablation slowed the progression of central cord edema, and reduced the incidence of paralysis
by 40%. In sum, the surgical pathology findings clearly indicated that the epicenter of the ischemic-induced
paralysis was the gray matter and that endothelial cell damage correlated to Mfsd2a loss is a good biomarker of
the disease. MiR-155 targeting therefore offers new therapeutic opportunity for edema caused by traumatic
spinal cord injury and diagnostic pathologists, by using immunohistochemistry, can clarify if this mechanism
also is important in other ischemic diseases of the CNS, including stroke.

Immunohistochemistry
Histopathology
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1. Introduction

During thoraco-abdominal aortic aneurysm (TAAA surgery), the
obligatory aortic cross-clamping can lead to inadequate blood supply to
the spinal cord, with paraplegia as a possible complication. The rate of
paralysis following TAAA repair remains high (5-10%) [1]. The pa-
thophysiology of aortic cross-clamping -induced spinal cord injury,
histopathologic changes, and molecular mechanisms leading to pa-
ralysis remain largely unknown. Thus, there is no documented bio-
marker of the disease that can assist the diagnostic pathologist in a
more specific diagnosis. In our mouse model of spinal cord ischemic
injury, aortic cross-clamping -induced hindlimb paralysis is a delayed
event, with the majority of mice undergoing paralysis approximately
44-48 h following the ischemic event [2]. Therefore, ischemia during
surgery does not instantly impair the function of motoneurons. Other
events secondary to ischemia either exacerbate the damage on already
ischemic motoneurons, or spread the damage to other motoneurons
over time. One well characterized secondary event is inflammation,
driven in particular by a bimodal release of chemokines whose levels
peak at 6 h and then at 36-48 h following reperfusion [3]. Another
potential secondary event in our model of delayed paralysis might be
endothelial malfunction which could be clarified by the surgical pa-
thology and immunohistochemical profile [4].

Major facilitator superfamily domain containing 2a (Mfsd2a) is
implicated in the establishment of a functional blood-brain barrier
(BBB) and maintenance of its integrity, and Mfsd2a~/~ mice present
with BBB leakage due to increased transcellular trafficking across en-
dothelial cytoplasm [5]. Of particular interest, Mfsd2a is also the major
transporter for the essential omega-3 fatty acid docosahexaenoic acid
(DHA) [6] that cannot be synthesized de novo in the brain and must be
imported through the BBB to neurons to optimize their function [4].

MicroRNAs are short non-coding RNAs that regulate cellular beha-
vior making them attractive candidates for therapeutic manipulations.
The expression of miR-155 pro-inflammatory microRNA in immune
cells is induced by TLR4 and other inflammatory signaling pathways
[7]1. TLR4 deletion in mice attenuates the production of pro-in-
flammatory cytokines and neuronal injury after thoracic aortic occlu-
sion in mice [8]. MiR-155 has been implicated in vascular diseases,
vascular remodeling in acute vascular injury, and angiogenesis [9, 10].
Intravenous injection of a miR-155 inhibitor reduces brain injury in an
experimental mouse stroke model [11]. High levels of miR-155 are also
associated with neuro-inflammatory pathologies such as amyotrophic
lateral sclerosis (ALS) and multiple sclerosis (MS), and miR-155 /=
mice have better prognosis in corresponding models [12-14]. En-
dothelial cells (ECs) also up-regulate miR-155 under inflammatory
conditions, and miR-155 has been implicated in BBB dysfunction caused
by neuro-inflammation [15]. The in situ detection of miR-155 (and
other microRNAs) is well established and can be performed by any
diagnostic pathology laboratory [16].

Based on this, we investigated the effects of miR-155 on spinal cord
damage induced by ischemic injury. Using wild-type (WT) and miR-155
global knockout (miR-155 ~/7) mice, we found that miR-155 activity
accelerates the initial development of edema and the spreading of gray
matter damage, and increases the rate of paralysis in a mouse model of
TAAA patients. These deleterious effects of miR-155 can at least par-
tially be explained through miR-155 negative effects on Mfsd2a ex-
pression that, thus, provides potential new biomarkers of ischemic da-
mage in the spinal cord to the diagnostic pathologist.

2. Materials and methods
2.1. Animals and patients
The Animal Care and Use Committee at the OSU approved all the

experiments with animals. This investigation conforms to the Guide for
the Care and Use of Laboratory Animals published by the NIH. Both,
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C57Bl/6 mice and miR-155 global knockout (miR-155"77) mice in
C57Bl/6 background were obtained from Jackson Laboratories. Mice
were given standard rodent chow and water ad libitum. Patient study
was approved by OSU ethics committee and was conducted in ac-
cordance with the Declaration of Helsinki and the patient consented for
this study. All analyses conducted on mice were done blindly.

2.2. Aortic cross-clamping

Mice (weight 20-22 g, 10 to 12 weeks old) were anesthetized using
2% isoflurane and placed in the supine position. Surgery was performed
on an automatic temperature-adjusting bed as previously described [2],
with body core temperature maintained at 34.5 °C. Two clamps were
placed on the descending aorta for 7.5 min. Aortic cross clamping was
performed on WT and miR-155"/" mice the same day to avoid en-
vironmental variations. For surgery, anesthesia was conducted initially
with ketamine/xylazine 120/5 mg/kg then maintained with 1.5-2.5%
isoflurane in oxygen-enriched air for the duration of the surgical pro-
cedure, which usually takes 60-90 min. Rectal temperature was main-
tained at 34.5 °C using a heated surgical board. Euthanasia procedure
meets the guidelines of the 2007 AVMA Guidelines on Euthanasia of
Rodent.

2.3. MRI techniques

MRIs were performed at the Small Animal Imaging Center Shared
Resource, OSU, using a Bruker Biospec 94/30 scanner operating at a
field strength of 9.4 T (Bruker Biospec, Germany). A 4-channels mouse
brain receiver-coil and 72 mm volume coil, as a transmitter, was used
for high resolution images. The surface coil was placed over dorsal side
of mice covering at least T6-L2 spinal cord (SC) level. A 72 mm volume
coil was used for longitudinal images. The respiratory rate and rectal
temperature were monitored through the experiment with a Small
Animal Instrument unit (SAL Inc., Stonybrook, NY). Results were ana-
lyzed blindly.

2.4. Permeability assay

Permeability assay was performed using the In Vitro Vascular
Permeability Assay (ECM 642 kit) from Millipore according to the
manufacturer's instructions. Briefly, mouse endothelial cells were
transfected with either a pre-miR-Control or pre-miR-155. The day after,
endothelial cells were seeded on a collagen-coated insert plate that
contains high pore density membrane permitting apical and basolateral
access of cells to media. FITC-labeled dextran was added on top of
endothelial cells, allowing the fluorescent probe to pass through cell
monolayer depending on its permeability. The degree of permeability
was determined by measuring the fluorescence of the receiver plate
well solution.

2.5. MicroRNA in situ hybridization (ISH)

ISH for miR-155 was performed by Phylogeny Inc. (Powell, OH), as
previously described [16]. Sections were evaluated blindly by the pa-
thologist.

2.6. Immunohistochemistry and co-expression analyses

All sections were dealt with blindly using an automated Leica Bond
Max platform. The coverslips of the miR-155 stained slides were re-
moved and the tissues tested with antibodies of interest for co-expres-
sion analyses. The antibodies used for immunohistochemistry were:
MFSD2A (#PA5-21049, Invitrogen); ChAT (#AB144P, Millipore);
Neuron-Specific Enolase (BML-NA1501-0100, Enzo Life Sciences);
CD31 (ab28364, Abcam), and pyruvate dehydrogenase (ab92696,
ABCAM).
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Co-expression analyses were done using the Nuance system (CRI) as
previously published [16]. In brief, a given tissue was tested for two
different targets using fast red, NBT/BCIP or DAB as the chromogens.
The results were then analyzed by the Nuance and InForm systems with
a with the Zeiss Axioskop microscope to determine what percentage of
cells were expressing the two targets of interest.

2.7. Cell cultures and transfection

Mouse endothelial cells prepared as in [17], motoneurons (MN-1
cells) [18] and RAW-264.7 macrophages (ATCC#TIB/71) were culti-
vated in RPMI-1640 medium. Effects of a pro-inflammatory environ-
ment was tested by incubating endothelial or MN-1 cells in presence of
supernatant of RAW-264.7 cells that had been either challenged 24 h
with lipopolysaccharides (LPS) or mock-treated. Pre-miR™ miRNA

Upper thoracic cord Lower thoracic cord
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Fig. 1. Up-regulation of miR-155 expression
in SC of ACC-P WT mice. (A) In situ hy-
bridization showing miR-155 expression on
three cross sections of spinal cord of the
same mouse 48 h following ACC. Scale
bars = 400 um. (B) Representative in situ
A hybridization for miR-155 on cross sections
of the lower thoracic part of SC (44-48 h
following ACC) of four sham and four ACC-P
mice. Right lower panel: black arrows point
to miR-155-positive endothelial cells of
blood vessels. Counterstain is nuclear fast
red. Top panels: scale bars = 200 pum. Lower
panels: scale bars = 40 um. (C) MiR-155
expression in neurons of WT mice was as-
sessed using an antibody to Neuron-Specific
Enolase neuronal marker. MiR-155 expres-
sion in endothelial cells was assessed using
an antibody to CD31. Yellow: co-expression.
Scale bars = 125um. (D) MiR-155 expres-
sion in wild type ACC-Paralyzed mice is
primarily detected in spinal cord gray
matter. WM, White matter. GM, Gray
matter. Scale bar = 100 um. (E) NeuN ex-
pression in ventral horns of lower thoracic
spinal cord following ACC; note loss of ex-
pression corresponds to high miR-155 ex-
pression. Scale bars = 400 pm. (F) Number
(Mean + SD) of miR-155 positive cells on
cross-sections of the thoracic and lumbar
regions of SC of sham (n = 4) and ACC-P
n=4) mice 44-48 h after ACC (3 counts/
mouse). *, P < 0.0042. (G) MiR-155 ex-
pression (Mean + SD) in the caudal region
of the spinal cord of sham (n=5), 24 h
ACC-Non-P (n=5) and 44-48 h ACC-P
(n = 4) WT mice was determined by qRT-
PCR. *, P < 0.0459. Values were normal-
ized to sham. (H) MiR-155 and miR-155*
expression (Mean + SD) in the rostral and
caudal regions of SC of ACC-Non-P (n = 4)
and ACC-P (n = 7) WT mice was determined
by qRT-PCR 44-48 h after ACC. *,
P < 0.031; #, caudal ACC-Non-P different
from rostral ACC-Non-P, P < 0.0016.
Values were normalized to rostral ACC-Non-
P miR-155. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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Precursor mmu-miR-155 (#PM13058) and Pre-miR™ miRNA Precursor
Negative Control #1 (#AM17110) were from Ambion/Life technologies
(Grand Island, NY).

2.8. Luciferase assays

Fragments of mouse (380 nt) and human (369 nt) Mfsd2a 3'UTR
were cloned into the pGL3 Luciferase Reporter Vector (Promega,
Madison, WI). Each miR-155 site was subsequently mutated (TAGCAT
TAAG, starting at nt #1811 in mouse NM_029662.2 sequence, to TAG
CAAAAAG, and GAGCTATTAA, starting at nt #2162 in human
NM_001136493.2 sequence, to GAGCTAAAAA, respectively) using the
Quick-Exchange Mutagenesis kit (Agilent, Santa Clara, CA).
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2.9. Preparation of longitudinal sections

After perfusion, spinal cords were fixed in 4% paraformaldehyde,
then incubated for 48 h in 10% (w/v) sucrose. Tissues were embedded
in OTC prior to be blindly cryostat sectioned at Children's Hospital
(Columbus, OH) and processed for H&E. Mouse spinal cords are ~3 cm
long requiring a series of 12-18 micrographs which were pasted to-
gether. Spinal cords were embedded with the dorsal side away from the
cut surface, so that the ventral surface was sectioned first.

2.10. RNA isolation and quantitative real-time PCR (qRT-PCR)

RNAs were extracted using TRIzol (Invitrogen, Carlsbad, CA). The
expression of miR-155 and miR-155* was assessed using TaqMan®
002571 and 464539_mat assays, respectively, and that of Mfsd2a, Cd36,
Lpl, Nt5e, Occludin and Parp3 with Mm01192211 ml,
MmO00432403_m1, MmO00434764_m1, MmO00501910_m1,
MmO00500912.m1 and MmO01232604_m1 assays, respectively (Life
Technologies, Carlsbad, CA). qRT-PCRs were run in triplicates. Values
were normalized using snoRNA135 or U6 snRNA for microRNAs, and
BActin for coding genes.

2.11. Western blots and Affymetrix RNA microarrays

Anti-Mfsd2a (#ab105399) and anti-BActin (#ab49900) antibodies
were from Abcam (Cambridge, MA).

Affymetrix microarrays were run at the OSU Microarray Facility (3
mice per group). Data are available at GEO database (#GSE74680).

2.12. Statistics

Statistical analysis of Affymetrix microarrays were done using uni-
variate test. qRT-PCR tests and other quantitative analyses are pre-
sented as mean + SD and were compared using two-tailed Student t¢-
tests. P values are given in legends to figures. The proportions of fully
paralyzed WT and miR-155"/" mice were compared using a two-
samples z-test.

3. Results

3.1. MiR-155 expression increases in neurons and endothelial cells of spinal
cord of ACC-paralyzed mice

At 48 h following aortic cross-clamping (ACC), microarrays analysis
showed elevated levels of transcripts encoding inflammation markers in
the caudal region (i.e., below T6) of the spinal cord of ACC-paralyzed
(ACC-P) mice as compared with the spinal cord of sham mice. In
agreement with previously published results [2, 3], these findings in-
dicate the presence of inflammatory conditions in the spinal cord of
ACC mice, thus establishing the relevance of our ACC mouse model
(data not shown). We hypothesized that miR-155 might be associated
with ACC-induced paralysis, as previously shown in an experimental
mouse model of stroke [11].

In situ hybridization for miR-155 showed that this microRNA was
selectively increased in the thoracic and lumbar regions that corre-
sponded to the clinical areas of paralysis (Fig. 1A). Importantly, it was
primarily the motorneurons in the ventral horns in the spinal cord of
ACC-P mice that expressed miR-155 (Fig. 1B). This was confirmed by
co-localization experiments with Neuron-Specific Enolase neuronal
marker (Fig. 1C). In contrast, miR-155 was not evident in white matter
(Fig. 1D). Interestingly, the pattern of miR-155 expression in the lower
thoracic portion of the spinal cord (Fig. 1A) correlated well with the
cessation of NeuN expression (Fig. 1E) and pyruvate dehydrogenase
expression (data not shown), suggesting that miR-155 expression in
motoneurons may possibly be linked to their death. In addition, en-
dothelial cells in microvessels located within the gray matter but not
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white matter of ACC-P mice also contained miR-155 (Fig. 1B, black
arrows), which was further confirmed using CD31 (Fig. 1C). At 44-48 h
following ACC, the thoracic and lumbar regions of ACC-P mice showed
more miR-155-positive cells than the homolog regions of sham mice,
giving a further indication that this microRNA is implicated in
ischemia-induced damage (Fig. 1F). In addition, at 44-48 h following
ACC, the caudal part of the spinal cord of ACC-P mice showed up-
regulation of miR-155 as compared with sham and ACC-non paralyzed
(ACC-Non-P) mice 24 h post-surgery (Fig. 1G). Accordingly, an addi-
tional set of mice showed higher miR-155 levels in rostral (i.e., above
T6) and caudal regions of SC of ACC-P mice than in corresponding
regions of ACC-Non-P mice, while the expression of miR-155%, a mi-
croRNA produced from the same pre-miRNA as miR-155, remained
unaffected (Fig. 1H). Altogether, these results strongly suggested that
miR-155 expression in neurons and endothelial cells is implicated in
paralysis.

3.2. The spinal cord of WT and miR-155~"~ ACC-paralyzed mice present a
similar pattern of lesions in the ventral gray matter

To acquire a better understanding of damage caused by ACC to the
spinal cord, we used in parallel 10-12 weeks old WT and miR-155"""
mice, also on C57Bl/6 background. At 44-48 h following ACC, no ob-
vious histological damage was found in longitudinal spinal cord sec-
tions from sham-operated WT and miR-155 """ mice cut at the level of
ventral gray matter, as compared with no-surgery mice (Fig. 2A). The
spinal cord of WT and miR-155"/"~ ACC-Non-P mice showed an overall
preservation of neurons. In contrast, all WT and miR-155~"" fully pa-
ralyzed mice presented significantly vacuolated gray matter, with
overall white matter sparing (Fig. 2A). At 44-48 h following ACC, there
was a 100% concordance between behavior assessment (paralysis) and
the appearance of extensive gray matter damage in the spinal cord in
both WT and miR-155"/~ ACC mice (Table 1). No evidence of reactive
astrogliosis was noted (Fig. 2B and E). We further found that gray
matter damage was not continuous, and areas of “skipping”, char-
acterized by morphologically intact neurons, admixed with necrotic/
apoptotic morphology were noted. Interestingly, the size of ischemic
lesions in miR-155~/~ paralyzed mice remained smaller than those in
WT paralyzed mice, while the areas of skipping were larger (compare
Fig. 2B and C with Fig. 2E and F, see also Fig. 3C) in all studied animals.
Nevertheless, the appearance of vacuolated neurons in miR-155""~
mice was similar to that in WT mice (Fig. 2D and G). Altogether, the
presence of similar lesions in the gray matter of the spinal cord of WT
and miR-155""" ACC-P mice showed that miR-155 is not involved in
the initiation of the lesions however the frequently smaller size of le-
sions in the spinal cord of miR-155"7" ACC-P mice suggested that this
microRNA is likely instrumental in increasing the size of gray matter
lesions.

3.3. MiR-155 deletion reduces central cord edema

Since miR-155 expression was up-regulated in endothelial cells
(Fig. 1C), we then used MRI to determine whether spinal cord damage
may be associated with edema in vivo. Spinal cords of both WT and
miR-155"/" ACC-P mice showed a greater amount of increased T2
signal throughout the central gray matter with extension superiorly into
the thoracic cord to the cervical level, as well as caudally with sig-
nificant involvement of the lower thoracic (below T6), lumbar cord and
conus (Fig. 3A). The subsequent quantitative 3D volumetric measure-
ment of increased T2 signal, compatible with greatly enlarged central
cord edema (CCE) in thoracic and upper lumbar regions of ACC-P mice
at 44-48 h, was consistent with histological data (Fig. 2A) and in-
dicative of blood-barrier leakage. As no CCE was found in miR-155""~
mice at 24 h following ACC, we rather compared CCE volume in both
strains at 30 h and 44-48 h. Remarkably, CCE volume at 30 h was
smaller in miR-155~7" mice than in WT ACC-Non-P mice, while at
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Fig. 2. Correlation of spinal cord histological damage with paralysis in WT and miR-155"7/~ ACC mice. (A) Representative images of H&E-stained, longitudinal
sections through the ventral horns of spinal cord of no-surgery, sham, ACC-Non-P and ACC-P WT and miR-155"7" mice, 44-48 h following ACC. Rostral is on the
right side. Scale bars = 1 mm. (B, E) High definition of the large area of infarct from a WT (B) and a miR-155""~ (E) ACC-P mouse. Scale bars = 20 um. (C, F)
Skipping area [black arrow in (C)] in the same spinal cords as in (B) and (E), respectively, located between two infarcted areas. Scale bars = 20 um. (D, G) Presence of
vacuolated neurons in the same spinal cords as in (B) and (E), respectively. Scale bars = 20 um.

Table 1

Correlation of behavior with aortic cross-clamping -induced gray matter da-
mage in 10 wild type and 10 miR-155"/" mice submitted to histological ana-
lysis 44-48 h following the insult.

Genotype Behavior Number of mice Extensive damage
Wild type Paralyzed 6 6

Non-paralyzed 4 0
MiR-155""~ Paralyzed 3 3

Non-paralyzed 7 0

44-48 h there was no significant CCE volume difference between miR-
1557/~ and WT ACC-P mice (Fig. 3A and B). This suggests that miR-
155 might accelerate the initial development of edema. On the other
hand, while the proportion of spinal cord injury in ACC-non-P mice
remained similar regardless of the genotype, miR-155"/~ ACC-P mice
presented with reduced SC injury as compared with WT ACC-P mice
(Fig. 3C). This result, in agreement with those of Fig. 2, indicates that
miR-155 is implicated in spreading of spinal cord damage. We further
found that miR-155 increases the relative permeability of a monolayer
of mouse endothelial cells (Fig. 3D). Finally, MRI analyses of two pa-
tients at our hospital showed sign of CCE. One of them experienced
unilateral lower extremity paresis 3—4 days after TAAA surgery, and
presented with edema in the gray matter of the lower thoracic spinal
cord with extension to the conus medullaris (Fig. 3E). The patterns of
gray matter edema in our mice and patients is strikingly similar, further
supporting the rationale that our mouse ACC model is highly relevant to
the study of molecular mechanisms of spinal cord damage in patients
following TAAA surgery.

3.4. MiR-155 targets Mfsd2a transcripts in neurons and endothelial cells

MicroRNAs potentially target hundreds of transcripts [19-21]. At 24
h after ACC, our microarrays analyses suggested reduced Mfsd2a levels
in spinal cord of WT ACC-Non-P mice as compared with WT sham mice
(data not shown). Given that: (i) Mfsd2a is required for the integrity
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and function of BBB [5]; (ii) Mfsd2a transports DHA to the brain [6];
(iii) The anti-inflammatory Neuroprotectin-D1, known to protect brain
and retina against cell injury-induced oxidative stress [22], is produced
from DHA; (iv) endothelial cells that overexpress Mfsd2a reduce colitis
in mice by generating inflammation-resolving lipid mediators [23]; and
(v) The 3’-untranslated region of Mfsd2a transcripts contains a miR-155
target site (www.targetscan.org), we hypothesized that targeting of
Mfsd2a by miR-155 may impair termination of inflammatory response
and consequently increase CCE and ischemic damage to the spinal cord.

We found increased Mfsd2a expression in spinal cord of WT ACC-
Non-P mice as compared with WT ACC-P and sham mice, suggesting
that up-regulating Mfsd2a in spinal cord might protect WT ACC mice
from paralysis (Fig. 4A). As WT ACC-P mice previously showed en-
hanced miR-155 expression (Fig. 1H) this suggests that variations of
Mfsd2a expression in WT mice are at least in part miR-155-dependent.
In contrast, Mfsd2a expression in spinal cord of miR-155"/" mice did
not change significantly in ACC-Non-P mice while however increasing
in rostral spinal cord of ACC-P mice (Fig. 4A). As Mfsd2a is expressed in
both endothelial cells and neurons of mouse brain [5, 6], we checked
whether it was also expressed in spinal cord motoneurons. Colocaliza-
tion experiments with Choline acetyltransferase (ChAT) indeed showed
similar levels of Mfsd2a expression in motoneurons of spinal cord from
sham mice of both genotypes (Fig. 4B). We then assessed the effects of
ACC on Mfsd2a expression. We observed abundant neurons and en-
dothelial cells expressing Mfsd2a in spinal cords of sham WT and miR-
1557/~ mice (Fig. 4C). While the numbers of Mfsd2a-expressing en-
dothelial cells and neurons 44-48 h after ACC remained similar in ACC-
Non-P mice of both genotypes, they were sharply reduced in ACC-P
mice of both genotypes (Fig. 4C and D).

In addition, we further found that transfecting mouse endothelial
cells with a miR-155 pre-miRNA reduced Mfsd2a transcript levels by
roughly 50% (Fig. 5A). A similar result was obtained by cultivating
these cells in pro-inflammatory conditions (Fig. 5B). Accordingly, miR-
155 reduced the intensity of several protein bands (Fig. 5C) that likely
represent differentially glycosylated modified forms of Mfsd2a, as
shown for human MFSD2A (see Fig. 2a in [24]). Finally, Luciferase
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Fig. 3. MiR-155 interferes with the devel-
opment of central cord edema (CCE) fol-
lowing ACC. (A) Axial (top panels) and
coronal (middle panels) images of T2
weighted WT and miR-155"/" mouse
thoracic and lumbar spinal cords as seen by
MRI. The volumes (Vol., in mm®) of in-
creased T2 signal felt to represent CCE
(bottom panels) was calculated by outlining
areas of increased T2 signal. Scale
bars = 2mm. (B) Volume (Mean + SD) of
edema in WT and miR-155~/~ ACC mice. *,
P < 0.0455; #, 48 h paralyzed different
from corresponding 30 h  Non-P,
P < 0.0049. At 30 h: WT, n=6; miR-
155777, n = 8. At 48 h: WT, n = 8; miR-
155777, n=6. (C) Proportion of spinal
cord injury (Mean + SD), defined as the
ratio of ischemic area/total, in WT (Non-P:
n=6; P: n=6) and miR-155"/~ (Non-P:
n = 5; P: n = 4) mice 44-48 h after ACC (3

48 h 48 h

P

* . #
: 0.0977 0.959 0.743 0.0 0.0448 0.035 2.51 counts/mouse). *, P < 0.0039; ¥, W pa-
ralyzed different from WT non-paralyzed,
Wil o /= P < 0.000046. (D) Relative permeability of
d type miR-155 a monolayer of mouse endothelial cells to
B C * FITC-Dextran 48 h after transfection with
—12 7 0.6 [ 1.8 1 * either a control pre-miRNA (Control) or pre-
T OIEVT L & g’ WL 2l M miR-155 (miR-155). * P < 0.0000036
£ 10 1 ®miR-155 Sos = miR-155 # b (n =11 in both groups). Values were nor-
~ — % 141 malized to Control. (E) Spinal cord edema in
g 8 8 0.4 O 1.2 1 a TAAA repair patient experiencing uni-
) # - E 14 lateral lower extremity paresis 3-4 days
8 6 1 O 03 - 8- following TAAA repair surgery was analyzed
Y= g o b using a Three Tesla MRI of the thoracic
g 4 1 £ 021 =08 spine utilizing a Siemens Verio scanner with
£ % [} © 04 A a TR (time to repetition pulse) of 872 ms and
3 27 — g' 0.1 ) TE (time to echo) of 7.8 ms. Three Tesla MRI
>O I n’: o 021 findings of faint increased T2 signal within
0 0 0 - " central gray matter of the lower thoracic SC
30h 48 h 48 h 48 h Control miR-155 extending from T10 to T12 into the conus
Non-P P Non-P P medullaris and cauda equina, consistent

assays in mouse endothelial cells expressing mouse or human Mfsd2a 3’-
UTR containing either a WT or mutated miR-155 target site suggested
that miR-155 contributes to limit Mfsd2a expression in ischemic con-
ditions, at least in part by directly targeting Mfsd2a transcripts
(Fig. 5D).

3.5. MiR-155 modulates gene expression in neurons and ECs

We found that pro-inflammatory conditions increase miR-155 ex-
pression in both mouse endothelial cells and MN-1 cells (motoneurons)
(data not shown). We therefore assessed the effects of over-expressing
miR-155 in these cells in the absence or presence of inflammatory
conditions. In endothelial cells, miR-155 reduced Occludin expression
under inflammatory conditions. Both LPS and miR-155 in contrast in-
creased expression of CD36 and LPL (data not shown) two genes up-
regulated during stroke [25-27]. In MN-1 cells, LPS increased both
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Scale
Scale

with CCE (volume = 2.96 cm®).
bar = 5mm (top right panel).
bars = 2 mm (three other panels).

Mfsd2a and Nt5e expression. MiR-155 impaired up-regulation of both
these genes, which might be indicative of deleterious effects of this
microRNA in neurons. Finally, miR-155 alone, as well as LPS, up-
regulated transcripts encoding Parp3, a factor implicated in in-
flammation and cell death [28] (data not shown). These results suggest
that CCE and spinal cord damage in ACC mice may be due to si-
multaneous up-regulation of deleterious genes (miR-155 included) and
down-regulation of genes with protective effects.

3.6. MiR-155 deletion significantly reduces the rate of ACC-induced
paralysis

The above results suggested that miR-155"/" mice, that presented
with smaller CCE at 30 h, should be less likely to experience massive
edema and motoneuron loss and therefore less prone to ACC-induced
paralysis. Indeed, the deletion of miR-155 reduced the incidence of full
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paralysis (P = 0.05) two days following ACC by roughly 40% (Fig. 6A),
with only 14/38 (36.8%) of miR-155""" mice compared to 30/51
(58.8%) of WT mice suffering paralysis. Furthermore, 7/51 (13.7%) WT
mice as opposed to 2/38 (5.3%) of miR-1 5577/~ mice suffered earlier
paralysis (24-28 h post ACC). Of note, neither miR-155"/~ nor WT
mice did experience paralysis later than 48 h following ACC in our
model. These results provide a strong evidence that miR-155 is instru-
mental in increasing the risk and accelerating the development of ACC-
induced paralysis (Fig. 6).

4. Discussion

This paper details the histologic changes associated with a devas-
tating and relatively common complication of aortic aneurysm repair;
spinal cord damage. The data shows that the damage is almost ex-
clusively limited to the gray matter of the lower thoracic and upper
lumbar regions of the cord and affects mostly neurons and endothelial
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Fig. 4. Mfsd2a expression is affected by is-
chemic conditions. (A) Mfsd2a relative ex-
pression (Mean + SD) 44-48 h after ACC in
the rostral and caudal parts of spinal cord of
WT sham (n = 9), ACC-Non-P (n =5) and
ACC-P (n=7) mice, as well as of miR-
1557/~ sham (n = 5), ACC-Non-P (n = 5)
and ACC-P (n = 10) mice, as shown by qRT-
PCR. *, P < 0.0668; **, P < 0.0361; ***,
P < 0.00096. Values were normalized to
WT rostral sham. (B) Mfsd2a (green) and
ChAT (red), a marker of spinal cord moto-
neurons, co-localize (yellow), in both sham
WT and sham miR-155"7" mice, as shown
by Scale
bars = 100 um. (C) Mfsd2a-expressing cells
in spinal cord of WT and miR-155 """ mice.
Arrow heads: motoneurons. Arrows: en-
dothelial cells. Scale bars = 100 um. (D)
Number of Mfsd2a-expressing endothelial
cells and neurons (Mean + SD) 44-48 h
after ACC in spinal cord of the same WT and
miR-155"/" mice as in Fig. 3C (3 counts/
mouse). ** and *, ACC-P different from
corresponding ACC-Non P;
P < 0.000093; *, P < 0.0312; *,
P < 0.0027. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.)

immunohistochemistry.

*%
>

cells. We present the first evidence of a direct implication of miR-155 in
ACC-induced gray matter edema and paralysis, in particular, but not
exclusively, through its targeting of Mfsd2a in neurons and endothelial
cells. Thus, beyond its pro-inflammatory functions, miR-155 also has
multicellular deleterious effects in ACC-induced paralysis, in particular
in neurons and endothelial cells of the spinal cord. The implication for
the surgical pathologist is that increased miR-155 and/or reduced
Mfsd2a in neurons and endothelial cells can serve as biomarkers of
ischemia-induced spinal cord damage.

We found that miR-155 was up-regulated at 48 h following ACC in
spinal cords of paralyzed mice. Although miR-155~/~ mice experi-
enced less paralysis than WT mice, ACC-P mice of both genotypes
showed similar, yet not equal, degree of CCE and gray matter damage.
This result indicates that miR-155 is not involved in the initiation of
ischemic gray matter lesions, but is nevertheless instrumental in in-
creasing the degree and spreading of edema-related spinal cord da-
mage, thus increasing the probability of paralysis by roughly 40%.
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Interestingly, it was previously found that, following thoracic aortic
occlusion, Tlr4~/~ mice present a reduced functional decline as com-
pared with WT mice, and that the lack of Tlr4 activity translated into a
lower level of microglia activation and a reduced production of pro-
inflammatory I1-6 and Tnf [8]. These results further support our own
findings, given that miR-155 is under the control of the Tlr4 signaling
pathway and enhances Tnf production [7, 29].

MRI analyses further showed evidence of increased T2 signal in-
dicative of central cord edema within the spinal cord of ACC mice that
sharply expanded in mice that underwent paralysis. This result sheds
light into possible mechanisms responsible for delayed paralysis, and
might potentially explain why present neuropreventive strategies failed
to further reduce the rate of paralysis in TAAA patients [30]. Of note,
increased T2 signal is indicative of central cord edema, and a strong
prognosticator of paralysis outcome in patients with spinal cord trau-
matic injury [31, 32], and vasogenic edema is the main cause of is-
chemic brain swelling and is closely associated with delayed neuronal
death in several animal models of stroke [31, 32]. For the last 20 years,
spinal cord edema and spinal compartment syndrome in humans has
been postulated as a cause of paralysis after ACC in TAAA repair. Due
the lack of clinical studies delineating edema after aortic surgery, this
hypothesis is still debated. Nevertheless, the fact that we also found
radiographic evidence of increased central gray matter T2 signal on
3 Tesla MRI demonstrating spinal cord edema in two TAAA patients
provides the first evidence in support of this hypothesis.

Additionally, the fact that miR-155 deletion slowed the initial de-
velopment of gray matter edema suggests that miR-155 activity may
directly impact molecular pathways implicated in edema progression.
In agreement with this hypothesis, we found that the number of en-
dothelial cells and neurons still expressing Mfsd2a, was significantly
reduced in ACC-P mice of both genotypes as compared with ACC-Non-P
mice, however remarkably more in WT than in miR-155"7/~ ACC-P
mice. We also found that miR-155 increases the relative permeability of
a monolayer of endothelial cells. We further found that spinal cords of
miR-155"/" ACC-P mice presented with more Mfsd2a-expressing cells
than SC of WT ACC-P mice, suggesting that miR-155 activity decreases
Mfsd2a protective effects in ischemic cords. Furthermore, we present
evidence that enhanced miR-155 expression and inflammatory en-
vironment reduce the levels of endogenous Mfsd2a transcripts in mouse
endothelial and motor neuron cells. Mfsd2a has been implicated in both
the maintenance of BBB integrity and DHA delivery to the brain [5, 6].
Therefore, our results suggest that miR-155 targeting of Mfsd2a may
participate to inhibit its up-regulation in WT ACC mice, thus con-
tributing to blood-SC barrier disruption, shown to contribute to early
motoneuron degeneration in ALS-model mice [33]. Also, given that
anti-inflammatory Neuroprotectin-D1, that protects brain and retina
against cell injury-induced oxidative stress [22], is produced from DHA
in the brain, it is likely that reduced DHA supply should translate into
higher, prolonged inflammatory response to ischemia. Specifically, a
recent report showed that Mfsd2a promotes endothelial generation of
inflammation-resolving lipid mediators and reduces colitis [23], a pa-
thology tightly linked to intestinal barrier malfunction and high levels
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Fig. 6. (A) MiR-155 deletion reduces the rate of pa-

ralysis two days following ACC. Percentages of pa-
miR-155 | — | Vascular eakage ralyzed WT (n = 51) and miR-155"/" (n = 38) mice
Misdea following ACC. *, P = 0.05. (B) Working model
;J E,,'!‘m showing how miR-155 is instrumental in spreading
l ischemic damage within the SC. Following ACC,
mir-155 § B e miR-155 targets transcripts encoding Msfd2a and
e other protective factors, which leads to vascular
C— Raslysls leakage, development of CCE, gray matter damage

and paralysis. Mfsd2a targeting in neurons is also
likely to reduce DHA influx [15], with deleterious

consequences on neuron survival and reduced production of anti-inflammatory DHA-derivatives such as Neuroprotectin D1. MiR-155~/~ ACC-mice retain higher
levels of Mfsd2a and other protective factors, thus experiencing slower CCE development, reduced gray matter damage and paralysis. MiR-155 effects in neurons,

particularly on DHA supply under ischemic conditions, remain to be studied.
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of miR-155 [34]. Thus, Mfsd2a allows to mount a proper anti-in-
flammatory response in intestinal vasculature, and accordingly
MFSD2A is higher in patients with ulcerative colitis undergoing re-
mission [23]. This results are strikingly similar to our own results
showing that WT ACC-NP mice have higher Mfsd2a expression in spinal
cord compare to sham or paralyzed mice, further substantiating our
hypothesis of Mfsd2a being protective and miR-155 being deleterious in
ischemic spinal cords.

Further research will allow us to explore the effects of miR-155
targeting transcripts encoding other factors needed for the integrity of
blood-SC barrier, especially proteins implicated in the structure of EC
tight junctions. Of note, we found that miR-155 reduces the expression
of occludin in endothelial cells, and it was shown that miR-155 in-
hibition stabilizes tight junction protein ZO-1, leading to decreased
neuronal damage in an experimental mouse stroke model [11]. Of note,
the expression of ZO-1 and Occludin is lower in endothelial cells of the
blood-spinal cord barrier than in the brain-blood barrier, making the
former more susceptible to such damage [35, 36].

Finally, our data additionally suggest that pro-inflammatory and
exacerbating effects of miR-155 in ACC-induced paralysis might pos-
sibly be secondary to its initiating roles in neurons and endothelial cells,
contrary to the essential roles played by macrophage-related pro-in-
flammatory effects miR-155 displays in chronic pathologies such as ALS
and MS. [10-12] This would explain why miR-155 deletion reduced
central cord edema, given that Tlr4 ™/~ mice exhibit improved neuro-
logical behavior and reduced edema following global cerebral
ischemia/reperfusion [8], and why, similarly to the effects of miR-155
deletion in our model, miR-155 inhibition reduced infarct size by 34%
in a mouse model of stroke [11].

In conclusion, our results underscore the importance of in situ based
testing in combination with histologic examination on both diagnosing
the specific cause of spinal cord damage associated with paralysis and
in understanding the etiology. Given that: (i) spinal cord damage due to
TAAA repair follows a programmed surgical procedure and occurs in a
controlled clinical environment, thus providing a window of opportu-
nity for preventive intervention; (ii) MiR-155 functions in the immune
response generally have been well conserved between mouse and
human [7]; and (iii) MiR-155 was present in the cerebrospinal fluid of a
TAAA patient (Awad H. et al., unpublished data), our results strongly
support the translational potential of targeting miR-155 for the pre-
vention and treatment of spinal cord injury after TAAA repair.
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