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Purpose: Recent studies indicate that microglia and monocyte-derived macrophages
(MDMs) have different roles in diseases such as stroke and spinal cord injury, yet their
respective polarized phenotypes and roles remain unclear in spinal cord ischemia/reperfusion
injury (SCIRI).

Methods: We established a mouse model of SCIRI by transient aortic occlusion followed by
reperfusion. Basso mouse scale (BMS) scores were used to test the locomotor functions. The
histopathological changes in spinal cord were assessed by hematoxylin-eosin staining and
NF-200 immunohistochemistry. Real-time PCR, immunofluorescence and flow cytometry
were employed to analyze the polarized phenotypes of the microglia and infiltrating MDMs,
and the resulting inflammatory responses. Furthermore, the role of infiltrating MDMs were
investigated by MDMs depletion using systemic administration of clodronate-liposomes.
Results: SCIRI significantly impaired locomotor function of mice, accompanied with progressed
necrosis, infiltration of inflammatory cells and neuron loss in the spinal cord. M1-related pro-
inflammatory markers (iNOS, CD16, CD86 and TNF-a) increased dramatically in the early phase
following SCIRI. In contrast, M2-related anti-inflammatory markers (CD204 and CD206) elevated
at later stage. Besides, the invading MDMs were principally pro-inflammatory M1 type, transiently
restricted to the first week after SCIRI. In contrast, microglia were the main source of anti-
inflammatory M2 type. Furthermore, depletion of MDMs by clodronate-liposomes significantly
preserved neurological functions and relieved neuronal damage caused by SCIRI.

Conclusion: These findings suggested distinct polarized status of resident microglia and
MDMs following SCIRI. Inhibition of the invading MDMs may represent a novel approach
for SCIRI treatment.

Keywords: spinal cord ischemia/reperfusion injury, microglia, monocyte derived

macrophages, polarization, inflammation

Introduction
Spinal cord ischemic/reperfusion injury (SCIRI) remains a devastating complication after
thoracoabdominal aortic surgery.' Conventional strategies, including hypothermic circu-
latory arrest and cerebrospinal fluid drainage, do not provide sufficient protection for the
prevention of SCIRI-induced paraplegia.? Once the injury has manifested clinically, no
pharmacological or surgical intervention is currently available. Therefore, new treatment
strategies targeting different stages of SCIRI are urgently required.

A growing body of evidence has revealed that resident microglia and infiltrating
monocyte-derived macrophages (MDMs) are the primary immune cells and have been
widely targeted to improve outcomes after ischemic injury of the central nervous system

Received: 22 August 2021
Accepted: 2 October 2021
Published: 13 October 2021

Journal of Inflammation Research 2021:14 5227-5239 5227
© 2021 Li et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
v No

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-9318-9812
mailto:linyang@csu.edu.cn
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Li et al

Dove

(CNS).** Despite sharing the same cell markers and similar
morphology, microglia and MDMs can display distinct func-
tions through polarization in response to special environmental
stimuli.>° Previous studies have shown that microglia produce
high levels of IL-10 and display greater myelin phagocytosis
capability compared with MDMs, indicating that microglia are
more likely to be the source of this anti-inflammatory M2-type
cytokine in inflammatory conditions.”” In terms of MDMs,
some studies support a detrimental role and have established
that infiltrating MDMs could aggravate the inflammation
response, therefore exacerbating neuron damage in the
CNS;” ! While others argue that infiltrating MDMs are vital
cells that exert anti-inflammatory properties and improve the
recovery from brain and spinal cord injury.'>"'* Therefore, the
dynamics of infiltration and the polarized status of MDMs and
microglia appear to be critical for determining neurological
outcome. However, evidences in relation to their roles and
polarized status in the pathological processes occurring in
SCIRI remain lacking.

In the present study, a well-established murine model of
SCIRI was used to determine the precise activation and polar-
ization patterns of microglia and MDMs over time following
injury. We demonstrated for the first time that resident micro-
glia and infiltrating MDMs initially exhibited an M1 pheno-
type in the early stages of ischemia-reperfusion, gradually
switching to an M2 phenotype and remaining for a later period
oftime. Furthermore, we also determined that MDMs recruited
from the peripheral circulation were primarily characterized by
the M1 type, which might worsen early neurological disability
after SCIRL

Materials and Methods

Mice

Adult male C57BL/6 mice, aged 12 weeks, were pur-
chased from Silaike Jingda Experimental Animal Co.,
Ltd (Changsha, Hunan, China) and were provided with
food and water ad libitum. All procedures were performed
using aseptic techniques and approved by the Institutional
Animal Care and Use Committee of Central South
University and conducted according to the Health
Guidelines of the National Institutes for the Use and
Care of Laboratory Animals.

Animal Grouping

In order to detect the polarized status of microglia and
macrophage after SCIRI takes place, 84 mice were ran-
domly divided into two groups: the Sham group and the

SCIRI group. Furthermore, in order to investigate the
effect of infiltrating MDMs on SCIRI, another 81 mice
were randomly divided into four groups based on using
either clodronate liposomes to deplete the monocytes or
empty liposomes as a negative control: the Sham+CloLip
group, the Sham+EmpLip group, the SCIRI+CloLip group
and the SCIRI+EmpLip group.

Descending Aorta Clamping

Mice were anesthetized with intraperitoneal injection (i.p.) of
pentobarbital (50 mg/kg), and were subjected to a moderate
SCIRI established by descending aorta clamping (DAC), as
described by a previous research.'® Briefly, mice received
tracheal intubation using a 1.5-inch, 20-gauge IV catheter
(BD Insylte, Sparks, MD) as described in detail in a previous
study.!” Ventilation (SAR-1000, CWE Inc, PA) was set with
the following parameters: concentration of oxygen at 50%,
tidal volume at 400uL. and rate at 230bpm. Next, a small
transverse incision (dorsal to ventral, beneath the 2nd rib)
was created below the left forelimb and shoulder; and the
descending aorta, beginning 1 mm distal to the left subclavian
artery, was exposed and completely cross-clamped with aneur-
ysm clips for 9 min. After that, the chest was closed and the
animals ventilated until recovery had been achieved. In con-
trast, mice in the Sham group only had the aortic arch exposed
without DAC.

During the surgical procedure, the core temperature of the
animals was maintained at 37°C using a temperature-
controlled operating bed. Left femoral mean blood pressure
(FMBP) was monitored and samples for blood-gas analysis
were collected 5 min prior to ischemia and 10 min after
reperfusion.

MDMs Depletion

At a half hour post DAC, mice in the SCIRI group
received intraperitoneal bolus dose of either clodronate
liposomes (200puL, 7 mg/mL, SCIRI+CloLip group,
FormuMax, CA, US) or empty liposomes (200uL, 7 mg/
mL, SCIRI+EmpLip group, FormuMax), followed by
100uL respectively every three days according to the
manufacturer’s instruction. As reference, mice in the
Sham group also received equal volume of either clodro-
nate liposomes (Sham~+CloLip group) or empty liposomes
(Sham+EmpLip group) at the same time points.

Functional Locomotor Scores
As performed in a previous study,'® Basso mouse scale (BMS)
scores, ranging from 0 (totally paraplegia) to 9 (normal) were
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assessed to quantify hind limb function in mice of each group
at postoperative day 1 (P1), P3, P5, P7 and P14 following
reperfusion (n = 9 for each group). Assessments were con-
ducted by two researchers blinded to the study grouping, and
the average values were used for the final results.

Histological Analysis

To detect the morphological changes of spinal cord follow-
ing SCIRI, 27 mice were placed into deep anesthesia using
an overdose of sevoflurane. Then, trans-cardiac perfusion
of 150 mL of cold PBS containing 0.1% heparin was
performed, followed by 500 mL of ice-cold 4% parafor-
maldehyde. After that, lumbar enlargements of spinal cord
were harvested, fixed in 4% paraformaldehyde for 8 hours,
then cryoprotected in 30% (w/v) sucrose. Serial frozen
sections with 10um-thickness were created then stained
with hematoxylin-eosin (HE) method.

Immunohistochemistry and

Immunofluorescence

To further analyze the neuron loss and expression changes of
M1/M2 markers for macrophage/microglia polarization, the
acquired frozen sections were further analyzed with immu-
nohistochemistry and immunofluorescence, which have been
described in our previous research.'® Briefly, for immunohis-
tochemistry, rabbit anti-mouse NF-200 (1:500, Proteintech,
IL, US) was used as the primary antibody to mark neuron,
followed with Biotin-conjugated goat anti-rabbit IgG (1:100,
Proteintech, IL, US) as the secondary antibody. For immuno-
fluorescence, primary antibodies included rabbit anti-mouse
CDl11b (1:100, Affinity, OH, US) to mark macrophage/
microglia, rat anti-mouse CD86 (a recognized M1 marker,
1:100, R&D system, MN, US), and mouse anti-mouse

CD206 (a recognized M2 marker, 1:100, Abcam,

Table | Primers of Genes Used in PCR Analysis

Cambridge, UK), followed with secondary antibodies includ-
ing donkey anti-rabbit, donkey anti-mouse and donkey anti-
rat IgG (1:500, Jackson Immuno-Research, PA, US). All
sections were 1imaged microscopically  (Olympus
U-HGLGPS, Japan) and analyzed using ImageJ software

(National Institutes of Health) for positive cell counting.

Real-Time PCR

To seek the exact expression patterns of M1/M2 polariza-
tions of macrophage and microglia, 15 mice were eutha-
nized using an overdose of sevoflurane and their spinal
cords harvested on ice. Total RNA was extracted using
Trizol™ reagent (Thermo Fisher Scientific, MA, US).
cDNA for each group was synthesized by reverse tran-
scription of the RNA (Thermo Fisher Scientific, MA, US).
Real-time PCR was performed using a CFX96 Touch™
Deep Well Real-Time PCR Detection System (Bio-Rad
Laboratories, CA, US) and SYBR® Green Real-Time
PCR Master Mix (Roche, Germany). The primers are
listed in Table 1. Quantitative PCR was performed as
described in a previous study®” and repeated in triplicate.

Data were processed using the 2 " method.

Flow Cytometric Analysis

To investigate the dynamic changes of microglia/macrophage
polarization and the effect of monocyte depletion on infiltrating
MDMs after SCIRI, the spinal cords of 81 mice were har-
vested, perfused with PBS and immediately filtered through
a40 um nylon cell strainer (BD Biosciences, NY, US) in order
to separate cells from myelin and debris with Percoll density
gradient medium (GE Healthcare; 70% and 30%). The cells
were carefully collected from the interface of the gradient,
washed, then stained for flow cytometric analysis using the
following antibodies or the respective isotype controls for 20

Primer Forward Reverse

iNOS GAACGGAGAACGTTGGATTTG TCAGGTCACTTTGGTAGGATTT
TNF-a TTGCTCTGTGAAGGGAATGG GGCTCTGAGGAGTAGACAATAAAG
CDlé6 CATCAGCTCCTGTCTGGTTT CTCTCTGCAGCCTGTGTATTT
CD86 TGGTTCTGTACGAGCACTATTT GTAGAGTCCAGTTGTTCCTGTC
Arg-1 TGGTGTGGTGGCAGA GGTCCA ACTGCCAGACTGTGGTCTCCACC
IL-4 TGTCATCCTGCTCTTCTTTCTC TCTGTGGTGTTCTTCGTTGC
CD204 CTGAATGTCAGAGTCCGTGAA CAGACTGGACTTCTGCTGATAC
CD206 GTGGTCCTCCTGATTGTGATAG CACTTGTTCCTGGACTCAGATTA
GAPDH GCATCCTGGGCTACACTGAG TGGTCCTCAGTGTAGCCCAAG

Abbreviations: iINOS, inducible NO synthase; TNF-0, Tumor necrosis factor alpha; Arg-l, arginase-I; IL-4, interleukin 4, GAPDH, glyceraldehyde-3-phosphate

dehydrogenase.
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Table 2 Distal Hemodynamics and Blood-Gas Analysis Before and After DAC

Pre-Ischemia Ischemia Reperfusion
FMBP (mmHg) 35.8+2.5 15.8+5.6%* 32.8+2.9
pH 7.51+0.04 Nd 7.21+0.08%*
PaO, (mmHg) 91.6+3.4 Nd 82.6+4.2*%
PaCO, (mmHg) 33.245.6 Nd 3545.0
Base Excess —2.4+3.3 Nd —11.6+3.8*%

Notes: Data presented as mean * standard deviation. * and ** separately represent P < 0.05 and P < 0.01 vs pre-ischemic values.

Abbreviation: FMBP, Left femoral mean blood pressure.

min on ice: PE-cy7-labeled rat anti-mouse CD11b (1:100,
BioLegend, CA, US), FITC-labeled rat anti-mouse CD45
(1:100, BioLegend), APC-labeled rat anti-mouse CD369
(1:100, BioLegend) or BV421-labeled rat anti-mouse CD86
(1:100, BioLegend). To determine the absolute numbers of
cells, the cell concentration was calculated with Precision
Count Beads (BioLegend, San Diego, CA, USA) according
to manufacturer’s protocol. The cells were finally analyzed on
the flow cytometer (Cystek, Fremont, CA, USA) using the
FlowJo V10.0 software (FlowJo, OR, US).

To determine the effect of monocyte depletion in
blood, 12 mice were euthanized by isoflurane overdose at
P3 after the second shot of clodronate or empty liposomes
were administrated. After red blood cells were removed
with the application of NH4CI lysis buffer, the single-cell
suspensions from spleen were obtained by mechanical
disruption and analyzed using the following antibodies:
PE-cy7-labeled rat anti-mouse CDIlb  (1:100,
BioLegend) and PE-labeled rat anti-mouse F4/80
(BioLegend, 1:100). The cells were finally analyzed on
the flow cytometer using the FlowJo V10.0 software.

Statistical Analysis

All data were analyzed using SPSS v19.0 (IBM, NY, US) and
charted with Prism v8.0 (GraphPad Software, CA, US).
Differences were evaluated using one-way ANOVA with indi-
vidual 7 test post hoc analysis if data were normally distributed
or by Kruskal-Wallis testing with individual Mann—Whitney
U-test post hoc analysis otherwise. Results would be consid-
ered statistically significant when P < 0.05.

Results
SCIRI Causes Acute Paraplegia, Spinal

Morphological Change and Neuron Loss

Physiological parameters including distal hemodynamics and
blood-gas analysis are presented in Table 2. Detailly, compared
with the Sham group, FMBP in the SCIRI group fell

dramatically during the period of aortic clamping (15.8 + 5.6
vs 35.8 + 2.5mmHg, P < 0.01) and returned to pre-ischemic
levels following reperfusion (32.8 + 2.9 vs 35.8 £ 2.5mmHg,
P >0.05). In addition, reductions in pH (7.21 £ 0.08 vs 7.51 £
0.04, P < 0.01), PaO2 (82.6 + 4.2 vs 91.6 + 3.4 mmHg, P <
0.05), and base excess (BE) (—11.6 £ 3.8 vs 2.4 £ 3.3, P <
0.05) were observed 10 min after reperfusion compared with 5
min prior to DAC, indicating a successful implementation of
aorta clamping.

The time course of neurological function as assessed by
BMS scores over the 21 days following reperfusion
(Figure 1A). In detail, the BMS scores of the mice in the
Sham group remained at the baseline of 9 (normal), while
mice subjected to SCIRI achieved lower BMS scores immedi-
ately at P1 (P <0.01), lasted until P7 (P <0.01), and gradually
improved since P14 (P <0.05, compared with P1, P3 and P5 in
the SCIRI group), which were still lower than the Sham group
(P <0.01). The results indicated that DAC for 9 min produced
acute and moderate paraplegia.

As displayed in Figure 1C, HE staining of spinal tissue
showed that subtle changes became evident on P1 after
DAC, characterized by isolated vacuolar necrosis predo-
minantly in the region of gray matter. Then, necrosis
progressed at P3 and P7 following SCIRI, accompanied
with increasing infiltration of inflammatory cells. At P14,
the inflammatory cells infiltration appeared gradually dis-
sipated. Consistently, a progressive loss of anterior horn
motor neurons was detected by NF-200 staining during the
two weeks after SCIRI. The pyknosis was apparent at P1,
progressed at P3 and P7, and prolonged to P14 (P < 0.01)
(Figure 1B and C).

Time Course of Messenger RNA
Expression of M| and M2 Polarized
Markers Following SCIRI

As shown in Figure 2, compared with the Sham group,
expression of the M1-type genes in the SCIRI group increased
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Figure | SCIRI caused acute paraplegia, spinal morphological changes and neuron loss following DAC. (A) SCIRI causes immediate acute paraplegia following DAC. Motor
function is evaluated by BMS score. There was a significant difference between the two groups (P < 0.01). Detailly, the BMS score in the Sham group remained at the baseline
of 9; While in the SCIRI group, the BMS score fell to 5 (4, 5) at PI, 5 (4, 5) at P3, 5 (4.5, 5) at P5, 5 (5, 5) at P7 and 6 (5, 6) at P14 (all P < 0.01), indicating that DAC caused an
acute and moderate paraplegia in two weeks after SCIRI took place; Besides, BMS scores at P14 showed an elevation compared with Pl (P < 0.01), P3 (P <0.01) and P5 (P =
0.036), indicating that DAC induced paraplegia gradually improved at the 2nd week. **P < 0.01, compared with the Sham group; *P < 0.05 and P < 0.01, compared with P14
in the SICRI group. N = 9 at each time point for both groups. (B) Cell Counting of motor neuron at the anterior horn showed a significant loss of motor neuron following
DAC which lasted for the 2 weeks (P < 0.01); (C) morphological change and neuron loss in the spinal cord after SCIRI. HE staining results shown in the Ist line (scale bar =
100pm) and 2nd (scale bar = 25um) indicated that DAC resulted in significant vacuolar necrosis and inflammatory cell infiltration into the grey matter of the spinal cord.
Immunohistochemistry for NF-200 shown in the 3rd line (scale bar = 100um) and 4th line (scale bar = 25um) demonstrate that DAC caused progressive motor neuron loss
in the anterior horn of the spinal cord (n = 3 for both groups at each time point).

Abbreviations: SCIRI, spinal cord ischemia/reperfusion injury; DAC, descending aorta clamping; BMS, Basso mouse scale.

markedly as early as P1 (iNOS: 2.81-fold, P =0.019; CD16:  TNF-a: 4.61-fold, P < 0.01) except for CD16 (P > 0.05). At
3.72-fold, P < 0.01; CD86: 3.86-fold, P < 0.01; TNF-a: 4.41- P14 post injury, all of the M1 markers above except for CD86
fold, P <0.01) and maintained at a high level for the first week  (3.47-fold, P = 0.043) decreased sharply and became compar-
(P7: iNOS: 2.90-fold, P = 0.019; CD86: 5.09-fold, P < 0.01;  able with the Sham group (P > 0.05).
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Figure 2 Time course of gene expression of M| and M2 polarization markers following SCIRI. Quantitative PCR was used to assess the expression levels of M |- and M2-like
microglial/macrophage activation genes in spinal cord of mice following SCIRI. n = 5 per group at each time point; *P < 0.05, **P < 0.0] compared with the Sham group.

Abbreviation: SCIRI, spinal cord ischemia/reperfusion injury.

In contrast, expression of the M2-type genes including
CD204 and CD206 remained at the Sham levels for the first
week (P> 0.05), then started to increase at P7 (CD204: 3.00-
fold, P < 0.01; CD206: 3.22-fold, P < 0.01) and remained at
a high level at P14 (CD204: 5.28-fold, P < 0.01; CD206:
3.63-fold, P < 0.01). Instead, other M2 genes including I1L-4
and Arg-1 increased at P3 and P1 respectively (IL-4 P3:
4.30-fold, P <0.01; Arg-1 P1: 2.79-fold, P <0.01), remained
at a high level for the first week (P7, IL-4:4.17-fold, P <
0.05, P = 0.01; Arg-1: 3.08-fold, P < 0.01), then both
returned to preinjury level at P14 (P > 0.05).

Dynamic Changes in Microglia/
Macrophages with M| or M2 Phenotypes
Following SCIRI

As shown in Figure 3, the expressions of CD11b and
CD86 increased dramatically at P1 (P < 0.01) and
remained at a high level for a whole week (P < 0.05)
compared with the Sham group. In contrast, the expression
of CD206 stayed unchanged at the early stage (P1 and P3,
P > 0.05), then increased significantly at P7 (P < 0.01)
following SCIRI. Furthermore, double immunofluores-
cence labeling showed that the expressions of both CD86
and CD206 were predominantly accumulated in the

CDI11b" cells (Figure 4). These findings suggested that
the M1-type microglia/macrophages would dominate at
the early stage of SCIRI, whereas the M2-type would be
increasing and occupy the majority at the later stage.

Microglia and Infiltrating MDMs Display
Distinct Polarization Patterns During

SCIRI

Here, we used CD11b and CD45 antibodies to distinguish
MDMs (CD45"€"CD11b") from resident microglia
(CD45°¥CDI11b") based on previous researches.”' ** As
displayed in Figure 5A and B, gating of the CD45"e"
populations revealed that infiltrating MDMs increased
rapidly and robustly since P3 post-injury (P < 0.01),
peaked at P7 (P < 0.01) and fell to the Sham levels since
P14 (P > 0.05). Furthermore, MDMs expressing CD86
increased consistently and sharply from P3 to P7 post
SCIRI injury (P < 0.01, Figure 5C), whereas MDM
expressing Dectin remained unchanged at each timepoint
(P> 0.05, vs Sham group, Figure 5D). In contrast, resident
microglia expressing CD86 increased at P3 post-injury
(P = 0.022, Figure 5E), while Dectin” microglia increased
at P7 after SCIRI (P = 0.014, Figure 5F).
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Figure 3 Dynamic changes in M| and M2 phenotypes of macrophages following SCIRI. (A) The immuno-fluorescence staining of CD 1 Ib* (green), CD86" (red) and CD206"
(red) at P1, P3 and P7 after SCIRI. Scale bar = 100um, n = 3 for each time point. (B) Quantification of CD|1b™ CD86" and CD206" expressions at P, P3 and P7 after SCIRI.
*Represented P < 0.05 compared with the Sham group. **Represented P < 0.0] compared with the Sham group.

Abbreviation: SCIRI, spinal cord ischemia/reperfusion injury.

Depletion of MDMs Improves Long-Term
Functional Recovery and Spinal Cord

Damage

Considering infiltrating MDMs were

inflammatory M1 subtype, we further determined whether

mainly pro-

depletion of infiltrating MDMs could improve neurologi-
cal outcomes following SCIRI. The depletion of MDMs
was confirmed by cell counts, while neutrophil was not
affected (Figure 6A and B). Consistently, MDMs

infiltration to spinal cord was significantly alleviated
after clodronate liposomes applications at P3 following
SCIRI (P < 0.01) (Figure 6C). Besides, compared with
SCIRI+EmpLip group, mice in the SCIRI+CloLip group
showed a spontaneous improvement in locomotor recovery
based upon the BMS score from P3 to P14 (P < 0.01)
(Figure 6D), accompanied with alleviated vacuolar necro-
sis and decreased neurons loss in the spinal cord (P < 0.01,

shown in Figure 6E and F).
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Figure 4 Colocalization of CDI1b and CD86 (or CD206). Double immunofluorescence confirmed that both CD86 (red) and CD206 (red) were mainly accumulated in

CDI11b (green) positive cells. scale bar = 25um.

Discussion

The present study characterized the polarization dynamics
of both resident microglia and infiltrating MDMs during
SCIRI. The influx of MDMs into spinal cord was transi-
ently restricted to the first week and were primarily pro-
inflammatory M1 type, whereas microglia were principal
source of M2 polarized cells at a later stage. Furthermore,
we showed for the first time that depletion of infiltrating
MDMs markedly alleviated neurological and histological
outcomes following SCIRI.

The relative secretion levels of pro- and anti-
inflammatory factors provide an indication of the polariza-
tion state of microglia/MDMs. Thus, we investigated the
expression of inflammatory markers at the transcriptional
level. Similar with traumatic brain injury,”® we observed
a sharp upregulation of Ml1-type genes, such as iNOS,
TNF-a, CD86, and CDI16 following SCIRI, which
appeared at an early stage within the 1st week. M1-type
cells are believed to release detrimental pro-inflammatory
mediators (eg, TNF-a, IL-1B, and IL-6) and oxidative
metabolites, which impair axonal regrowth.” In contrast,
M2 biomarkers, including CD204 and CD206, elevated at
later stage, mainly after the 1st week. The recruitment of
M2 microglia and MDMs may represent an endogenous
process aimed at restricting ischemic damage by releasing
protective and neurotrophic factors, scavenging cell debris,
and resolving local inflammation.’

We also noticed that the expressions of Argl and IL-4
altered in an uncoordinated manner. Previous studies' >
suggested that inflammatory microenvironments may favor
a particular biomarker but not others. Of note, Argl" macro-
phages were reported not identical to M2 cells.”’ Previous
studies demonstrated that Argl" macrophages also expressed
some M1-associated genes like NOS2.*> By contrast, Argl~
macrophages could display increased expression of M2
markers.*® Therefore, Argl might not be used as a special
M2 marker in isolation depending on circumstances. In addi-
tion, IL-4, known as a T helper type 2 cytokine, has been
demonstrated to be a M2 polarization promotor.>* Thus, we
considered advanced IL-4 elevation might contribute to sub-
sequent M2 macrophage polarization following SCIRI. In
the present study, the M1 to M2 conversion occurred 7 days
post-injury, coincident with improved neurological and his-
tological outcomes. Interestingly, this polarization conver-
sion is quite different from contusive spinal cord injury,
indicating diverse pathological mechanisms underlying
these two types of damages to spinal cord.

Peripheral monocytes are known to enter the CNS
following injury and play a role in multiple mice models
of spinal cord injury.>>*® Monocyte infiltration occurs
at day 1 or day 3 after the onset of status epilepticus;
while in stroke and experimental autoimmune encephalo-
myelitis (EAE), the initiation of MDMs influx takes place
at day 337 In the present study, we also found that
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Figure 5 Microglia and invading MDMs display distinct patterns of polarization during SCIRI. (A) Examples of flow cytometry analysis of the spinal cord are shown,
identifying monocyte-derived macrophages (MDMs) and microglia as CD45"CDI1b"&" and CD45"CDI b, respectively. (B) Spontaneous infiltration of circulating
monocytes to the spinal cord increased after SCIRI. (C—F) Quantification of expression of CD86 (C and E), Dectin (D and F) in MDMs and microglia in spinal cord
after SCIRI. Cells were pooled from 3 mice per group for a total of 3 separate experiments for each time point. *P < 0.05, **P < 0.0] compared with the Sham group.
Abbreviations: MDMs, monocyte-derived macrophages; SCIRI, spinal cord ischemia/reperfusion injury.

monocyte infiltration was not evident until day 3. The
underlying mechanism that limited monocyte transmigra-
tion into re-perfused spinal cord tissue are yet unclear.
Previous studies®® suggested that leukocytes migration
into the CNS is highly regulated, requiring coordinated
activation of the leukocytes and endothelium, together
with appropriate chemoattractant gradients between blood
and brain. Furthermore, we observed that invading MDMs
decrease at day 7 after SCIRI, which was similar with

other types of spinal cord injury,”>®"!

suggesting that the
ablation of MDMs from the second week onward may

have no effect on functional recovery. Taken together,

these two observations indicated that the role of MDMs
is essentially restricted to the first week after SCIRI, and
probably only between days 3 and 7 post-injury.
Importantly, the present study highlights the fact that
infiltrating MDMs and resident microglia differ in pheno-
type following SCIRI. Previous studies on SCIRI gener-
ally eliminated both these cells at the lesion site.”’
However, MDMs may exert distinct functions from micro-
glia. For example, substantial evidence has established that
invading MDMs
damage, whereas microglia protect neuron via clearing

induce demyelination and neuron

debris. Furthermore, the effect of monocyte infiltration is
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with the Sham group; While clodronate liposomes instead of empty liposomes application significantly alleviate MDMs infiltration at P3 following SCIRI; (D) Consecutive BMS scores
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dependent on disease context. In EAE, infiltrating MDMs
are highly inflammatory compared with microglia. But the
data in traumatic spinal cord injury was inconsistent. Lee

141

et al™ previously reported that depletion of the MDMs

showed no effect on spontaneous improvement after trau-

1*? found

matic spinal cord injury. But later, Shechter et a
that mice depleted of MDMs had a greater spread of
damage in spinal cord lesion, revealing the neuroprotec-
tion of MDMs. In contrast, our present study attributed
a pro-inflammatory function to MDMs primarily at an
early stage following SCIRI; meanwhile, resident micro-
glia contributed the main part of M2 phenotype at a later
stage. Consistently, the alleviation of neurological function
after MDMs depletion further confirmed their detrimental
effects following SCIRI. These different findings between
SCIRI and traumatic spinal cord injury might be explained
by their distinct pathophysiology between traumatic and
injury. SCIRI
a consequence of the two different stages of spinal cord

ischemic spinal cord occurs  as
injury. The first is ischemia caused by aortic transection or
circulatory arrest, and then followed by reperfusion, lead-
ing to oxidative stress, inflammation and apoptosis.**
Notably, our previous study has reported an increased
ratio of M1/M2-like monocytes in the peripheral circulation
in patients with acute aortic dissection (AAD).** The phe-
nomenon indicates when AAD patients are subjected to deep
hypothermic circulatory arrest, increased numbers of M1
polarized macrophages would migrate to the spinal cord
after reperfusion, which may aggravate the severity of
inflammation and subsequent neurological damages caused
by SCIRI. Thus, timely targeting at infiltrating monocytes
may help to reduce the clinical incidence of paraplegia

occurring after thoracoabdominal aortic surgery.

Conclusion

Overall, our present study revealed differential roles of
infiltrating MDMs and resident microglia following
SCIRI. Our findings suggest that inflammatory MDMs
worsen neurological outcome after murine SCIRI and
may represent a therapeutic target for patients.

Abbreviations

MDMs, monocyte-derived macrophages; SCIRI, spinal
cord ischemia/reperfusion injury; BMS, Basso mouse
scale; CNS, central nervous system; DAC, descending
aorta clamping; FMBP, femoral mean blood pressure;
HE, hematoxylin-eosin; BE, base excess; iNOS, inducible
NO synthase; TNF-a, tumor necrosis factor alpha; Arg-1,

arginase-1; IL-4, interleukin 4; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; EAE, experimental autoim-
mune encephalomyelitis; AAD, acute aortic dissection.
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