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Abstract: Mesenchymal stromal cells (MSC) are used for cell therapy for spinal cord injury (SCI)
because of their ability to support tissue repair by paracrine signaling. Preclinical and clinical research
testing MSC transplants for SCI have revealed limited success, which warrants the exploration of
strategies to improve their therapeutic efficacy. MSC are sensitive to the microenvironment and
their secretome can be altered in vitro by exposure to different culture media. Priming MSC with
inflammatory stimuli increases the expression and secretion of reparative molecules. We studied
the effect of macrophage-derived inflammation priming on MSC transplants and of primed MSC
(pMSC) acute transplants (3 days) on spinal cord repair using an adult rat model of moderate–severe
contusive SCI. We found a decrease in long-term survival of pMSC transplants compared with
unprimed MSC transplants. With a pMSC transplant, we found significantly more anti-inflammatory
macrophages in the contusion at 4 weeks post transplantation (wpt). Blood vessel presence and
maturation in the contusion at 1 wpt was similar in rats that received pMSC or untreated MSC.
Nervous tissue sparing and functional recovery were similar across groups. Our results indicate that
macrophage-derived inflammation priming does not increase the overall therapeutic potential of an
MSC transplant in the adult rat contused spinal cord.

Keywords: macrophages; MSC; cell therapy; SCI; contusion; repair; neuroprotection; angiogene-
sis; immunomodulation

1. Introduction

Mesenchymal stromal cells (MSC) respond to injury by secreting a combination of
molecules that can support repair of different types of tissue, including central nervous
tissue [1–5]. For this ability, transplantation of MSC has been widely applied as a strategy
to stimulate tissue repair [6–11]. The injured spinal cord lacks the ability to spontaneously
repair itself and is characterized by chronic unresolved inflammation [12–14] and secondary
nervous tissue loss [15]. A transplant of unprimed, i.e., naïve, MSC supports immunomod-
ulation [7] and nervous tissue sparing [6,16] in the adult contused rat spinal cord. The
repair potential of MSC transplants is recognized, but their repair effects remain limited,
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which restricts clinical translation. Therefore, strategies to enhance the therapeutic efficacy
of MSC transplants are pursued.

The composition and availability of the secretome of transplanted MSC determines
their reparative effects and are governed by the local microenvironment [17–19]. One
approach to modify MSC’s phenotype in order to acquire a more reparative secretome
is priming, i.e., preconditioning, the cells prior to transplantation into injured tissue [20].
Priming approaches for MSC transplants have been tested for different applications, e.g.,
inflammatory diseases [21–23] and cardiomyopathies [24–26], resulting in therapeutic im-
provements. Recently, we investigated the potential of macrophage-derived inflammatory
medium to prime MSC transplants [27]. We found that exposure of MSC to medium from
pro-inflammatory macrophages causes an increase in expression and secretion of molecules
known to support tissue repair [22,27,28], while also inducing the down regulation of genes
associated with MSC survival [27].

In the present study, we explored the ability of inflammation primed MSC to support
repair of the damaged spinal cord and the effect of inflammatory priming on transplant
survival in vivo. For this, we used a clinically relevant rat model of spinal cord contu-
sion. We investigated the effects of primed MSC transplants on nervous tissue sparing,
immunomodulation, revascularization, and functional recovery of the contused spinal cord.

2. Materials and Methods
2.1. Animals

Adult Sprague–Dawley female rats (n = 66, 225–250 g, Charles Rivers Laboratory,
Wilmington, MA, USA) were used in this study. Additional rats of the same type (n = 8)
were used to obtain bone-marrow-derived primary cell cultures of monocytes and MSC.
All animal procedures were performed at the Miami Project to Cure Paralysis at University
of Miami, Miami, FL, following the guidelines of the National Institutes of Health and the
United States Department of Agriculture. The local Institutional Animal Care and Use
Committee (IACUC) approved the procedures and the Assessment and Accreditation of
Laboratory Animal Care accredited the animal facility where they took place. The animal
study protocol used for these experiments was #17-087, approved by IACUC on May 4th,
2017. Rats were housed in pairs under a 12-hour light/dark cycle with ad libitum access to
food and water.

2.2. Pre- and Post-Surgery Procedures

Before surgical procedures, rats were anesthetized with an intraperitoneal injection of
ketamine (50 mg/kg; KetaVed, Vedco Inc., St. Joseph, MO, USA) and dexmedetomidine
(0.5 mg/kg; Dexdomitor®, Orion Pharma, Espoo, Finland) in a 2:3 ratio. The mid–lower
back area was shaved and cleaned with Nolvasan®wound cleaner (Zoetis, Parsippany, NJ,
USA). Refresh®Lacrilube®ointment (AbbVie Inc., Chicago, IL, USA) was applied to the
eyes to prevent dryness. The level of anesthesia was confirmed by the absence of bilateral
corneal reflex and paw withdrawal reflex before surgery was started.

After surgery, the wound site was rinsed with 0.1% gentamycin in PBS before closing
the muscles with 4-0 vicryl suture (Ethicon, Somerville, NJ, USA). The skin was closed
with Michel wound clips (Fine Science Tools, Foster City, CA, USA) and then cleaned
with hydrogen peroxide. Rats received a subcutaneous injection of Antisedan®(0.06 mL,
1.5 mg/mL; Orion Pharma, Espoo, Finland) for the reversal of the anesthesia, lactated
Ringer’s (6 mL, 0.1 M, pH 7.4; Hospira Inc., Lake Forest, IL, USA) to restore fluids and elec-
trolytes, gentamycin (0.03 mL, 6 mg/kg; GentaMax®100, Clipper Distribution, St. Joseph,
MO, USA) to prevent infections, and slow release buprenorphine (0.08 mL, 1.2 mg/kg;
Buprenorphine SR, ZooPharm, Swedesboro, NJ, USA) for analgesia. Animals were moni-
tored until awake and mobile. Gentamycin (0.03 mL, 6 mg/kg) was administered daily for
7 days after surgery and lactated Ringer’s (6 mL) during the first 3 days after surgery.
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2.3. Spinal Cord Contusion

The skin over the mid to low thoracic back was incised and the exposed back muscles
separated to expose the thoracic (T) vertebrae. The T8 vertebra was located and a laminec-
tomy was performed to expose the underlying T9 spinal cord. The area was rinsed with a
bath of 2% lidocaine (20 mg/mL; Hospira Inc., Lake Forest, IL, USA) for additional local
anesthesia. The rat was then immobilized using vertebrae clamps on T7 and T9 and the
exposed spinal cord contused at 175 kDyne (Infinite Horizon IH-0400 impactor; Precision
Systems and Instrumentation LLC, Versailles, KY, USA).

2.4. Cell Preparation

MSC and macrophages were obtained from bone marrow of the adult rat femurs and
tibias following previously described procedures [27]. Briefly, bone marrow from femurs
and tibias was flushed out with D10 medium (DMEM, ThermoFisher Scientific, Waltham,
MA, USA; supplemented with 10% fetal bovine serum and 0.1% gentamycin) and cultured
on plastic dishes in D10 at 37 ◦C and 6% CO2 for 24 h. Monocytes were sorted from the
initial culture medium using fluorescence activated cell sorting (FACS) for the surface
antigens CD45(+)/CD11b/c(+) [27]. MSC that attached to the plastic dish were further
cultured for 3 days under the same conditions, harvested, and plated on plastic dishes
coated with poly-D-lysine (PDL) in D10. These cells were passaged (P) twice to obtain P2
MSC (Figure 1).

Figure 1. Experimental design. (A) The bone marrow was extracted from rats’ femurs and tibias and cultured on plastic
dishes for 24 h. Then, monocytes were sorted using FACS and cultured for 7 days until differentiated to bone-marrow-
derived macrophages. Mature macrophages were polarized to pro-inflammatory cells by culture in medium with LPS and
IFNγ for 24 h. The conditioned medium (CM) from pro-inflammatory macrophages was collected and, later, used to prime
MSC. In parallel, bone-marrow-derived MSC, adhered to the dish during the 24 h of bone marrow culture, were maintained
in culture until passage 2, then FACS-sorted for purification. Sorted MSC were transduced with GFP-lentivirus to turn them
green and trackable. P4 GFP-positive MSC were divided into two batches; one was cultured for 24 h in pro-inflammatory
macrophage CM (primed MSC, pMSC) and the other one was cultured for 24 h in fresh D10 (naïve MSC, nMSC). pMSC and
nMSC were trypsinized and resuspended in DMEM:F12 for transplantation. (B) Rats were acclimated to the behavioral
tests before surgery, and the baseline scores for each test were obtained. Surgery for contusive SCI was performed. and the
next day, BBB scores of the injured rats were collected. Three days after injury, surgery for direct injection of pMSC, nMSC,
or DMEM:F12 was performed. At 1 and 4 wpt, six rats per group and time point were fixed and their spinal cords dissected
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for histological analysis. Ten additional rats per group were kept alive for 6 wpt, and their sensorimotor performance was
measured using BBB scores weekly after transplant, the horizontal ladder test at 3 and 6 wpt, and the Von Frey test at 4
and 6 wpt. At 6 wpt, those rats were fixed and their spinal cords dissected for histological analysis. Abbreviations: MSC:
mesenchymal stromal cell; P2: passage 2; LPS: lipopolysaccharide; IFNγ: interferon-gamma; GFP: green fluorescent protein;
LV: lentivirus; D10: DMEM medium with 10% fetal bovine serum and 0.1% gentamycin; SCI: spinal cord injury; BBB: Basso,
Beattie, Bresnahan locomotor scale; wpt: weeks post-transplant.

The monocytes were cultured in RPMI-1640 (Roswell Park Memorial Institute medium;
ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum,
0.1% gentamycin, and 50 ng/mL macrophage-colony stimulating factor (M-CSF, Pepro-
tech, Rocky Hill, NJ, USA) to differentiate them into macrophages over 7 days. These
macrophages were polarized to pro-inflammatory macrophages with 100 ng/ml lipopolysac-
charide (LPS, Sigma-Aldrich, St. Louis, MO, USA) and 20 ng/ml interferon gamma (IFN-γ,
Peprotech, Rocky Hill, NJ, USA). Twenty-four hours later, the supernatant of the inflamma-
tory macrophages was collected, cleared of cell debris, and stored at −80 ◦C until used to
prime MSC [27].

The P2 MSC were sorted using FACS for CD29(+)/CD45(−) [27], cultured in D10,
and transduced with lentivirus to express green fluorescent protein (GFP). At P4, half
of the transduced MSC were primed by culturing in inflammatory-macrophage-derived
conditioned medium for 24 h (pMSC). The other half of the transduced MSC was cultured
in fresh D10 (naïve MSC, nMSC). On the day of transplantation, GFP-positive pMSC or GFP-
positive nMSC were trypsinized, counted, and resuspended in DMEM/F12 (Dulbecco’s
Modified Eagle Medium: Nutrient Mixture F-12 (1:1); ThermoFisher, Waltham, MA, USA).

2.5. Cell Transplantation

Three days after contusion, rats were anesthetized, and the spinal cord exposed.
Next, a total volume of 5 µL containing 1 × 106 pMSC in DMEM/F12, 1 × 106 nMSC in
DMEM/F12, or DMEM/F12 only was injected in the injury epicenter at 1.5 mm depth into
the cord and a rate of 1 µL/min using a 10 µL Hamilton syringe fitted with a pulled glass
needle (100 µm internal diameter) and fixed to a stereotaxic device [16,29]. After injection,
the needle was kept in place for 5 min to prevent backflow. Possible leakage was checked
using a UV flashlight. The needle was gently withdrawn, the muscles were closed with 4-0
vicryl suture (Ethicon), the skin was closed with Michel wound clips (Fine Science Tools),
and the skin surface cleaned with hydrogen peroxide. Acute transplantation (3 days after
injury) was selected after a time course study showing best MSC transplant survival and
repair outcome found in rat spinal cord after contusive SCI [16]. Rats survived for 1, 4, or
6 weeks post transplantation (wpt).
2.6. Tissue Harvest and Processing

Rats were euthanized by transcardial perfusion. Rats were given a lethal dose of
ketamine and dexmedetomidine (as above), and their thorax was opened to expose the
heart. The perfusion cannula was inserted through the left ventricle into the aorta and
a small incision was made in the right atrium. The rats were perfused with 300 mL
phosphate-buffered saline (PBS) until the blood was cleared, followed by 400 mL of 4%
paraformaldehyde (PFA) in PBS (0.1 M, pH 7.4) until tissue fixation was achieved. The
spinal cord was dissected out, kept in 4% PFA for 24 h at 4 ◦C, and then transferred
to 30% sucrose in PBS (0.1 M, pH 7.4) for at least 48 h. Then, a 12 mm long segment
centered at the injury epicenter was cut out, embedded in NEG-50 medium (ThermoFisher
Scientific, Waltham, MA, USA), and frozen at –20 ◦C for approximately 2 h. The tissue was
longitudinally sectioned on a Leica cryostat at 20 µm thickness. Sections were mounted
in series on positively charged glass slides (VWR, Radnor, PA, USA) and stored at –20 ◦C
until further use.
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2.7. Immunohistochemistry

Slides were thawed at room temperature and treated for 1 h with a blocking solution
of PBS containing 5% normal goat serum (Vector Laboratories, Burlingame, CA, USA) to
avoid non-specific binding. For staining of intracellular structures, the blocking solution
also contained 0.3% Triton X-100 (Alfa Aesar, Ward Hill, MA, USA). Next, sections were
incubated with the primary antibody (Table S1) in blocking solution for 2 h at room
temperature, followed by overnight at 4 ◦C. The sections were washed three times for
5 min in PBS before incubation with the secondary antibody (Table S2) in PBS for 2 h at
room temperature in the dark. Sections were washed three times for 5 min in PBS, stained
with DAPI for 3 min, and washed twice for 5 min in PBS. Finally, the sections were air-dried
and covered with glass slips (VWR, Radnor, PA, USA) using DAKO fluorescent mounting
medium (Agilent Technologies, Santa Clara, CA, USA).

Sections were imaged using a VS120 Olympus slide scanner (Olympus Corporation,
Tokyo, Japan). Overviews were taken at 4×magnification under bright field, and fluores-
cent images were taken at 20× magnification with exposures adjusted for each channel
and staining. Autofocus parameters were collected from the DAPI channel. Image analysis
of fluorescent images was performed with ImageJ.

2.8. MSC Transplant

Sections from rats at 1, 4, or 6 wpt were stained with antibodies against GFP and
the astrocyte marker, glial fibrillary acidic protein (GFAP), and used to assess the MSC
transplant in the contused spinal cord segment. The GFAP-staining was used to delineate
the regions of interest (ROI; Figure 2). The GFP-positive area was determined within and
outside of the ROI after subtracting the background using the Gaussian blur. Results were
presented as the percentage of the total area inside the injury. Values from the three middle
sections per animal were summed, and the mean per group and time point were calculated.

Figure 2. Inflammatory priming decreases long-term survival of MSC in the contused spinal cord. (A) Photomicrographs
representing examples of injured spinal cords at 1 and 6 wpt for the vehicle injected animals (DMEM), the nMSC transplanted
animals, and the pMSC transplanted animals. The immunostaining marks astrocytes in red (GFAP), transplants in green
(GFP), and cell nuclei in blue (DAPI). The dashed lines represent the manually selected regions of interest (ROIs) to designate
the injury cavity. Any green fluorescence detected on the DMEM images is a product of auto fluorescence, since those animals
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did not receive LV-GFP transduced cells. Scale bars represent 500 µm (Overview: 4×, image scan: 20×). The spinal
cords’ orientation is top–rostral and bottom–caudal. Intensity has been equally modified on all images for illustrative
purposes only but not for quantitative analysis. (B) Bar graph representing the percentage of the injury cavity occupied by
GFP-positive area over time from those animals that received a cell transplant. pMSC occupy eight-fold less area than nMSC
at 6 wpt. The DMEM group was not included in the graph because the values are negligible. The bars represent mean and
SEM. n = 6 per group and time point. Statistical significance (noted on the graph) was accepted at p < 0.05. Abbreviations:
DMEM: Dubbelco’s Modified Eagle’s Medium; nMSC: naïve MSC; pMSC: primed MSC; wpt: weeks post-transplant; GFP:
green fluorescent protein; MSC: mesenchymal stromal cell; GFAP: glial fibrillary acidic protein.

2.9. Spinal Cord Nervous Tissue

One series of sections was stained with cresyl violet. Cresyl-violet-stained sections
from rats at 1, 4, or 6 wpt were used to assess the volume of healthy nervous tissue remain-
ing in the contused spinal cord segment using an Axio Observer Z1 inverted microscope
(Zeiss, Thornwood, NY, USA). The volume of spared nervous tissue was quantified using
the Cavalieri estimator function on the StereoInvestigator®stereology software (MBF Bio-
science, Williston, VT, USA) as previously described ([6]; Figure 3A). Spared tissue volumes
were expressed as a percentage of the volume of an equally sized segment of an uninjured
spinal cord taken from rats of similar age and similarly processed. The mean per group
and time point was calculated.

We determined neuron presence on sections stained with antibodies against neuronal
nuclei (NeuN; Figure 3B) in two ROIs (each 1.5 mm × 1 mm) just rostral and caudal to
the injury. We created a mask of NeuN staining, quantified DAPI particles within the
NeuN mask, and normalized the counts to the average DAPI particle size to correct for
overlapping or truncated nuclei. The values were summed per section and per rat. We
used sections stained with antibodies against neurofilament (NF) to assess axon presence
in the contused spinal cord segment (Figure 3C) in an ROI (1.5 mm × 2.5 mm) centered at
the epicenter. The values obtained per section of the same animal were averaged. Values
for NeuN and NF were acquired after background correction using the Gaussian blur with
a sigma value chosen for each staining. Outcome measures were averaged per group and
time point.

2.10. Assessment of Macrophage Phenotype

We used sections stained with antibodies against the cell surface marker CD86 (pro-
inflammatory), CD206 (early anti-inflammatory), and CD163 (late anti-inflammatory) to as-
sess the presence of macrophages in different polarization states (Figure 4). The distinction
between early and late anti-inflammatory macrophages refers to their sequential function
in the modulation (CD206) and resolution (CD163) of the inflammatory response [30,31].
Sections were also stained with antibodies against ED1 (CD68) to assess the total presence
of macrophages in the contused spinal cord segment. ROIs (1.5 mm × 3 mm) were cen-
tered at the injury epicenter. The background was removed using Gaussian blurs with
a channel-specific sigma. A double positive area mask for ED1 and each macrophage
marker was created and overlaid on the DAPI channel to quantify double positive cells for
each of the polarization states. We quantified ED1-positive macrophages using a single
mask over the DAPI channel. The Watershed plug-in was used on the DAPI image before
quantification to facilitate counts in high cell density areas. We performed DAPI particle
size standardization on the final counts to correct for overlapping or truncated nuclei. The
counts obtained per section were averaged for the same animal and averaged per group
and time point.
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Figure 3. All experimental groups have similar effects on nervous tissue sparing. (A) Bar graph representing the percentage
of healthy tissue spared, relative to an equally sized healthy spinal cord segment over time. No significant differences were
found between groups. (B) Bar graph representing the number of neurons present just rostral and caudal to the injury over
time. No significant differences were found between groups. (C) Bar graph representing axonal presence in the injury over
time. No significant differences were found between groups. On (A–C), bars represent the mean and SEM. n = 6 per group
and time point. (D–F) Example photomicrographs of injured spinal cords at 1 wpt are shown for visualization purposes. The
spinal cords’ orientation is top–rostral and bottom–caudal. (D) Tissue sparing was quantified using cresyl violet staining
imaged under a bright field microscope (2.5×magnification). (E) Neuronal bodies were quantified using NeuN (white),
GFP (green), and DAPI (blue) staining. (F) Axonal presence was quantified using NF (red) and GFP (green) staining. For
(E,F), intensity was equally modified on all images for illustrative purposes only but not for quantitative analysis (Overview:
4×, image scan: 20×). Any green fluorescence detected on the DMEM images on E and F is product of auto fluorescence
since those animals did not receive LV-GFP transduced cells. Scale bars on all images represent 500 µm. Abbreviations:
DMEM: Dubbelco’s Modified Eagle’s Medium; nMSC: naïve MSC; pMSC: primed MSC; wpt: weeks post-transplant; GFP:
green fluorescent protein; MSC: mesenchymal stromal cell; NeuN: neuronal nuclei; NF: neurofilament.
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Figure 4. pMSC transplants induce transient immunomodulation at 4 wpt. (A–C) Example photomicrographs of injured
spinal cords at 4 wpt. Inlets represent a close-up detail of the staining; a square on the overview designates the source
for the inlet image. The spinal cords’ orientation is top–rostral and bottom–caudal. (A) Pro-inflammatory macrophages
were quantified using CD86 (red), ED1 (white), and DAPI (blue) staining. (B) Early-acting pro-inflammatory macrophages
were quantified using CD206 (red), ED1 (white), and DAPI (blue) staining. (C) Late-acting pro-inflammatory macrophages
were quantified using CD163 (red), ED1 (white), and DAPI (blue) staining. For (A–C), intensity was equally modified
on all images for illustrative purposes only but not for quantitative analysis. Scale bars on all images represent 500 µm
for the overviews and 25 µm for the inlets (Overviews: 4×, image scan: 20×, Inlets: 20×). (D) Bar graph representing
the percentage of pro-inflammatory macrophages, relative to the total number of macrophages in the injury at 4 wpt. No
significant differences were found between groups. (E) Bar graph representing the percentage of early anti-inflammatory
macrophages, relative to the total number of macrophages in the injury at 4 wpt. pMSC transplants result in 20% more
CD206-positive macrophages compared to controls. (F) Bar graph representing the percentage of late anti-inflammatory
macrophages, relative to the total number of macrophages in the injury at 4 wpt. No significant differences were found
between groups. On (D–F), bars represent the mean and SEM, and significance was accepted at p < 0.05. n = 6 per group
and time point. Abbreviations: DMEM: Dubbelco’s Modified Eagle’s Medium; nMSC: naïve MSC; pMSC: primed MSC;
wpt: weeks post-transplant; MSC: mesenchymal stromal cell.

2.11. Assessment of Blood Vessels

We used sections stained for the rat endothelial cell antigen (RECA-1) to assess blood
vessel presence (Figure 5). Blood vessel maturation was assessed on sections stained with
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antibodies against occludin and zonula occludens-1 (ZO-1). After background removal
using the Gaussian blur for each staining, areas positive for RECA-1, occludin, and ZO-1
were measured in ROIs (1.5 mm × 2 mm) centered at the injury epicenter. The values
obtained from the three central sections on the slide, representing 540 µm of the injury,
were averaged per animal, and the mean per group and time point was calculated.

Figure 5. pMSC and nMSC transplants promote angiogenesis at 1 wpt. (A–C) Example photomicrographs of injured spinal
cords at 1 wpt. The spinal cords’ orientation is top–rostral and bottom–caudal. (A) Blood vessel presence in the injury
was measured using RECA-1 (red) staining. (B) Blood vessel maturation in the injury was measured using occludin (red)
staining, and (C). ZO-1 (white) staining. For (A–C), intensity was equally modified on all images for illustrative purposes
only but not for quantitative analysis. Scale bars on all images represent 500 µm (Overviews: 4×, image scan: 20×). (D) Bar
graph representing the area of RECA-1 in the epicenter of the injury over time. nMSC transplants result in almost three-fold
more blood vessel presence compared to controls at 1 wpt. (E) Bar graph representing the area of occludin in the injury
epicenter over time. nMSC and pMSC transplants result in two-fold more occludin presence compared to controls at 1 wpt.
(F) Bar graph representing the area of ZO-1 in the injury epicenter at 1 wpt. No significant differences were found between
groups. In (D–F), bars represent the mean and SEM, and significance was accepted at p < 0.05. n = 6 per group and time
point. Abbreviations: DMEM: Dubbelco’s Modified Eagle’s Medium; nMSC: naïve MSC; pMSC: primed MSC; wpt: weeks
post-transplant; MSC: mesenchymal stromal cell; RECA-1: rat endothelial cell antigen 1; ZO-1: zonula occludens 1.
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2.12. Assessment of Hind Limb Sensorimotor Performance

Hind limb locomotor performance was evaluated using the BBB open field locomotor
test [32,33]. Rats were allowed to acclimate to the open field environment and were
tested by two independent testers blinded to the treatments. Rats were tested before the
surgery (i.e., baseline scores), one day after injury, and once weekly after transplantation.
Sensorimotor coordination was assessed using the horizontal ladder test [34] before surgery,
for acclimation and baseline calculation, at 3 weeks, and 6 weeks after transplantation. We
quantified the total number of steps and the number of small, medium, and large slips of
the foot on the horizontal ladder. We presented the total number of slips as a percentage
of the total steps. Sensory function was evaluated by measuring the level of mechanical
allodynia using the Von Frey test [35]. Rats were acclimated to the test environment before
measurements. The Von Frey filaments were applied perpendicular to the mid-plantar
area of each hind paw, the pressure was increased until paw withdrawal, and the grams
(g) of force applied at withdrawal were recorded. The measurements of both paws were
averaged. Measurements were obtained before contusion and at 4 and 6 weeks after
transplantation. The scores for each behavioral test were averaged per experimental group
and analyzed over time.

2.13. Statistical Analysis

This study was conducted with a completely randomized design. The number of
animals chosen to achieve statistical power was based on literature research and pilot
experiments. Statistical analyses were performed with the IBM SPSS Statistics software
26 (IBM, Armonk, NY, USA). Data were tested for normality before determining the
appropriate statistical test. For histological outcomes, the means per group and time point
were compared and tested for statistical significance, which was accepted with p ≤ 0.05.
For parametric data with two or three experimental groups, student’s t-test or one-way
analysis of variance (ANOVA) were used, respectively, to compare means per group
within each time point. Kruskall–Wallis test was used if data from three experimental
groups were determined non-parametric. Bonferroni correction was used for multiple
comparisons after ANOVA or Kruskall–Wallis tests. Correlation analysis was performed
to evaluate the association between transplant survival and therapeutic outcomes, and
analysis of covariance was performed to study the therapeutic outcomes between groups
when controlling for transplant survival. Behavioral data were analyzed using repeated
measures ANOVA to compare means across time points.

3. Results
3.1. Study Design

Animals were randomly divided into three groups across three time points. We
compared the effect of a pMSC transplant with that of an nMSC transplant or DMEM
injection (k = 3) in a contusion model of SCI (Figure 1). Rats fixed at 1 wpt (n = 6 per group)
or 4 wpt (n = 6 per group) were used for histological analysis. Rats fixed at 6 wpt (n = 10 per
group) were used for histological and behavioral analysis. From the 6 wpt cohort, six rats
per group were used for histological analysis (n = 6 per group). The spinal cords of all rats
were dissected and processed for histology to evaluate the biological effect of inflammatory
priming on the MSC transplant and the spinal cord nervous tissue. Sensorimotor skills of
all rats in the 6 wpt cohort were tested weekly throughout the experiment. Ninety percent
survival was achieved throughout the experiment. Deceased rats were replaced to obtain
the group size described above.

3.2. MSC Transplant Survival

The area of GFP-positive MSC was determined in the injury, which was delineated
inside GFAP-positive staining (Figure 2A). The percentage of the cavity area occupied
by nMSC (M = 8.82, SEM = 1.51) and pMSC (M = 5.7, SEM = 1.65) was similar at 1 wpt
(t(10) = –1.39, p = 0.194) and 4 wpt (nMSC; M = 3.8, SEM = 1.69; pMSC; M = 4.64, SEM = 2.1;
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(t(10) = 0.31, p = 0.762) (Figure 2B). However, at 6 wpt, the percentage of cavity area occupied
by pMSC (M = 0.71, SEM = 0.34) was eight-fold smaller (t(5.56) = −2.91, p = 0.029) than
that of nMSC (M = 5.68, SEM = 1.66) (Figure 2B). These data revealed that inflammatory
priming reduced long-term survival of MSC in a spinal cord contusion environment.

3.3. Effects of pMSC on the Contused Spinal Cord

The volume of spared nervous tissue (Figure 3A), neuron presence (Figure 3B), and
axon presence (Figure 3C) in the injured spinal cord segment were calculated to assess
neuroprotection. The effect of pMSC, nMSC transplants and controls was similar on
all three outcomes at all the examined time points after transplantation. All data are
summarized in Table 1. Priming MSC did not improve the neuroprotective ability of the
transplant in this SCI model.

Table 1. Summary of therapeutic outcomes for nervous tissue repair.

Repair Effect Outcome Group 1 wpt 4 wpt 6 wpt Correlation †

Neuroprotection Tissue sparing a

(%)

pMSC 33.1 ± 3.4 20.2 ± 4.3 19.3 ± 3.5 0.592 **
nMSC 33.0 ± 4.2 30.9 ± 6.4 11.3 ± 1.5 0.051

DMEM 25.5 ± 6.5 17.0 ± 3.5 25.8 ± 6.2 N/A

Neuronal survival b

(counts)

pMSC 489 ± 113 603 ± 301 288 ± 84 0.398
nMSC 834 ± 207 637 ± 217 717 ± 247 0.266

DMEM 580 ± 243 524 ± 188 696 ± 271 N/A

Axonal presence c

(µm2)

pMSC 169,261 ± 7684 166,872 ± 13,592 173,308 ± 13,812 −0.255
nMSC 187,484 ± 17,010 167,010 ± 19,376 159,952 ± 18,065 0.355

DMEM 207,198 ± 30,776 183,902 ± 13,679 202,085 ± 12,265 N/A

Immunomodulation

Pro-inflammatory d

(%)

pMSC 82.3 ± 2.8 62.2 ± 3.6 62.8 ± 3.4 0.340
nMSC 68.3 ± 6.4 61.2 ± 1.3 54.2 ± 3.0 0.425

DMEM 82.3 ± 7.9 56.2 ± 3.1 69.3 ± 5.5 N/A
Early

anti-inflammatory e

(%)

pMSC 91.3 ± 6.1 69.2 ± 5.5 * 63.9 ± 5.1 0.298
nMSC 75.8 ± 12.1 59.5 ± 4.1 57.5 ± 2.5 0.573 *

DMEM 92.9 ± 6.0 52.5 ± 2.9 65.3 ± 2.2 N/A
Late

anti-inflammatory f

(%)

pMSC 14.51 ± 2.5 37.6 ± 6.2 34.99 ± 2.5 −0.237
nMSC 13.46 ± 2.7 30.06 ± 5.1 40.09 ± 5.5 −0.550 *

DMEM 18.08 ± 4.2 34.2 ± 3.2 29.6 ± 5.2 N/A

Revascularization

Blood vessels g

(µm2)

pMSC 938,637 ± 148,407 110,756 ± 21,157 289,606 ± 85,683 0.614 **
nMSC 1,191,049 ± 186,800 * 235,060 ± 82,194 288,927 ± 129,815 0.645 **

DMEM 438,311 ± 155,990 96,567 ± 27,864 107,048 ± 44,112 N/A

Occludin h

(µm2)

pMSC 742,582 ± 76,849 * 205,501 ± 89,115 198,592 ± 42,185 0.606 **
nMSC 758,800 ± 119,874 * 172,563 ± 33,095 192,260 ± 70,535 0.568 *

DMEM 383,145 ± 82,063 771,11 ± 15,488 90,500 ± 24,577 N/A

ZO-1 i

(µm2)

pMSC 74,904 ± 16,987 215,440 ± 23,596 267,937 ± 516,33 −0.595 **
nMSC 95,962 ± 19,165 151,201 ± 15,934 265,711 ± 26,818 −0.304

DMEM 113,779 ± 24,084 172,522 ± 30,525 215,962 ± 39,358 N/A

Table legend: Histological outcome values represent the mean and the standard error of the mean (SEM). a Percentage of tissue sparing in
the contused spinal cord in reference to an equally sized segment of a healthy cord; b sum of neuronal bodies rostral and caudal to the injury
cavity; c area of neurofilament positive staining representing axonal presence in the contused spinal cord; d percentage of macrophages
positively stained for CD86 in the injury site; e percentage of macrophages positively stained for CD206 in the injury site; f percentage of
macrophages positively stained for CD163 in the injury site; g area of RECA-1 positive staining in the injury site; h Area of occludin-positive
staining in the injury site; i Area of ZO-1 positive staining in the injury site. (*) One asterisk indicates statistical significance when p ≤ 0.05,
(**) and two asterisks indicate statistical significance when p ≤ 0.01. (†) The right-most column presents the Pearson correlation coefficient
from evaluating the correlation between the histological outcome on each row and the amount of transplant present in the injury site. The
correlation coefficient has an asterisk when found statistically significant. Abbreviations: pMSC: inflammation primed MSC, nMSC: naïve
MSC, DMEM: injection control of DMEM/F12, wpt: weeks post-transplant, N/A: not applicable.

The macrophage phenotype was studied to assess immunomodulation following MSC
transplantation. Pro-inflammatory macrophages were recognized by the presence of CD68
(ED1) and CD86 (Figure 4A). We used the presence of CD206 to recognize early acting
anti-inflammatory macrophages (Figure 4B) and CD163 for late acting anti-inflammatory
macrophages (Figure 4C). At 4 wpt, we found that rats with a pMSC transplant had a
significant increase of about 20% in early anti-inflammatory macrophages, relative to total
macrophage count, compared with control rats (F(2,15) = 3.841, p = 0.045) (Figure 4E). At
this time point, there were no differences in the relative amounts of pro-inflammatory
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(Figure 4D) and late acting anti-inflammatory (Figure 4F) macrophages. There were no
statistically significant differences in macrophage populations between the experimental
groups at 1 or 6 wpt. The results are summarized in Table 1 and shown in supplementary
data (Figure S1).

The presence of blood vessels was examined using RECA-1 immunostaining
(Figure 5A), and blood vessel maturation was assessed using occludin (Figure 5B) and
ZO-1 immunostaining (Figure 5C). At 1 wpt, we found significantly more blood vessels in
the injury epicenter in rats with nMSC compared with controls (F(2,15) = 5.419, p = 0.017)
(Table 1, Figure 5D). In rats with nMSC or pMSC, we found significantly higher occludin
presence compared with controls (F(2,15) = 5.009, p = 0.022) (Table 1, Figure 5E). There
were no statistically significant differences between groups at 4 wpt (Figure 5D) and 6 wpt
(Figure 5E) for RECA-1 or occludin area. We found no differences in ZO-1 presence between
experimental groups at any of the time points examined (Figure 5F). We further analyzed
RECA-1 presence just rostral, central, and caudal to the injury (Figure S2). In rats with a
pMSC transplant, significantly more blood vessels were found in the rostral region at 4 wpt
compared with rats with an nMSC transplant or control rats (Figure S2A).

3.4. Therapeutic Outcomes Associated with Transplant Presence

To determine the influence of the limited transplant survival on the therapeutic poten-
tial of pMSC, we performed correlation and covariance analyses. We correlated each thera-
peutic outcome with transplant presence (Table 1, last column), and we used transplant
presence as a covariate for ANCOVA. Our data revealed a moderately strong correlation
between the presence of pMSC and the volume of nervous tissue spared (Table 1). We also
found a significant and moderately strong correlation between the amount of nMSC and
the presence of early anti-inflammatory macrophages and an inverse strong correlation
between nMSC presence and late anti-inflammatory macrophages (Table 1). Finally, a
strong correlation was found between nMSC or pMSC transplant presence and RECA-1
and occludin areas (Table 1). A moderately strong inverse correlation was found between
pMSC transplant presence and ZO-1 area (Table 1).

Our analysis of covariance revealed a significant effect of MSC transplant presence
on macrophage phenotype. After correcting our model for the amount of surviving
transplant, pMSC transplants were associated with significantly higher percentages of
pro-inflammatory (F(1,33) = 6.702, p = 0.014) and early anti-inflammatory (F(1,33) = 5.923,
p = 0.021) macrophages across time points. This effect was not found for nMSC transplants
or for late anti-inflammatory macrophages. Together, our data suggest that sub-acute
transplantation of inflammation primed MSC modulates the local inflammatory microen-
vironment at the later stages following SCI and transplantation. These data also suggest
that successful healthy tissue sparing and revascularization are affected by the amount of
pMSC transplant present at the injury site over time.

3.5. Hind Limb Sensorimotor Performance was Unchanged

We evaluated the effect of pMSC transplants on locomotor and sensory recovery
after spinal cord contusion. In the over-ground walking test, all rats had a BBB score of
21 before surgery and dropped below 5 after contusion. We found a significant increase
in locomotor performance of the vehicle control injected group compared to the nMSC
and pMSC injected groups at 1 wpt, but the effect was not sustained beyond that time
point. Thereafter, the scores were similar between groups and did not increase over time
(Figure S3A). In addition, we found no significant differences between groups on the
percentage of slips occurred on the horizontal ladder test (Figure S3B) at 3 or 6 wpt or in
the magnitude of mechanical allodynia obtained by the Von Frey test (Figure S3C) at 4 or
6 wpt. Overall, these data indicate that inflammatory priming of MSC did not improve
their therapeutic effect on functional recovery.
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4. Discussion

Macrophage-derived inflammatory priming of MSC leads to upregulation of genes
and secreted proteins that support tissue repair and downregulation of cell survival
genes [27]. Here, we showed that transplanted pMSC exhibit reduced long-term sur-
vival in an adult rat spinal cord contusion. We showed that pMSC transplants induce
transient immunomodulatory effects on the local macrophages. We found that the mag-
nitude of tissue sparing, blood vessels, and occludin found at the injury site increased
proportionally to the magnitude of pMSC transplant survival. Our data indicate that
inflammatory priming increased the immunomodulatory potential of MSC but did not
enhance the neuroprotective, angiogenic, or functional recovery effects of pMSC on the
injured spinal cord beyond those elicited by nMSC. Here, we discuss how the reduced
transplant survival could be limiting the therapeutic effect of pMSC transplants.

4.1. Inflammatory Priming and Transplant Survival in SCI

Inflammatory priming shortened the survival of MSC following transplantation into a
spinal cord contusion. Relative to nMSC transplants, survival of pMSC transplants was
significantly lower at 6 weeks after transplantation. A spinal cord contusion is a hostile
environment for MSC transplants due to cellular debris, a long lasting pro-inflammatory
immune response, and free radicals [36–38], all of which can induce stress pathways in
MSC [28] that can trigger senescence or apoptosis [39,40]. Macrophage-derived inflam-
mation priming of MSC prior to transplantation activates such pathways [27], which
sensitizes MSC to the cellular hostility in the contusion environment, thereby, reducing
the transplant’s lifetime. Previous research has shown that pre-activation of MSC with
inflammatory stimuli increases their sensitivity to respond to a subsequent inflammatory
stimulus [41]. Interferon-gamma (IFNγ) and tumor necrosis alpha (TNFα) are secreted
by pro-inflammatory macrophages and are known stimulants of apoptotic pathways as a
physiological mechanism in response to infection or injury [42–44]. The presence of these
two factors in the macrophage-derived priming medium could be responsible, at least in
part, for the reduced pMSC transplant survival in the contused spinal cord.

4.2. The primed Secretome and Nervous Tissue Sparing

Inflammation priming of MSC increases their secretion of neurotrophic growth factor
(NGF) and glial derived neurotrophic factor (GDNF) [27], both of which support neuronal
survival and neurite outgrowth in vitro and in vivo [45,46]. In models of SCI, treatment
with NGF and BDNF results in reduced injury size, axon sprouting, neuronal survival,
and functional recovery [47–49]. In the present study, significant improvements in neuro-
protection or functional recovery were not observed following transplantation of pMSC
compared with nMSC or the vehicle control. However, we found a significant moderate
correlation between the amount of pMSC present in the injury and the amount of spared
tissue. These results indicate that neuroprotective actions by inflammation primed MSC
could be curbed by reduced transplant survival.

4.3. Immunomodulation by Primed MSC

Interactions between MSC and immune cells are necessary to activate MSC’s im-
munomodulatory activity when participating in tissue repair [19,50]. Macrophage-derived
priming of MSC induces upregulation of immunomodulatory genes, such as indoleamine
2,3-dioxygenase [27]. In the current study, we show that pMSC transplantation resulted in
higher percentage of anti-inflammatory CD206-positive macrophages at the injury site at
4 weeks after transplantation. CD206-expressing macrophages are involved in the resolu-
tion of inflammation [31]. We also observed a significant increase in both CD86-positive
and CD206-positive macrophages with the pMSC transplant compared with the nMSC
transplant after accounting for the variability of transplant survival. These outcomes
indicate that, while the immunomodulatory ability of pMSC is limited by transplant sur-
vival, the priming strategy transiently enhances the anti-inflammatory effect of MSC. Toll
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like receptor-4 (TLR4) activation by ligands, such as lipopolysaccharide (LPS) or damage-
associated high mobility group box 1 (HMGB-1), modifies MSC behavior, inducing their
immunosuppressive abilities [51–54]. It is possible that the residual presence of LPS in the
priming medium, and HMGB1 in the injury [55], activated TLR4 and enhanced the im-
munomodulatory actions by pMSC. Chronic inflammation in SCI contributes to secondary
injury and limited repair [14,38,56]; therefore, modification of the local inflammatory
environment can elicit neuroprotection and functional recovery [7,57,58]. Interestingly,
previous reports show that apoptotic MSC have stronger immunomodulatory effects than
live MSC on neighboring macrophages, as evidenced by upregulated prostaglandin E2
(PGE2) in macrophages after transplantation of apoptotic MSC [59,60]. Those findings
allude to a sacrificial role of MSC that, in response to inflammatory stimuli, contributes to
the resolution of inflammation.

4.4. The Primed Secretome and Revascularization after SCI

Priming with inflammatory stimuli also triggers upregulation of growth factors that
are key in the generation and maturation of blood vessels, such as vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF), angiopoietins, and endothelial
growth factor (EGF) [27,28,61]. Administration of VEGF and platelet derived growth factor
(PDGF) to an SCI causes revascularization and neural repair [62]. In our model of SCI,
both pMSC and nMSC elicited increased occludin presence to a similar extent in the injury
epicenter one week after transplantation. However, we found strong correlations between
the level of revascularization (based on RECA-1 and occludin presence) and the amount of
MSC survival in the injury site. Considering that the observed revascularization level was
the same for nMSC and pMSC at six weeks after injury, while the amount of transplant was
significantly reduced for pMSC, it may be that priming induced long-lasting upregulation
of angiogenic factors. These outcomes support the concept that therapeutic effects of
pMSC are limited by the reduced transplant survival. We also observed that the two tight
junction proteins, occludin and ZO-1, which are key in the maturation and sealing of newly
generated blood vessels [63–65], covered the same amount of area as RECA-1 staining at
six weeks after transplantation. This suggests that both nMSC and pMSC support blood
vessel maturation and functionalization.

4.5. MSC Priming

Enhancing MSC molecular predisposition to elicit nervous tissue repair is a promising
strategy for treating SCI. MSC naturally home to damaged tissues following a gradi-
ent that modifies their phenotype, preparing them to efficiently interact with the injury
environment and support repair [66,67]. However, MSC do not naturally home to the
damaged spinal cord. Typically, untreated MSC are transplanted in the spinal cord, which
could cause sudden environmental shock for the cells. Other MSC priming methods (i.e.,
cytokines, hypoxia, antioxidants, chemical drugs) have been used to increase their ther-
apeutic efficacy in a variety of tissues, resulting in enhanced repair [20,68–71]. However,
the effect of those priming methods on transplant survival are varied or not always pre-
sented. A culture of MSC with IFNγ and TNFα added to the medium increases MSC
immunomodulatory activity [21,23,68,72]. Pre-treatment of MSC with antioxidants, such
as melatonin or all-trans retinoic acid, results in upregulation of the survival gene, bcl2,
and increased MSC proliferation and wound healing efficacy, respectively [69,70]. The
secretome of macrophages in different polarization states could also affect MSC survival
and repair potential differently [73], which hints at the coordinated action between MSC
and macrophages during wound healing [74]. This body of data indicates that further
understanding of the mechanisms underlying the interactions between MSC and their
environment will help to optimize the current priming method and better balance the
transplant’s homeostasis and survival, and therapeutic efficacy for spinal cord repair. The
ability to fine-tune MSC’s therapeutic output with different priming methods would be of



Cells 2021, 10, 1316 15 of 19

special interest to the various models of SCI, characterized by different levels of pathology,
such as the contusion and transection injuries [75].

4.6. Tackling Long Term Transplant Survival

Another possible explanation to the phenomena observed in this study could be that
inflammatory priming and subsequent exposure to the injury environment involve the
continued activation of cellular stress pathways, which could lead to increased cellular
senescence [39]. MSC have intrinsic mechanisms to maintain homeostasis or trigger cell
death when homeostasis is not sustained [39]. If cellular senescence is reached, pMSC
may be self-activating apoptotic pathways in addition to the external triggers. A potential
strategy to interfere in this behavior is to promote autophagy in the priming phase, which
has been shown to be a homeostasis preservation mechanism in MSC that, when enhanced,
results in better transplant health and survival [40].

5. Conclusions

Our study shows that macrophage-derived inflammatory priming of MSC before
transplantation into SCI shortens the lifetime of the transplant but temporarily increases
its anti-inflammatory effects, which could potentially be beneficial for SCI repair [7,57].
Also, we show the association between the magnitude of some of the therapeutic outcomes
measured and the magnitude of transplant survival in the injury site, both for pMSC and
nMSC transplants. Research is ongoing in our group to further elucidate the pathways
involved in this priming effect, to characterize and isolate the components of the priming
medium that induce the various effects seen on pMSC, and to optimize the priming method
to allow for both improvement of the therapeutic potential and MSC survival.
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10.3390/cells10061316/s1. Table S1: Primary antibodies used in this study, Table S2: Secondary
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Blood vessel presence in the rostral, central, and caudal regions of the injury, Figure S3: Hind limb
sensorimotor performance.
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Abbreviations

Bcl2 B-cell lymphoma 2 gene
DAPI 4′,6-diamidino-2-phenylindole
DMEM Dubbelco’s Modified Eagle Medium
EGF epidermal growth factor
FACS fluorescence-activated cell sorting
GDNF glial derived neurotrophic factor
GFAP glial fibrillary acidic factor
GF growth factors
HGF hepatocyte growth factor
IACUC Institutional Animal Care and Use Committee
IFNγ interferon gamma
LPS lipopolysaccharide
NeuN neuronal nuclei
NF neurofilament
NGF nerve growth factor
nMSC naïve MSC
P2 passage 2
PBS phosphate-buffered saline
PDL poly-D-lysine
PGE2 prostaglandin-E2
pMSC primed MSC
RECA-1 rat endothelial cell antigen 1
ROI(s) region(s) of interest
SCI spinal cord injury
SR slow release
T8 thoracic vertebra/segment 8
TNFα tumor necrosis factor alpha
VEGF vascular endothelial growth factor
wpt weeks post-transplant
ZO-1 zonula occludens 1
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