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Human mesenchymal stromal/
stem cells recruit resident 
pericytes and induce blood vessels 
maturation to repair experimental 
spinal cord injury in rats
Karla Menezes  1,2*, Barbara Gomes Rosa  1, Catarina Freitas  1, Aline Silva da Cruz  3, 
Raphael de Siqueira Santos  4, Marcos Assis Nascimento  4, Daiana Vieira Lopes Alves  5,  
Martin Bonamino  6, Maria Isabel Rossi  1, Radovan Borojevic  1,2 & 
Tatiana Coelho‑Sampaio  1,4

Angiogenesis is considered to mediate the beneficial effects of mesenchymal cell therapy in spinal 
cord injury. After a moderate balloon-compression injury in rats, injections of either human adipose 
tissue-derived stromal/stem cells (hADSCs) or their conditioned culture media (CM-hADSC) elicited 
angiogenesis around the lesion site. Both therapies increased vascular density, but the presence of 
hADSCs in the tissue was required for the full maturation of new blood vessels. Only animals that 
received hADSC significantly improved their open field locomotion, assessed by the BBB score. 
Animals that received CM-hADSC only, presented haemorrhagic areas and lack pericytes. Proteomic 
analyses of human angiogenesis-related factors produced by hADSCs showed that both pro- and 
anti-angiogenic factors were produced by hADSCs in vitro, but only those related to vessel maturation 
were detectable in vivo. hADSCs produced PDGF-AA only after insertion into the injured spinal cord. 
hADSCs attracted resident pericytes expressing NG2, α-SMA, PDGF-Rβ and nestin to the lesion, 
potentially contributing to blood vessel maturation. We conclude that the presence of hADSCs in the 
injured spinal cord is essential for tissue repair.

Spinal cord injury (SCI) is a major cause of physical disability in young adults1. Although SCI has attracted 
intense research efforts, efficient treatments have not been clinically validated so far. Induction of post-injury 
angiogenesis is essential for effective tissue repair, and targeting vascularization is a potentially valuable thera-
peutic strategy for SCI2.

Regeneration of a hierarchically ordered and mature vascular network depends upon interactions of different 
cells, and is mediated by several growth factors3. After SCI vascular sprouts and immature capillaries emerge 
from the neighbouring blood vessels, indicating that vascular regeneration in the central nervous tissue begins 
from the pre-existing vessels4. Within the first seven days after injury, a rapid increase in angiogenesis occurs 
at the lesion site5. Subsequently, the new vascular network has to undergo extensive remodelling to form a 
functional vasculature2,3,5.
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Pericytes play a fundamental role during vascular stabilization and maintenance of the blood–brain barrier6. 
Resident pericytes also participate in the formation of a fibrotic scar tissue, and contribute to the endoge-
nous tissue repair after SCI7. They proliferate, migrate to the lesion area, and differentiate into ECM producing 
fibroblasts8. Pericytes have even been proposed to acquire multipotency after a severe encephalic ischemia and 
to contribute to neurogenesis9.

In regenerative medicine, the use of adipose tissue-derived stromal/stem cells (ADSCs) is a promising strat-
egy to promote angiogenesis. The benefits of ADSCs transplantation have been previously demonstrated by the 
functional recovery of animals submitted to experimental SCI10–23. Although the results in humans are still pre-
liminary, autologous ADSCs transplantation was considered safe24, and it promoted motor and somatosensorial 
improvement after spinal cord trauma25.

The beneficial effects of hADSCs in central nervous system (CNS) regeneration are thought to result from 
their paracrine activity26. ADSCs can secrete high amounts of angiogenic factors, such as vascular endothelial 
growth factor (VEGF), fibroblast growth factor (FGF), platelet-derived growth factors (PDGFs), insulin-like 
growth factor 1 (IGF-1) and hepatocyte growth factor (HGF)27–29. In addition, mesenchymal cells have been 
shown to secrete exosomes carrying microRNAs that can be uptaken by endothelial cells, stimulating tube-
formation30. While it has been extensively shown that hADSCs conditioned medium contains factors capable 
of inducing angiogenesis in in vitro assays27,28,31,32, it is not yet known whether these paracrine mediators are 
sufficient to promote vascular repair after CNS injury in vivo.

Here we compared the therapeutic use of soluble factors produced by hADSCs in vitro with transplantation 
of live cells after SCI. The potential advantage of soluble factors would be that the supply of in vitro-produced 
bioproducts could be scaled-up, stored and subsequently offered “from shelf ”. We found evidence that hADSCs 
transplanted into the spinal cord modulate their secretion and activity of angiogenic factors in response to 
the environment and, hence, could not be replaced by conditioned medium produced in vitro. Furthermore, 
engrafted hADSCs contribute to maturation of the newly formed vasculature through attraction of endogenous 
pericytes, selectively favouring the functional recovery of animals that received the cell therapy.

Results
hADSCs and CM‑hADSC increased the number of blood vessels at the perilesional region after 
a compressive spinal cord injury..  Mechanical trauma caused by a dorsal balloon compression of the 
spinal cord leads to rupture of local blood vessels, haemorrhage and tissue oedema. We sought to identify dif-
ferences in vascular density 1 week post-injury (WPI), using Isolectin IB4 from Griffonia simplicifolia that labels 
rat endothelial cells, macrophages and microglia, simultaneously revealing vascular profiles and phagocytic cells, 
which are clearly distinguishable by their morphology (Supplementary Fig. S1). Analyses were performed in the 
tissue sections bearing the largest cavities (approximately 500–750 μm down from the dorsal surface), which 
were identified by astrocyte reactivity using GFAP antibody. Control animals receiving only unconditioned 
DMEM presented a larger lesion cavity devoid of tissue as shown by the complete lack of DAPI, GFAP or IB4 
staining (Fig. 1A). The inset represents a higher magnification image to allow identification of glial cells (green 
GFAP + cells in Fig.  1B) and massive phagocyte infiltration (red IB4 + round cells in Fig.  1B, arrowheads) at 
the edges of the lesion cavity, while no vascular structures could be identified (Fig. 1B). Animals that received 
hADSCs exhibited a distinct pattern of tissue repair (Fig. 1E). Dapi and IB4-stainings indicate that the cav-
ity had been partially filled with a cell-dense tissue (Fig. 1E,F), containing macrophages/microglia and abun-
dant blood vessels (identified by their morphologies; Fig.  1F, white arrows), presenting weak GFAP-labeling 
(Fig. 1E,F). Higher magnification image at the edge of the cavity also revealed the presence of IB4 + blood vessels 
(Fig. 1F, arrowheads). Treatment with CM-hADSC did not lead to formation of a cavity-filling cellularized tissue 
(Fig. 1C), therefore, it was not possible to compare vascular densities within the lesion epicentre. Interestingly, 
we observed the presence of an increased number of blood vessels at the cavity edges in animals receiving CM 
than in animals receiving cells (white arrows, Fig. 1D,F and corresponding amplifications within yellow squares).

In order to quantify blood vessels appearing in each experimental group, we chose to assess the tissue at the 
perilesional region, which we defined as the area of preserved tissue in the section containing the largest area 
of cavitation. We used the RECA-1 antibody, which reacts with a rat endothelial cell antigen. At 1 WPI, animals 
that received hADSCs or CM-hADSC had higher vascular density, as measured by total vessel length, in both 
grey and white matters, compared to the control group (Fig. 2A,B). The vascular density in the grey matter of rats 
in the CM-hADSC group was significantly higher than the density in animals that received hADSC, consistent 
with the abundance of blood vessels observed in Fig. 1J. At 8 WPI, animals treated with hADSCs had as many 
blood vessels in the grey matter as animals that received DMEM, while those treated with CM-hADSC exhibited 
a higher vascular density in the perilesional region (Fig. 2C). Both treatments led to an increase in blood ves-
sel length in the white matter, compared to the control group (Fig. 3D). When data in Fig. 2C,D were plotted 
together at the two times points, it became visible that cumulative blood vessel length in the perilesional area of 
animals receiving hADSCs regressed in the chronic phase of the injury, while in animals receiving CM-hADSC 
it did not (Fig. 2E). We have also quantified the number of branching points in the vasculature around the cavity 
as a reporter of sprouting angiogenesis. Although statistical difference relative to control was found only for the 
CM-hADSC, a tendency (P < 0.05) to increased branching was detected with both treatments (Fig. 2F). 

CM‑hADSC treatment did not promote functional recovery after SCI.  In order to compare the 
functional outcome after compressive SCI in each experimental group, we monitored open field locomotion, 
using the BBB score33 (Fig.  3). Rats subjected to a moderate compression received hADSC, CM-hADSC or 
DMEM by intraspinal injection, 30 min after injury. Following injury and intraspinal injection, rats were weekly 
evaluated for 8 weeks. BBB scores for the CM-hADSC group were indistinguishable from the DMEM control 
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group throughout the analysed period. Conversely, animals treated with hADSCs exhibited superior scores from 
the first evaluation on, and higher scores became statistically significant (P < 0.05) from the second week on. This 
result indicated that a denser vascular network at the periphery of the lesion in CM-hADSC-treated animals did 
not correlate with functional improvement.

hADSCs favoured maturation of the blood brain barrier.  Revascularisation of nervous tissue is an 
essential step for axonal regeneration2. The inability to recover motor functions of animals treated with CM-
hADSC prompted us to examine in more detail the morphological features of blood vessels at the edges of 

Figure 1.   hADSCs and CM-hADSC increased the number of blood vessels at the edges of lesion cavities after a 
compressive spinal cord injury. Low-magnification micrograph photomontages of the spinal cord (horizontal 
sections, approximately 500 -750 μm down from the dorsal surface, identified as the lesion epicentre by GFAP 
reactivity) of rats treated with DMEM (A), CM-hADSC (C) and hADSC (E), 1 week after SCI, showing blood 
vessels and phagocytic cells, identified with Isolectin IB4 (red, A, C, E), and its interaction with astrocytes, 
identified with anti-GFAP (green, A, C, E), and DAPI-stained nuclei (blue, A, C, E). Confocal images under 
high magnification of the boxed fields show the nervous tissue at the edges of lesion cavities (B, D, F). Areas 
marked by in yellow boxes were further amplified and shown in the red channel only to better reveal the 
morphologies of blood vessels. White arrows indicate blood vessels and white arrowheads indicate phagocytic 
cells (red round cells). White thick dotted lines delineate lesion cavities. Scalebar: A, C, E 3 mm; and B, D, F 
200 μm .
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the lesion cavity, their interaction with regenerating axons and the integrity of the blood spinal barrier (BSB). 
Analyses using TUJ-1, an antibody that preferentially recognizes young axons, showed few green TUJ-1 + fibres 
in DMEM (Fig. 4A, white arrowheads) and in CM-hADSC-treated animals (Fig. 4B, white arrowheads). On the 
other hand, fibres were widely distributed in the hADSC-treated group (Fig. 4C, white arrowheads), where some 
seem to grow in close association with IB4 + vascular tubes (Fig. 4C–E). Labelling with SMI-71, an antibody 
that recognizes endothelial cells in mature blood brain barrier34, revealed that both hADSCs and CM-hADSC 

Figure 2.   Treatment with CM-hADSC and hADSC promoted increased vascular length in relation to control 
DMEM animals. (A–D) Quantification of the total length of RECA-1 immunostained blood vessels per tissue 
area at the grey (GM) (A, C) or white matters (WM) (B, D), in the perilesional region, 1 week (A, B) and 
8 weeks (C, D) after injury. (E) Graph representing the number of blood vessels in the acute and chronic phases 
of SCI. (F) Graph representing vessel junction density, indicating the number of branching points of RECA-1 
vessels. All quantitative analyses evaluated 3 animals per experimental group, and were performed in horizontal 
sections. In all graphs the first, second and third columns refer to DMEM, hADSC and CM-hADSC animals, 
respectively. Values in graphs represent the means ± standard errors. *P < 0.05; **P < 0.01; ***P < 0.001.
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favoured barrier preservation (Fig. 4F–I), although quantification of vessels labelled with SMI-71 in the perile-
sional region failed to demonstrate a statistically significant increase of vessel density in the treated groups rela-
tive to the DMEM control (Fig. 4F). One important observation was that SMI-71 labelling in CM-hADSC was 
punctuated, providing a patchy pattern (Fig. 4J). On the other hand, in the hADSC group, SMI-71 staining was 
continuous (Fig. 4K), which suggests that the presence of hADSC cells favours barrier integrity. Furthermore, 
we also found evidence of extensions of star-shaped astrocytes in hADSC animals in contact with blood vessels, 
indicating BSB integrity (Fig. 4L, asterisk). Interestingly, hADSC also increased SMI-71 + vessels in late spinal 
cord injury (Supplementary Fig. S4).

Blood vessels in animals that received CM‑hADSC were associated to areas of haemor‑
rhage.  Extemporaneous analyses of fresh tissue sections revealed the presence of red blood cells along 
the central axis of the spinal cord in CM-hADSC suggestive of increased haemorrhage (Fig. 5A, red arrows). 
Red blood cells were not observed in animals receiving hADSCs when inspected across sections 150 μm apart 
(Fig. 5B). Brightfield microscopy confirmed the abundance of red blood cells trapped at the edges of the cavity 
in CM-hADSC (Fig. 5C, red arrows), whereas this was not visible in hADSCs (Fig. 5D). Higher magnifications 
(purple and yellow boxes from panels 5C,D) showed large clusters in CM-hADSC-treated animals (Fig.  5E, 
red arrows) although some red blood cells were present in hADSC-treated animals (Fig. 5F). In order to con-
firm blood leakage, we incubated cord sections with fluorescent anti-rat IgG (Fig. 5G–J). Confocal fluorescence 
superimposed to bright field images showed blood leakage only in the CM-hADSC animals (Fig. 5G,H, aster-
isks), particularly in areas with a high density of red blood cells (Fig. 5H), whereas no IgG extravasation was 
detected in hADSC-treated sections (Fig. 5I,J).

Pericytes associated with endothelial cells only in blood vessels of the hADSC‑treated ani‑
mals.  Recruitment of pericytes is a key step in blood vessel maturation6. We used three different pericyte 
markers to better understand their relationship with nascent blood vessels. At the borders of lesion cavities, cells 
expressing alpha smooth muscle actin (α-SMA) were rare in the DMEM group (Fig. 6A, white arrowheads). 
In CM-hADSC treated animals α-SMA + cells could be detected at the cavity borders, but they did not interact 
with blood vessels (Fig. 6B, white arrowheads). In both groups, DMEM and CM-hADSC, the few α-SMA + cells 
identified in the tissue exhibited an unusual round shape and did not wrap around the vascular wall (Fig. 6D,E, 
white arrows). Conversely, in the hADSC animals we found a high density of α-SMA + cells, some of them asso-
ciated to blood vessels (Fig. 6C, white arrows). Double labelling with the basement membrane marker laminin, 
highlighted their close contact with the vascular wall and embedment within the vascular basement membranes 
(Fig. 6F, white arrows). Detection of another pericyte marker, PDGFR-β, also confirmed the absence of pericytes 
covering the vascular wall of DMEM (Fig. 6G, white arrows) and CM-hADSC-treated animals (Fig. 6H), while 

Figure 3.   Treatment with hADSC, but not CM-hADSC, promoted functional recovery after spinal cord 
compression. Graph representing the locomotor performance, which was assessed by the BBB score. Animals 
were evaluated weekly, during eight weeks after spinal compression. The curves described in the graph in black, 
blue, green and red line represent animals from the experimental groups SHAM (surgical control, without 
laminectomy), DMEM, treated with CM-hADSC and hADSC, respectively. Values in graphs represent the 
means ± standard errors. *P < 0.05; **P < 0.01; ***P < 0.001.
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we identified numerous cells expressing PDGFR-β surrounding blood vessels in the hADSC group (Fig. 6I, white 
arrows). Using NG2 as a third pericyte marker, we found clusters of NG2+ putative pericytes around blood 
vessels at the cavity edges in animals receiving cells (Fig. 6L, white arrows), but not in DMEM or CM-hADSC 
groups (Fig. 6J,K). In confocal orthogonal projections we observed that, when present, NG2-positive cells were 
distant from endothelial cells in animals that received CM-hADSC, while they were closely associated with the 
vascular wall in animals receiving hADSCs (Supplementary Fig.  S2). To confirm that vessel-associated cells 
were pericytes, we performed a triple immunostaining using two pericyte markers (NG2 and α-SMA) and IB4 
to identify endothelial cells. We found areas of positive immune co-localization for NG2 and α-SMA in vascular 
wall-associated cells, confirming the presence of pericytes associated to vessels of animals receiving hADSCs 
(arrowheads in Fig. 6M). Red (NG2) and green (α-SMA) stainings, although in very close association, were 
not necessarily co-localized, what can be more clearly appreciated in the orthogonal view of the confocal stack 
(Fig. 6N, arrowheads). Incomplete co-localization can be attributed to the fact that NG2 and α-SMA are extra 
and intracellularly located, respectively.

Angiogenic factors produced in vivo by hADSCs did not match those released in vitro into the 
conditioned medium.  Results indicate that hADSCs cultivated in vitro released factors capable of induc-
ing the formation of new vascular tubes that did not become fully operational. In contrast, transplantation of 
hADSCs into the lesioned spinal cord induced the formation of mature blood vessels. We thus hypothesized 
that hADSCs had a distinct profile of secreted molecules once transplanted to the injured spinal cord, releasing 
intercellular mediators and/or structural elements appropriate to support full blood vessel maturation. To test 
this hypothesis, we compared 3 experimental conditions: (I) “hADSC in vitro”: the components produced by 
hADSCs in vitro, present in the culture supernatant, (II) “CM-hADSC in vivo”: the components extracted from 
tissues of rats submitted to spinal cord lesion, which had received the injection of the conditioned medium of 
cultured hADSCs, and (III) “hADSCs in vivo”: the components extracted from tissues of rats submitted to spinal 
cord lesion, which had received hADSCs injection. We used a species-specific human protein detection assay. 
Spinal tissue samples from experimental animals were harvested from the lesion epicentre 24 h after SCI.

Panel A in the Fig. 7 lists the 55 angiogenesis-related human proteins included in the human angiogenesis 
protein blot array and panel B indicates the detected proteins. The graphical representation in Fig. 7C gives semi 
quantitative information about the levels of the detected factors in supernatants of hADSCs cultivated in vitro 
and in the tissue extracted from animals injected with CM-hADSC or hADSCs after SCI. Two factors, FGF acidic 
and basic, were excluded from the list of detected factors because, although they appeared as positive spots in 
the three experimental conditions, we also found strong positivity in tissue extracted from control animals that 
received only unconditioned DMEM. This indicates that there was cross-reactivity between species for aFGF and 
bFGF. No other factors were detected in animals receiving plain DMEM (not shown), which supports the high 
species specificity of the assay. hADSCs secreted large amounts of angiogenesis-related factors in vitro, including 
proangiogenic molecules, such as VEGF, IGFBP3, IL-8, Serpin F1 and MMP9, and angiogenesis regulators such 
as TIMP-1, Serpin-1 and Trombospondin-1 (second column in Fig. 7B, blue bars in Fig. 7C). Analysis of spinal 
cord tissue extracts obtained from animals that had received hADSCs revealed a dramatic difference between 
the factors found in vitro and in vivo. Most proangiogenic factors, including VEGF, that were produced in vitro 
were not detectable in vivo, and only molecules involved in angiogenesis regulation were present in the tissue 
(third column in Fig. 7B and red bars in Fig. 7C). The two main factors found in vivo were TIMP-1 and Serpine-1, 
which are important for vasculature stabilization and maturation (Fig. 7C). Moreover, PDGF-AA that was not 
detected in the hADSC supernatant in vitro was present in vivo. This factor is involved in mural cells attraction, 
which may additionally contribute to vascular maturation. In animals that received CM-hADSC, only Serpin-
E1, TIMP-4, Endothelin and PDGF-AA were detected (fourth column in Fig. 7B and green bars in Fig. 7C).

Figure 4.   hADSCs favoured maturation of the blood brain barrier. (A–C) Confocal images of the spinal cord 
(horizontal sections) of rats treated with DMEM (A), CM-hADSC (B) and hADSC (C), labelled with TUJ-1 
(green, white-filled arrowheads), Isolectin IB4 (red, white arrows) and DAPI (blue), which recognizes young 
axons, endothelial and phagocytic cells, respectively. (D, E) High magnification confocal images of TUJ-1 
immuno-labelled axonal fibers (green) growing in close contact with blood vessels (red) in hADSC treatment. 
Note that some axonal fibers were projected into the injury cavity (E, white arrow). (F) Quantification of total 
length of blood vessels per tissue area (immuno-labelled with specific blood brain barrier antibody34 anti-
SMI-71), 1 WPI. (G, H, I) Confocal images of the spinal cord (horizontal sections) of rats treated with DMEM 
(G), CM-hADSC (H) and hADSC (I), showing blood vessels identified with the blood brain barrier protein, 
SMI-71 (red, white arrows), and astrocytes, identified with anti-GFAP (green), and DAPI-stained nucleus 
(blue). (J, K) High magnification confocal images show that in CM-hADSC animals the BSB protein SMI71 
pattern is punctuated (J, white arrowheads), while it is continuous in hADSC–treated animals (K). (L) High 
resolution confocal image showing the close contact and interaction between GFAP-astrocyte (green) and the 
blood brain barrier (red) positive cells (white asterisk). White-filled arrowheads indicate axonal fibers (TUJ-1 
positive), white arrows indicate blood vessels (anti-SMI-71 or IB4 positive), arrowheads with white outline 
indicate vascular breakpoints, white asterisk indicates astrocyte-blood vessel interaction, and thick white dotted 
lines delineate lesion cavities. Black asterisks in graphs indicate statistical differences between DMEM (n = 10), 
CM-hADSC (n = 10) and hADSC groups (n = 10). Values in graphs represent the means ± standard errors. 
*P < 0.05; **P < 0.01; ***P < 0.001. Scalebar: C, E, I—50 μm; J, L—20 μm.

◂



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19604  | https://doi.org/10.1038/s41598-020-76290-0

www.nature.com/scientificreports/

hADSCs migrated to the lesion and attracted endogenous pericytes.  In view of the role of PDGF 
in recruitment of pericytes, we investigated whether transplanted hADSCs would attract endogenous cells that 
could differentiate into pericytes for the nascent vasculature. We used GFP-transduced hADSCs to monitor the 
implanted cells. At 1 WPI, we observed that GFP-transduced hADSCs appeared dispersed in the spinal paren-
chyma, surrounded by densely packed GFP-negative cells expressing α-SMA (Fig. 8A,B) and platelet-derived 
growth factor receptor-β (PDGFR-β) (Fig. 8C). We found that GFP + hADCSs themselves did not express α-SMA 
(Fig. 8B,D,F; Supplementary Fig. S3) or PDGFR-β (Fig. 8C) within the spinal cord, although the expression of 
both these markers have been reported to occur in  vitro upon mesenchymal cell cultivation35. The fact that 
GFP + cells were not found embedded at blood vessels, together with the fact that there were no co-localization 
between GFP and α-SMA or PDGFR-β, indicated that the injected cells did not differentiate into pericytes. In 
addition, they did not express RECA-1, which demonstrates that they neither differentiate into endothelial cells 
(Fig. 8E). Interestingly, GFP + hADSCs were seen in tissue foci, where cell clusters gathered around small cavities 
resembling blood vessel lumens (Fig. 8F, white arrows), whereas GFP + cells tended to localize at the periphery of 
these clusters. In some cases, injected GFP + hADSCs were incorporated into the tip of vascular sprouts (Fig. 8G, 
white arrows). These results suggest that transplanted hADSCs may contribute to angiogenesis by both local 
secretion of paracrine factors and migration towards the nascent blood vessels, as a perivascular cell population, 
supporting their stabilization.

Resident pericytes attracted by hADSC to the lesion site were proliferative and expressed 
nestin.  In a previous study, we showed that the spinal cord of hADSC-treated animals presented clusters 
of endogenous cells with proliferative capacity and a clear separation of the two basement membranes around 
blood vessels15, suggesting an intense traffic of cells between blood vessels and the spinal cord parenchyma36. 
We monitored here whether these phenomena could also be induced by CM-hADSC (Fig. 9). Animals treated 
with CM-hADSC had no cell clusters in the spinal cord (Fig. 9B), or separation of vascular basement mem-
branes (Fig. 9E, arrowhead, H, arrow). In contrast, both features were confirmed in the hADSC-treated group 
(Fig. 9C,F, arrowheads, I, arrows), consistent with our previous findings14. Most of the attract endogenous cells 
in the perivascular region (Fig. 9I) and within the clusters (Fig. 9J) expressed high levels of nestin, while low nes-
tin expression was observed in CM-hADSC (Fig. 9E,H) and DMEM control groups (Fig. 9D,G). Additionally, 
sequential sections indicate that nestin reactivity correlated with strong expression of NG2, a pericyte marker 
(Fig. 9J,K). It is interesting that Ki67 + nuclei were found in areas of cells with intense nestin expression, sug-
gesting that this endogenous population could be activated by the treatment with hADSCs. Finally, in order 
to confirm that pericytes were nestin + , we used double immunostaining for nestin and α-SMA and found 
extensive co-localization (Fig. 9M), showing that pericytes covering blood vessels in the hADSC-treated animal 
expressed nestin.

The results of the present study indicate that conditioned media obtained from in vitro cultured hADSC 
are not effective for treating acute spinal cord injury. The only experimental treatment capable of promoting 
significant motor recovery was the transplantation of hADSC, followed by the required cellular and molecular 
modifications of the injured tissues. This was demonstrated by: 1) formation of mature blood vessels, with a high 
pericyte coverage and better spinal blood barrier integrity, 2) reduction of the cystic cavity and astrogliosis, 3) 
increased number of regenerative axonal fibres; and 4) modification of the pattern of hADSCs angiogenic factors 
in response to the spinal cord injury. We conclude that the direct cell-to-cell contact, and/or the local produc-
tion of the extracellular matrix are essential for hADSC to orchestrate the angiogenic processes, providing the 
required conditions for the spinal cord regeneration.

Discussion
Therapeutic use of MSC secretome, such as conditioned media (CM) or purified MSC-derived extracellular 
vesicles, has become attractive for clinical applications, as they are a more affordable and feasible alternative 
to MSC transplantation37. The major question is whether they can effectively replace stem cell transplantation. 
hADSCs are reported to stimulate posttraumatic angiogenesis through paracrine secretion of growth factors14,38. 
It is not clear how the vascular reconstruction is coordinated by hADSCs, nor whether the bioactive molecules 
produced by them in vitro could be used therapeutically for acute injuries, such as stroke or spinal cord injury. 
Here, we compared the effects of injecting hADSCs or conditioned media obtained from hADSC cultures into 
the spinal parenchyma after a moderate injury by balloon-compression in rats.

Figure 5.   Vascular immaturity such as bleeding, plasma leakage and fenestrations in CM-hADSC-treated SCI 
animals. (A, B) Macroscopic images of fresh horizontal sections of rats treated with CM-hADSC (A) or hADSC 
(B), 1 WPI. (C, D) Confocal bright-field reconstructions of fresh horizontal sections at the lesion epicentre 
(approximately 250–500 μm down from the dorsal surface) of rats treated with CM-hADSC (C) or hADSC (D), 
1WPI, showing hemorrhagic areas only in CM-hADSC (A, C, red arrows). (E, F) High magnification images 
of the boxed areas in C and D, respectively, where red arrows point to a large amount of red blood cells in 
CM-hADSC animals (E), and substantially less in hADSC—treated animals (F). (G, I) Confocal superimposed 
bright-field and fluorescence images of histological sections from CM-hADSC (G) and hADSC-treated animals 
(I), 1 WPI, which were stained with fluorescent anti-rat IgG (red) to detect IgG extravasation. (H, J) High 
magnification images of the boxed areas in G and I, demonstrated plasma extravasation (red, white asterisk) 
close to the hemorrhagic region in CM-hADSC animals (H) but not in hADSC treated animals (J). Scalebar: A, 
C: 500 μm, E, H: 50 μm; G: 200 μm.
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Higher vascularization correlated with functional benefit only in animals treated with hADSCs. On the 
other hand, vascular density increased in both hADSCs and CM-hADSC therapies as compared to the control, 
while CM-hADSC presented a significantly higher density than hADSCs in the grey matter both at 1 and 8 
WPI. Moreover, vessels with visible BSB tended to be more numerous in animals treated with hADSCs or CM-
hADSC than in the DMEM group. These results were consistent with other studies demonstrating that CM from 
MSCs increases vessels density in experimental models of hindlimb ischemia39, peripheral nerve injury32 and 
SCI40. ADSC-derived exosomes also stimulate proliferation and differentiation of endothelial cells in vitro30,41, 
and systemic administration of MSCs-exosomes promoted angiogenesis and enhanced neurological recovery 
in rats after spinal cord injury42 or acute ischemic stroke41. However, most studies do not assess maturation of 
the newly formed blood vessels mediated by the MSC supernatants. Here, evidence of vascular immaturity in 
animals receiving CM-hADSC injection was demonstrated by (1) lack of vascular regression over time, (2) the 
discontinuous expression of a blood–brain barrier marker, (3) perivascular bleeding and plasma leakage and (4) 
reduction of pericytes embedded within the vascular wall.

Previous temporal analyses of endogenous vascular repair following SCI demonstrated that a hierarchical 
regression of secondary vascular branches occurs after 2 WPI, which leads to a decrease in vessel density over 
time5,34. We observed a reduction in vascular density starting as early as 1 WPI, persisting until 8 WPI in animals 
receiving hADSCs. In the CM-hADSC group, vessels did not regress at 8 WPI, which is indicative of a poorer 
remodelling. Likewise, there was also no decrease in vessel density in the control group, which seems to be in 
contrast with previous literature5,34. However, it is noteworthy that those reports evaluated vessel densities in 
areas of newly formed tissue at the centre of the lesion, which, few days before, were occupied by empty cavities. 
Empty cavities are replenished with growing tissue after a weight-drop contusion within 1 WPI. On the other 
hand, one week after a 5-min balloon compression, as used here, a large cavity dominates the spinal sections in 
non-treated animals (Fig. 1A). In our study we quantified blood vessel density in areas contiguous to the cavities, 
which indicated the onset of angiogenesis at the vicinity of the lesion site5. Quantification of SMI-71 + blood 
vessels also indicated that both cells and their conditioned medium led to an increased vascular density com-
pared to DMEM, whereas SMI-71 labelling in the CM-hADSC group was not continuous. It has been shown in 
previous studies that discontinuous SMI-71 labelling indicates blood vessel deterioration and breakdown of BSB 
components, whereas continuous labelling indicates barrier integrity43. The patchy pattern of the BSB observed in 
animals that received CM-hADSC may justify the occurrence of haemorrhagic areas and plasma extravasation. 
A discontinuous BSB favours leaky blood vessels, contributing to oedema formation, neuronal cell death and 
damage to white matter tracts44. In agreement with results found in our study, the transplantation of hADSCs 
in the injured spinal cord of dogs reduced occurrence of haemorrhage17.

It has also been shown that depletion of pericytes in the spinal cord prevented angiogenesis, enhanced 
oedema, induced haemorrhage and impaired forelimb functional recovery7. A correlation between vascular leak-
age and reduction of pericytes around the vascular wall was observed in CM-hADSC treated animals. Pericytes 
play a pivotal role in maintaining vascular integrity and restoring BSB after spinal cord injury34. Their adhesion 
to the vascular wall occurs as soon as blood tubules form and they are essential for vascular stabilization45. 
Previous studies showed that 5 days after SCI there is a loss of vascular coverage by pericytes, increased pericyte 
detachment from vascular walls, and pericyte morphology changes46. Most blood vessels in animals treated with 
CM-hADSC lacked pericyte coverage, indicating the fragility of new blood vessels. On the other hand, in hADSC-
treated animals, pericytes supported the blood vessel tubes that grew at the margin of the lesion-induced cavity. 
Our results are consistent with those described in the literature, which demonstrate the importance of pericytes 
in stabilizing new blood vessels after SCI7. The depletion of PDGF-Rβ+ pericytes caused severe haemorrhage 
and impaired recovery of blood vessels47.

Pericytes attracted by hADSCs may have acted not only in angiogenesis but also favoured spinal cord regen-
eration. Pericytes participate in the formation of a healing tissue8 and are considered essential for the functional 
recovery after SCI45. It has recently been reported that pericytes may be activated following an ischemic injury to 

Figure 6.   Pericytes were distributed along the blood vessels and in close contact with the vascular wall only in 
hADSCs treated animals. Confocal images of the spinal cord (horizontal sections) of rats treated with DMEM 
(A, D, G, J), CM-hADSC (B, E, H, K) and hADSC (C, F, I, L, M, N, O), 1WPI. (A, B, C) Histological sections 
were labelled with anti-alpha smooth muscle actin antibody (red, α-SMA), Isolectin IB4 (green, IB4) and DAPI 
(blue), which recognize pericytes, endothelial and phagocyte cells and nuclei, respectively. (D, E, F) Histological 
sections were immuno-labelled with pan-laminin antibody (in green), alpha smooth muscle actin antibody 
(red, α-SMA,) and DAPI (blue), to identify the basement membrane of the blood vessels, pericytes and nuclei, 
respectively. (G, H, I) Alternative pericyte marker, platelet-derived growth factor receptor-beta antibody (in 
red, PDGFR-β) and RECA-1 (green) blood vessel immunolabeling was performed to identify pericytes and 
endothelial cells, respectively. (J, K, L) Histological sections were labelled with neural/glial antigen 2 antibody 
(red, NG2), Isolectin IB4 (green, IB4) and DAPI (blue), to identify pericytes, endothelial and phagocytic cells 
and nuclei, respectively. (M, N, O) To certify that these vessel-associated cells were pericytes, we performed 
a triple staining: (1) anti-neural/glial antigen 2 (anti-NG2, red); (2) anti-α-SMA (green) and (3) Isolectin IB4 
(white). The first two are considered reliable pericyte markers (anti-NG2 and/or anti-α-SMA), and the latter 
(IB4) identifies endothelial cells. The orthogonal view of the optical slice of confocal microscopy demonstrated 
the positive colocalization between anti-NG2 and anti-α-SMA (N, O). Arrowhead with white fill indicates blood 
vessels (IB4 positive), white arrows indicate pericytes (α-SMA, NG2, or PDGFR-β positive), arrowheads with 
white outline indicate close association between pericyte markers (anti-NG2 and/or anti α-SMA) and white 
dotted lines delineate lesion cavities. Scalebar: C, L: 100 μm, F, I, M: 20 μm.

◂



12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19604  | https://doi.org/10.1038/s41598-020-76290-0

www.nature.com/scientificreports/

the human brain, identified as ischemia-induced multipotent stem cells (iSCs). This phenotypic change is marked 
by increased cell proliferation and nestin expression9, which was also observed in our study. We had previously 
shown that the injection of hADSCs into the spinal cord increased the recruitment of cells expressing markers of 
neural progenitors, such as nestin, β-tubulin III (detected with TUJ-1) and Olig215. We now found evidence that 
in hADSCs, the cells attracted into the injured spinal cord may well be pericytes, which express α-SMA, NG2, 
PDGFR-β and nestin. We have also observed that pericytes covering lesion-associated blood vessels expressed 

Figure 7.   hADSCs altered the secretion of soluble pro-angiogenic factors when transplanted into the injured 
nervous tissue. (A) Table describing the 55 angiogenesis-related human proteins contained in the human-
specific angiogenesis array. (B) Table reporting the semi-quantification of angiogenesis-related factors (first 
column) produced by hADSCs either in culture (“hADSCs in vitro”, second column) or in the rat spinal which 
had received the injection of the hADSCs (“hADSCs in vivo”, third column) or conditioned medium of cultured 
hADSCs (“CM-hADSC in vivo”, fourth column), after normalization relative to the positive control of the assay. 
C) Graph representing the relative concentrations of angiogenesis-related factors secreted in vitro (blue column) 
or in vivo, in hADSCs-treated animals (red column) or CM-hADSC-treated animals (green column). Note that 
the profile of angiogenic factors detected in vitro and in vivo are largely different.
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nestin in hADSC-treated animals. Nestin has been identified in various cells, including those of neural48 and 
vascular lineages49. Further characterization of nestin + pericytes is necessary.

Our study shows that injection of hADSCs into the spinal cord was required for pericytes recruitment. The use 
of GFP + hADSC was key to understanding the interaction between host cells and transplanted human cells. We 
confirmed the vascular tropism of human transplanted cells and the lack of direct differentiation into pericytes 
or endothelial cells, consistent with other studies13,15,17. An increase of up to 25 times the number of pericytes 
in the epicentre of the lesion is expected 3 to 5 days after SCI8. There are two subpopulations of pericytes that 
harbor blood vessels in the spinal cord: subtype A, and subtype B pericytes. The supbpoulation of pericytes A 
was invariably located abluminal to the B pericyte. Both of them express platelet-derived growth factor receptor 
(PDGFR) α and β and CD13, but type B pericytes can be distinguished by the expression of desmin and/or alpha 
smooth muscle actin. In response to spinal cord injury, subtype A pericytes detache from the vascular wall and 
invade the surrounding tissue. Only subtype A pericytes leaves the vascular niche. They migrate to the center 
of the injury, surrounded by a layer of astrocytes and proliferate. During this process, they lose their expression 
of CD13 and PDGFRα, but remain positive for PDGFR β and transiently express αSMA. These αSMA-positive 
cells, distributed in the parenchyma, participate in the healing of the spinal cord after injury and the ablation of 
them causes an increase in the area of the cystic cavity8. These data corroborate the results found in this article, 
in which we observed a massive presence of αSMA-positive cells in the spinal parenchyma, attracted by human 
ADSC, and which were not associated with blood vessels. In addition, it has been demonstrated that type A 
pericytes occupy the perivascular compartment between the two basement membranes of blood vessels, during 
the migratory process8. It is possible that the perivascular compartment is not only associated with the influx 
of inflammatory cells36, as previously described, but also with the migratory process of type A pericytes, as well 
as it can also be used as a quick and easy route of mobilization for cells from distant sites. The separation of two 
basement membranes occurred in the spinal cord of animals receiving hADSCs, but not in the CM-hADSC or 
DMEM groups, and this is in agreement with our previous study15 and supports the hypothesis that the stimulus 
triggering the phenomenon was hADCS transplantation.

In this study we compared the pro-angiogenic factors secreted by hADSC in vitro and in vivo after SCI and 
our data suggest that hADSC change their profile of secreted molecules in response to trauma. We observed that 
while hADSCs produced a broad variety of pro-angiogenic factors in vitro, these molecules were absent in vivo. 
The CM produced in vitro by hADSCs was rich in VEGF, the major factor that induces vascular sprouting50 and 
revascularization in the spinal cord51,52. In contrast, when transplanted to the spinal cord parenchyma, hADSCs 
preferentially expressed inducers of vascular maturation. In vivo, hADSCs secreted metalloproteinase and plas-
minogen inhibitors (e.g.: TIMP-1 and Serpin-1), which support blood vessel stabilization3,53. Another relevant 
change was the synthesis of PDGF-AA that only started to be produced by hADSCs after they were injected into 
the spinal cord, which may explain the absence of pericytes in the blood vessels of those animals that received 
CM-hADSC. hADSCs are able to generate in vitro three-dimensional vascular structures, and inhibition of 
PDGF receptors substantially reduced recruitment of α-SMA-expressing pericytes and vessel coverage54. PDGF-
AA is an important regulator of cell migration and wound healing, and it is a strong stimulator of mesenchy-
mal cells activity55. PDGF-AA and PDGF-AB isoforms have been shown to act synergistically during cornea 
revascularization56. Although PDGF-BB or AB were not detected in the spinal cord 24 h after injury, we observed 
the recruitment of PDGFR-β+ pericytes 7 days after hADSC transplantation, suggesting that paracrine factors 
may still have been produced by hADSC at later timepoints.

At this point, we cannot exclude the possibility that the absence of some proangiogenic growth factors in the 
hADSC group resulted from their susceptibility to proteolysis, cell internalization, or to their stable association 
with the extracellular matrix, interfering with their harvesting for analysis. Growth factors are known to have 
potentially short half-lives that could account for their absence in the tissue extracts studied here57.

The ability of hADSCs to enhance motor recovery of animals, as observed in this study, had also been 
described previously10,23, but the effect of the CM-hADSCs alone had not yet been monitored in SCI. The 
CM obtained from bone marrow derived-MSC (BM-MSC)40,58–61 or from Wharton’s jelly derived-MSC (WJ-
MSCs)61 was tested in several spinal cord injury models in adult rats and promoted functional recovery40,58,59,62, 
reduction of lesion cavity58,59,61, and axonal regeneration58,60,62,68, contrasting with the findings presented here. 
However, in most studies, animals treated with CM were compared only to the control-vehicle group, not to cell 
transplantation. One study also evaluated the hindlimb motor function of animals treated with WJ-MSC and 
its respective CM, and only found a significant functional improvement of CM-treated animals in the first week 
after compression62. However, it is important to highlight that MSCs derived from BM, AT or WJ differ in their 
secretion of neurotrophic, neuroprotective or angiogenic factors63.

It has been previously reported that the conditioned medium of mesenchymal cells promotes reduction 
of lesion area in the chronic phase of SCI in rodents40,59,62. We also observed a reduction in cavity areas when 
we compared animals treated with CM-ADSC and DMEM at 8 WPI (not shown). Nevertheless, cavity reduc-
tion was more pronounced in animals that received hADSCs. In contrast to most reports, we did not observe 
a reduction in glial scar after CM treatment. Instead, we observed that the different treatments led to distinct 
patterns in GFAP labelling. Astrocytes presented a fibrous shape in DMEM, a densely packed organization with 
no distinguishable morphology in CM-ADSC and a typical star-shaped morphology associated to BSB in the 
hADSC group (Supplementary Fig. S4). Animals receiving CM-hADSCs expressed more GFAP around the cystic 
cavity at 8 weeks than the other groups. Although the possible roles of astrocyte hypertrophy are controversial64, 
many studies demonstrate that they are associated with a microenvironment that is non-permissive to axonal 
growth65. In fact, few TUJ-1 + fibres were able to cross the lesion in CM-hADSC animals. We believe that a 
controlled astrogliosis, associated with a mature vascular network created the favourable microenvironment for 
axonal growth, where TUJ-1 + axonal fibres could grow guided by vascular tracks. The gradient of angiogenic 
growth factors produced in vivo by hADSC could also perform neurotrophic activity. Several factors have this 
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dual function, e.g.; VEGF can stimulate simultaneously tip-cells in vascular growth and axonal growth cone66. 
Laminin present in the vascular basal lamina can also act as a conduit for axonal growth34. Previous studies indi-
cate that hADSC produce laminin in the spinal parenchyma, leading to an increase in the numbers of descending 
regenerating axons in the spinal cord15. The correlation between vascular and neural signalling mediated by 
hADSC still needs to be better studied, but the present results show that they occurred concurrently and were 
modulated by transplanted hADSC.

Conclusion
In the present study, we found that the medium conditioned by hADSC secreta in vitro was sufficient to induce 
angiogenesis after compressive SCI in rats, but that the physical presence of the cells was required for vessel 
maturation, attraction of resident pericytes and for regenerative functional improvement. A schematic drawing 
(Fig. 10) illustrates that both treatments, CM-hADSC (Fig. 10B) and hADSC (Fig. 10C), increase vascular density 
as compared to spontaneous vascular regrowth observed in control animals (Fig. 10A), but only treatment with 
hADSCs allows the formation of organised and mature blood vessels. We provided evidence that a change in 
the secretome of hADSCs within the spinal parenchyma may account for their superior regenerative properties 
relative to CM-hADSC. Nevertheless, at this point we cannot exclude that other phenomena contribute to explain 
the necessity of the cells themselves. Living cells offer the possibility of continuous production of factors, which 
are susceptible to degradation within the tissue. Furthermore, hADSCs could interact directly with endogenous 
cells or produce ECM molecules to modulate their behaviour. In this regard, we have already shown that hADSCs 
start producing laminin when injected in the spinal cord14, and laminin has been shown to serve as a guiding 
cue for both regenerating axons15,67 and pericytes contributing for vessel maturation6. The study presented here 
underlines the importance of further investigation towards understanding the interactions of hADSC, pericytes 
and neural precursors in the scenario of SCI, since transplantation of hADSCs represents an encouraging new 
perspective for the treatment of CNS injuries.

Methods
Animals.  We used 40 adult female Sprague–Dawley rats (200–250 g), bred at the animal facility of the Fed-
eral University of Rio de Janeiro. Rats were kept in 12 h light/dark cycles, with free access to food and water in 
an isolated animal room. They were submitted to spinal cord compression and subdivided in: (I) the cell treated 
group (hADSC group), (II) the conditioned medium treated group (CM-hADSC group) and (III) the vehicle 
control (DMEM group). Sham operated animals were also included for functional test.

Human cells.  Fragments of subcutaneous adipose tissue and lipoaspirates were obtained from the abdomi-
nal region of patients undergoing plastic surgery at the Clementino Fraga Filho University Hospital (HUCFF), 
Federal University of Rio de Janeiro, Brazil.

Plasmid construct and lentivirus production.  The pLL3.7 plasmid68 was provided by Professor Guido 
Lenz (UFRGS – Porto Alegre, Brazil). Lentiviral vectors were produced as previously described69.

Isolation and transduction of hADSCs.  hADSCs were obtained as previously described70. Lentivirus 
transduction was done by addition of 1 mL lentiviral vector stock with polybrene, 8 mg/mL, and 7 mL DMEM. 
Cells were incubated at 5% CO2 and 37 °C overnight, followed by fresh DMEM with 10% fetal bovine serum, 
until they were prepared for the injection. The typical multiplicity of infection (MOI) used for ADSC transduc-
tion ranged from 10 to 50. Transduced cells were trypsinized, fixed with 4% paraformaldehyde in phosphate-
buffered saline, and GFP expression was analysed by flow cytometry (BD FACScalibur Flow Cytometer; Becton 
Dickinson) using the CellQuest software. We found that 60–70% of hADSCs were GFP+. Different batches of 

Figure 8.   hADSCs attracted endogenous pericytes to the lesion site but did not differentiate directly into 
pericytes or endothelial cells. (A) Confocal images of transverse sections of the spinal cord, 1WPI, with 
GFP-transduced hADSCs (green). The nervous tissue was immuno-labelled with alpha smooth muscle actin 
antibody (anti-α-SMA) to identify pericytes (red) and counterstained with DAPI for cell nuclei (blue). Note that 
GFP + hADSCs accumulated predominantly in the central canal and in perilesional area. (B) High magnification 
confocal image of the yellow boxed area in A, where GFP + positive cell (green) clusters were seen surrounded 
by α-SMA positive cells (red), suggesting that hADSCs can attract pericytes (red, α-SMA). (C) Confocal 
image of the spinal cord of the animal treated with GFP + hADSCs (green) immuno-labelled with anti-pan-
laminin (white), to identify the vascular basement membrane, anti-platelet derived growth factor receptor-β 
(PDGFR-β, red), a pericyte marker, and counterstained with DAPI for cell nuclei (blue). White arrowhead 
indicates PDGFR-β positive cells inside the perivascular space, between endothelial and astrocytic basement 
membranes. (D, E, F, G). Confocal images of a transverse (D) and a horizontal section (E, F, G) of the spinal 
cord from GFP + hADSC (green) animals immuno-labelled with -α-SMA (red, D, F), RECA-1 antibody (red, 
E) and counterstained with DAPI, to identify pericytes, endothelial cells and cell nuclei (blue), respectively. (G) 
Confocal image of a vascular structure, where a GFP + hADSC (green) is seen at the tip of the sprout. In images 
in F and G the histological sections were visualized in confocal microscopy superimposed with bright field. 
White arrows indicate GFP + hADSCs (D, E, F). CC indicates the central canal and MD, the spinal midline. 
White dashed lines indicate the midline of the spinal cord and thick white dotted lines delineate lesion cavities 
(A) or lumens of blood vessels (D, F, G). Scalebar: A: 100 μm; B–G: 50 μm.
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transduced cells were routinely checked for quality, potential contamination or unexpected properties. They 
were stable and we found no evidence of significant loss or decease of the GFP+ population upon cultivation.

Preparation of the conditioned medium from hADSC (CM‑hADSC).  The conditioned medium of 
the hADSCs (CM-hADSC) was obtained after expansion of the hADSCs in DMEM with 10% FBS. When reach-
ing 90% confluence, cells were washed to remove the FBS, and the medium was replaced by DMEM/F12 without 
serum. After one week, the supernatant was harvested, centrifuged to remove cell debris and stored at − 20 °C 
until use. Immediately after supernatant harvesting, cells remaining in flasks were trypsinized and counted using 
trypan blue dye (0.4% in PBS). Cell viability was above 90%.

Surgical procedures.  Animals were anesthetized and subjected to dorsal laminectomy. For the compres-
sion injury, the T7 vertebra was removed and a 2-French Fogarty catheter was inserted into the dorsal epidural 
space, caudally to T8–T9 spinal level. The balloon was inflated with 15 µL water for 5 min. Rats were kept anes-
thetized for 30 min before application of acute experimental treatments. Soft tissue and skin were sutured in ana-
tomical layers. All animals had their eyes lubricated during surgery, received subcutaneous 10 ml injections of 
Ringer solution for hydration after surgery, and were treated with gentamicin sulphate for 3 days to avoid urinary 
infection. No immunosuppression treatments were used. The only drugs administered were pain relievers in the 
first 3 days after compression. The bladder was manually emptied until spontaneous function was re-established, 
typically 3 days after injury.

Spinal cord injections.  Ten microliters of cell suspensions, CM or vehicle (DMEM) were stereotaxically 
injected into the parenchyma of the lesioned spinal cord, using a 10 μl Hamilton syringe. Injections were made 
in the T7 segment, which is the region exposed by the laminectomy. The catheter used to inflict the lesion slides 
1 cm caudally to reach the T8/9 segment, which is the centre of the lesion. Therefore, cells transplanted at T7 
reach the spinal cord at 1 cm rostrally of the lesion epicentre. Upon reaching 80–90% confluence, hADSCs were 
trypsinized, counted, centrifuged and ressuspended in a small volume as to give 5 × 105 cells in 10 μL DMEM.

Histology and Immunofluorescence.  Rats were anesthetized and perfused transcardially with 4% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.4). Spinal cords were removed, and a 1 cm segment between T7–
T10 levels was harvested. For immunofluorescence analysis, segments were cut in the transversal or horizontal 
planes with a vibratome and collected serially onto gelatine-coated glass slides.

Prior to immunolabeling, slides were extensively washed with PBS, permeabilised with 0.3% Triton-X-100, 
blocked with 10% bovine serum albumin or normal goat serum, and incubated overnight at 4 °C with primary 
antibodies.

The following mouse antibodies were used: anti-GFAP (1:500; Merck Millipore); anti-RECA-1 (1:100; AbD 
Serotec), anti-alpha smooth muscle actin (1:400; Sigma), anti-class III β-tubulin (TUJ-1; 1:500; R&D), SMI-71 
(1:200; Biolegend). The following rabbit antibodies were used: anti-PDGFRbeta (1:200; Abcam), anti-Ki67 (1:100; 
Abcam); anti-nestin (1:500; Merck Millipore; 1:100; Santa Cruz); anti-NG2 (1:200; Merck Millipore); pan-laminin 
(polyclonal antibody raised against EHS laminin 1:50; Merck Millipore), anti-GFAP (1:400; Dako). We used 
Isolectin IB4 Biotin Conjugated Antibody (1:200; Vector B-1205), and Dapi (1:4,000; Merck Millipore). After 
rinsing, sections were incubated for 2 h at room temperature with fluorescent dye-conjugated goat anti-mouse 
or anti-rabbit IgGs (Cy3-conjugated from Merck Millipore, Alexa 633, Alexa 594 and Alexa 488-conjugated 
from ThermoFisher). In order to confirm blood leakage, we incubated spinal cord sections with fluorescent 
anti-rat IgG (ThermoFisher), without primary antibodies incubation. After an additional wash with PBS and 
distilled water, slides were mounted with n-propyl gallate (Merck Millipore). In negative controls the primary 
antibodies were omitted.

Figure 9.   hADSCs attracted nestin positive cells, possibly expressed by resident pericytes that migrated along 
the perivascular space. (A–C) Fluorescence microscopy images of the spinal cord (horizontal sections) of rats 
treated with DMEM (A), CM-hADSC (B), hADSC (C), counterstained with DAPI for cell nuclei (blue), 1WPI. 
(D–I) Confocal images of horizontal sections of rats treated with DMEM (D, G), CM-hADSC (E, H), hADSC 
(F, I), immuno-labelled with anti-nestin (green), anti-pan-laminin (red) and counterstained with DAPI (blue) 
to identify neural precursor cells, the basal lamina of blood vessels and cell nuclei, respectively. The white 
arrowheads indicate the separation between the two basal laminas of the blood vessels and the white arrows 
indicate the presence of nestin positive cells. (J–L) Confocal images of consecutive spinal cord sections of 
hADSC-treated animals, 1WPI, immuno-labelled with anti-nestin, anti-NG2, anti-Ki67 and counterstained with 
DAPI, respectively, to identify neural precursor cells (green), pericytes (red), proliferative activity (red), and 
cell nuclei (blue), respectively. Note the presence of nestin positive cells that are proliferating in the perivascular 
region (L). (M) To certify that these pericytes express nestin, we performed a double immunostaining: (1) 
anti-nestin (green); (2) anti-α-SMA (red), and DAPI-stained nucleus (blue). Note that there is a positive 
colocalization for anti-nestin and anti-α-SMA immunostaining, suggesting that pericytes after SCI express 
nestin. The asterisks mark lumens of blood vessels, arrowhead with white outline indicates nestin/Ki67 double 
positive cells. White dotted lines delimit cavity areas, and the continuous trace in yellow indicates the lumens of 
blood vessels. Scalebar: C: 500 μm; F, J, K: 100 μm; G, H, I: 10 μm; L, M: 20 μm.
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Image analyses.  Tissue and cells were analysed in a TE200 fluorescence inverted microscope (Nikon), 
with standard DAPI/FITC/TRITC filters coupled to a colour CCD camera (Evolution, Media Cybernetics) and 
using the software Image Pro Plus 6.0 for image processing (Media Cybernetics Inc.). Images were alternatively 
acquired with a TCS-SP5 confocal microscope (Leica).

Quantitative analyses of vascular densities at perilesional areas were performed 1 and 8 WPI. The sections 
containing the largest cavities for each animal (between 600 and 750 μm deep from the dorsal surface) were 
identified after immunostaining with anti-GFAP and DAPI of 1 out of each 3 histological sections. The consecu-
tive sections were labelled with RECA-1 and vessels counted within the preserved tissue around the cavities. 
For quantification of blood vessels bearing BSB, we used SMI-71 to label sections corresponding to 450–600 μm 
deep from the dorsal surface. We evaluated three animals of each experimental group, in 4–8 distinct fields, 
photographed at 20 × in the conventional fluorescence microscope (for RECA-1 immunostaining sections) or 
confocal microscopy (for SMI-71 immunostaining sections). Blood vessel lengths were calculated using Image 
Pro Plus 6.0 software (Media Cybernetics, Inc.) and AngioTool software as previously described71.

Angiogenesis related protein expression profile.  To analyse angiogenesis-related factors we used a 
species-specific human protein detection assay. We compared two samples: hADSCs in vitro, i.e. factors released 
by cells in the culture supernatant and hADSCs in vivo, i.e. the factors produced by cells after injection into the 
lesioned spinal cord. Samples were collected after 24 h of either cultivation or injection into the injured spinal 
cord. In the latter case, animals were euthanatized in a CO2 chamber, the spinal cords were dissected in ice-cold 
PBS and1 cm long segments bearing the lesion were removed. The nervous tissue was homogenized in a Potter-
type homogenizer in RIPA buffer (pH 7.0) with a cocktail of protease inhibitors and the obtained suspensions 

Figure 10.   Mesenchymal cell therapy increases angiogenesis in the spinal cord after a moderate balloon-
compression injury. The scheme represents the angiogenic process after compression of the spinal cord in 
control animals (A), and in animals treated with culture media conditioned by human adipose tissue-derived 
stromal/stem cells (CM-hADSC) (B) or human adipose tissue-derived stromal/stem cells (hADSC) (C). (A) 
In the control animal (DMEM medium) few blood vessels grow spontaneously around the lesion site. (B) The 
injection of the CM-hADSC, rich in pro-angiogenic growth factors, promotes an increase in the number of 
blood vessels, but they do not have an organized vascular structure, the vascular tubules are very branched, 
thin, and are not covered with mature pericytes. The lack of vascular maturity results in hemorrhages scattered 
in the spinal cord and is highlighted by a patchy expression of the BSB marker SMI71. (C) Treatment with 
hADSCs promotes an increase in the vascularization of the spinal cord, with a mature and well-defined vascular 
architecture. Vessels are characterized by a continuous expression pattern of the BSB marker SMI71. The blood 
vessels are wider, less branched, and covered by pericytes. The modification of the proteomic profile of the 
injected cells, mediated by the lesion environment itself, directs the vascular maturation process, attracting 
pericytes, which stabilize the new blood vessels. Both pericytes and neural precursors that express nestin, which 
are attracted by hADSCs, migrate through the perivascular space between the two layers of the basal vascular 
lamina. This promotes functional recovery after SCI.
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were centrifuged at 3500 × g for 20 min at 4 °C. The supernatants were collected and stored at − 20 °C until the 
assay was performed. Samples of three animals from each experimental group were pooled for the analysis. Sam-
ples of secreted factors produced in vitro were processed simultaneously with the tissue samples obtained in vivo 
from the experimental animals. Expression of angiogenesis-related proteins by hADSCs in vitro and from tissues 
of rats that had received injections of hADSC (“CM-hADSCs in vivo”) or of the conditioned medium of cultured 
hADSCs (“CM-hADSCs in vivo”) were normalized for total protein content and assessed by a semi-quantitative 
assay using a proteomic profile kit for human angiogenic factors (ARY007, R&D Systems), following the manu-
facturer’s instructions. Data are presented as relative ODs, using the absorbance of the positive control of the 
assay as 1.

Behavioural assessment.  Locomotor activity was evaluated using the open-field walking test, BBB33. 
Each animal was allowed to move freely inside a circular plastic tray for 5 min, and two independent examiners 
who were blinded to the experiment attributed scores. The final score of each animal was the mean value of the 
two examiners.

Statistics.  Comparisons between different experimental groups were performed using GraphPad Prism ver-
sion 5.00 for Windows (GraphPad Software, San Diego, USA) to analyse the variance (ANOVA) with post-hoc 
Kruskal–Wallis test for multiple comparisons (BBB assays). To evaluate the differences between the BBB test 
scores, the Mann–Whitney test suitable for non-parametric values was used. To evaluate the differences in the 
expression of angiogenesis-related proteins, the one-way-ANOVA with a Dunnett post-test was used, compar-
ing all the experimental columns with the control. In all tests, the assumed confidence interval was 95%.

Ethical approval and informed consent.  All experimental procedures adhered to the guidelines of the 
American National Institute of Health and of the Brazilian COBEA, and they were approved by the Animal 
Welfare Committee of the Federal University of Rio de Janeiro / Centre of Health Sciences [DAHEICB 041]. 
All procedures involving human samples were approved by the Investigational Review Board at the University 
Hospital HUCFF (protocol numbers 043/09 and 088/04). Adipose tissue and lipoaspirates were collected after 
the patients signed a written informed consent.

Data availability
All supporting data is available for the evaluation for Editorial Board Members and referees.

Received: 27 March 2019; Accepted: 9 October 2020

References
	 1.	 Rahimi-Movaghar, V. et al. Epidemiology of traumatic spinal cord injury in developing countries: a systematic review. Neuroepi-

demiology 41(2), 65–85 (2013).
	 2.	 Dray, C., Rougon, G. & Debarbieux, F. Quantitative analysis by in vivo imaging of the dynamics of vascular and axonal networks 

in injured mouse spinal cord. Proc. Natl. Acad. Sci. USA 106(23), 9459–9464 (2009).
	 3.	 Korn, C. & Augustin, H. G. Mechanisms of vessel pruning and regression. Dev. Cell 34(1), 5–17 (2015).
	 4.	 Beggs, J. L. & Waggener, J. D. Microvascular regeneration following spinal cord injury: the growth sequence and permeability 

properties of new vessels. Adv. Neurol. 22, 191–206 (1979).
	 5.	 Casella, G. T., Marcillo, A., Bunge, M. B. & Wood, P. M. New vascular tissue rapidly replaces neural parenchyma and vessels 

destroyed by a contusion injury to the rat spinal cord. Exp. Neurol. 173(1), 63–76 (2002).
	 6.	 Bergers, G. & Song, S. The role of pericytes in blood-vessel formation and maintenance. Neuro Oncol. 7(4), 452–464 (2005).
	 7.	 Hesp, Z. C. et al. Proliferating NG2-cell dependent angiogenesis and scar formation alter axon growth and functional recovery 

after spinal cord injury in mice. J. Neurosci. 38(6), 1366–1382 (2018).
	 8.	 Göritz, C. et al. A pericyte origin of spinal cord scar tissue. Science 333(6039), 238–242 (2011).
	 9.	 Tatebayashi, K. et al. Identification of multipotent stem cell in human brain tissue following stroke. Stem Cells Dev. 26(11), 787–797 

(2017).
	10.	 Ryu, H. H. et al. Functional recovery and neural differentiation after transplantation of allogenic adipose-derived stem cells in a 

canine model of acute spinal cord injury. J. Vet. Sci. 10(4), 273–284 (2009).
	11.	 Arboleda, D. et al. Transplantation of predifferentiated adipose-derived stromal cells for the treatment of spinal dord injury. Cell. 

Mol. Neurobiol. 31(7), 1113–1122 (2011).
	12.	 Oh, J. S. et al. Hypoxia-preconditioned adipose tissue-derived mesenchymal stem cell increase the survival and gene expression 

of engineered neural stem cells in a spinal cord injury model. Neurosci. Lett. 472(3), 215–219 (2010).
	13.	 Park, S. S. et al. Functional recovery after spinal cord injury in dogs treated with a combination of Matrigel and neural-induced 

adipose- derived mesenchymal stem cells. Cytotherapy 14(5), 584–597 (2012).
	14.	 Zhou, Z. et al. Comparison of mesenchymal stromal cells from human bone marrow and adipose tissue for the treatment of spinal 

cord injury. Cytotherapy 15(4), 434–448 (2013).
	15.	 Menezes, K. et al. Human mesenchymal cells from adipose tissue deposit laminin and promote regeneration of injured spinal cord 

in rats. PLoS ONE 9(5), e96020 (2014).
	16.	 Lee, S. H. et al. Effect of the combination of mesenchymal stromal cells and chondroitinase ABC on chronic spinal cord injury. 

Cytotherapy 17(10), 1374–1383 (2015).
	17.	 Kim, Y., Jo, S. H., Kim, W. H. & Kweon, O. K. Antioxidant and anti- inflammatory effects of intravenously injected adipose derived 

mesenchymal stem cells in dogs with acute spinal cord injury. Stem Cell Res. Ther. 6, 229 (2015).
	18.	 Aras, Y. et al. The effects of adipose tissue-derived mesenchymal stem cell transplantation during the acute and subacute phases 

following spinal cord injury. Turk. Neurosurg. 26(1), 127–139 (2016).
	19.	 Tang, L. et al. Adipose-derived stem cells expressing the neurogenin-2 promote functional recovery after spinal cord injury in rat. 

Cell Mol. Neurobiol. 36(5), 657–667 (2016).



20

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19604  | https://doi.org/10.1038/s41598-020-76290-0

www.nature.com/scientificreports/

	20.	 Escalhão, C.C.M., Ramos, I.P., Hochman-Mendez, C., Brunswick, T.H.K., Souza, S.A.L., Gutfilen, B., Dos Santos Goldenberg, R.C. 
& Coelho-Sampaio, T. Safety of allogeneic canine adipose tissue-derived mesenchymal stem cell intraspinal transplantation in 
dogs with chronic spinal cord injury. Stem Cells Int. 2017, 3053759 (2017).

	21.	 Ohta, Y. et al. Intravenous infusion of adipose- derived stem/stromal cells improves functional recovery of rats with spinal cord 
injury. Cytotherapy 19(7), 839–848 (2017).

	22.	 Ohta, Y. et al. Isolation of adipose derived stem/stromal cells from cryopreserved fat tissue and transplantation into rats with spinal 
cord injury. Int. J. Mol. Sci. 19(7), E1963 (2018).

	23.	 Mukhamedshina, Y. O. et al. Adipose-derived mesenchymal stem cell application combined with fibrin matrix promotes structural 
and functional recovery following spinal cord injury in rats. Front. Pharmacol. 9, 343 (2018).

	24.	 Ra, J. C. et al. Safety of intravenous infusion of human adipose tissue-derived mesenchymal stem cells in animals and humans. 
Stem Cells Dev. 20(8), 1297–1308 (2011).

	25.	 Hur, J. W. et al. Intrathecal transplantation of autologous adipose-derived mesenchymal stem cells for treating spinal cord injury: 
a human trial. J. Spinal Cord. Med. 39(6), 655–664 (2016).

	26.	 Uccelli, A., Moretta, L. & Pistoia, V. Mesenchymal stem cells in health and disease. Nat. Rev. Immunol. 8(9), 726–736 (2008).
	27.	 Rehman, J. et al. Secretion of angiogenic and antiapoptotic factors by human adipose stromal cells. Circulation 109(10), 1292–1298 

(2004).
	28.	 Matsuda, K. et al. Adipose-derived stem cells promote angiogenesis and tissue formation for in vivo tissue engineering. Tissue 

Eng. Part A 19(11–12), 1327–1335 (2013).
	29.	 Amable, P. R., Teixeira, M. V., Carias, R. B., Granjeiro, J. M. & Borojevic, R. Protein synthesis and secretion in human mesenchymal 

cells derived from bone marrow, adipose tissue and Wharton’s jelly. Stem Cell Res. Ther. 5(2), 53 (2014).
	30.	 Gong, M. et al. Mesenchymal stem cells release exosomes that transfer miRNAs to endothelial cells and promote angiogenesis. 

Oncotarget 8(28), 45200–45212 (2017).
	31.	 Strassburg, S., Nienhueser, H., Stark, G. B., Finkenzeller, G. & Torio-Padron, N. Human adipose-derived stem cells enhance the 

angiogenic potential of endothelial progenitor cells, but not of human umbilical vein endothelial cells. Tissue Eng. Part A 19(1–2), 
166–174 (2013).

	32.	 Kingham, P. J., Kolar, M. K., Novikova, L. N., Novikov, L. N. & Wiberg, M. Stimulating the neurotrophic and angiogenic properties 
of human adipose-derived stem cells enhances nerve repair. Stem Cells Dev. 23(7), 741–754 (2014).

	33.	 Basso, D. M., Beattie, M. S. & Bresnahan, J. C. A sensitive and reliable locomotor rating scale for open field testing in rats. J. Neu-
rotrauma 12(1), 1–21 (1995).

	34.	 Loy, D. N. et al. Temporal progression of angiogenesis and basal lamina deposition after contusive spinal cord injury in the adult 
rat. J. Comp. Neurol. 445(4), 308–324 (2002).

	35.	 Crisan, M. et al. A perivascular origin for mesenchymal stem cells in multiple human organs. Cell Stem Cell 3(3), 301–313 (2008).
	36.	 Sixt, M. et al. Endothelial cell laminin isoforms, laminins 8 and 10, play decisive roles in T cell recruitment across the blood–brain 

barrier in experimental autoimmune encephalomyelitis. J. Cell Biol. 153, 933–946 (2001).
	37.	 Vizoso, F. J., Eiro, N., Cid, S., Schneider, J. & Perez-Fernandez, R. Mesenchymal stem cell secretome: toward cell-free therapeutic 

strategies in regenerative medicine. Int. J. Mol. Sci. 18(9), E1852 (2017).
	38.	 Gnecchi, M., Danieli, P., Malpasso, G. & Ciuffreda, M. C. Paracrine mechanisms of mesenchymal stem cells in tissue repair. Methods 

Mol. Biol. 1416, 123–146 (2016).
	39.	 Francki, A. et al. Angiogenic properties of human placenta- derived adherent cells and efficacy in hindlimb ischemia. J. Vasc. Surg. 

64(3), 746–756 (2016).
	40.	 Cantinieaux, D. et al. Conditioned medium from bone marrow-derived mesenchymal stem cells improves recovery after spinal 

cord injury in rats: an original strategy to avoid cell transplantation. PLoS ONE 8(8), e69515 (2013).
	41.	 Chen, K. H. et al. Intravenous administration of xenogenic adipose-derived mesenchymal stem cells (ADMSC) and ADMSC-

derived exosomes markedly reduced brain infarct volume and preserved neurological function in rat after acute ischemic stroke. 
Oncotarget 7(46), 74537–74556 (2016).

	42.	 Huang, J. H. et al. Systemic administration of exosomes released from mesenchymal stromal cells attenuates apoptosis, inflamma-
tion and promotes angiogenesis after spinal cord injury in rats. J. Neurotrauma 34(24), 3388–3396 (2017).

	43.	 Park, H. & Kang, T. C. The regional specific alterations in BBB permeability are relevant to the differential responses of 67-kDa 
LR expression in endothelial cells and astrocytes following status epilepticus. Int. J. Mol. Sci. 20(23), 6025 (2019).

	44.	 Amar, A. P. & Levy, M. L. Pathogenesis and pharmacological strategies for mitigating secondary damage in acute spinal cord injury. 
Neurosurgery 44, 1027–1039 (1999).

	45.	 Picoli, C. C. et al. Pericytes act as key players in spinal cord injury. Am. J. Pathol. 189(7), 1327–1337 (2019).
	46.	 Lu, Y. et al. Bone mesenchymal stem cell-derived extracellular vesicles promote recovery following spinal cord injury via improve-

ment of the integrity of the blood-spinal cord barrier. Front. Neurosci. 13, 209 (2019).
	47.	 Park, D. Y. et al. Plastic roles of pericytes in the blood-retinal barrier. Nat. Commun. 8, 15296 (2017).
	48.	 Lendahl, U., Zimmerman, L. B. & McKay, R. D. CNS stem cells express a new class of intermediate filament protein. Cell 60(4), 

585–595 (1990).
	49.	 Mokry, J. et al. Nestin expression by newly formed human blood vessels. Stem Cells Dev. 13(6), 658–664 (2004).
	50.	 Schott, R. J. & Morrow, L. A. Growth factors and angiogenesis. Cardiovasc. Res. 27(7), 1155–1161 (1993).
	51.	 Facchiano, F. et al. Promotion of regeneration of corticospinal tract axons in rats with recombinant vascular endothelial growth 

factor alone and combined with adenovirus coding for this factor. J. Neurosurg. 97(1), 161–168 (2002).
	52.	 Widenfalk, J. et al. Vascular endothelial growth factor improves functional outcome and decreases secondary degeneration in 

experimental spinal cord contusion injury. Neuroscience 120(4), 951–960 (2003).
	53.	 Ikenaka, Y. et al. Tissue inhibitor of metalloproteinases-1 (TIMP-1) inhibits tumor growth and angiogenesis in the TIMP-1 trans-

genic mouse model. Int. J. Cancer 105(3), 340–346 (2003).
	54.	 Hutton, D.L., Logsdon, E.A., Moore, E.M., Mac Gabhann, F., Gimble, J.M. & Grayson, W.L. Vascular morphogenesis of adipose 

derived stem cells is mediated by heterotypic cell-cell interactions. Tissue Eng. Part A 18 (15–16), 1729–1740 (2012).
	55.	 Watts, T. L. et al. PDGF-AA mediates mesenchymal stromal cell chemotaxis to the head and necksquamous cell carcinoma tumor 

microenvironment. J. Transl. Med. 14(1), 337 (2016).
	56.	 Zhang, J. et al. Differential roles of PDGFR-alpha and PDGFR-beta in angiogenesis and vessel stability. FASEB J. 23(1), 153–163 

(2009).
	57.	 Mitchell, A. C., Briquez, P. S., Hubbell, J. A. & Cochran, J. R. Engineering growth factors for regenerative medicine applications. 

Biomaterials 30, 1–12 (2016).
	58.	 Chen, Y. T. et al. Stem Cell Res. Ther. 10(1), 390 (2019).
	59.	 Cizkova, D. et al. Localized intrathecal delivery of mesenchymal stromal cells conditioned medium improves functional recovery 

in a rat model of spinal cord injury. Int. J. Mol. Sci. 19, 870 (2018).
	60.	 Tsai, M. J. et al. Attenuating spinal cord injury by conditioned medium from bone marrow mesenchymal stem cells. J. Clin. Med. 

8(1), 23 (2018).
	61.	 Kanekiyo, K. et al. Effects of intrathecal injection of the conditioned medium from bone marrow stromal cells on spinal cord injury 

in rats. J. Neurotrauma 35, 521–532 (2018).



21

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19604  | https://doi.org/10.1038/s41598-020-76290-0

www.nature.com/scientificreports/

	62.	 Chudickova, M. et al. The effect of wharton jelly-derived mesenchymal stromal cells and their conditioned media in the treatment 
of a rat spinal cord injury. Int. J. Mol. Sci. 20(18), 4516 (2019).

	63.	 Pires, A. O. et al. Unveiling the diferences of secretome of human bone marrow mesenchymal stem cells, adipose tissue-derived 
stem cells, and human umbilical cord perivascular cells: a proteomic analysis. Stem. Cells Dev. 25, 1073–1083 (2016).

	64.	 Bradbury, E. J. & Burnside, E. R. Moving beyond the glial scar for spinal cord repair. Nat. Commun. 10(1), 3879 (2019).
	65.	 Silver, J. The glial scar is more than just astrocytes. Exp. Neurol. 286, 147–149 (2016).
	66.	 Schlau, M., Terheyden-Keighley, D., Theis, V., Mannherz, G. H. & Theiss, C. VEGF Triggers the activation of cofilin and the Arp2/3 

complex within the growth cone. J. Mol. Sci. 19(2), 384 (2018).
	67.	 Menezes, K., de Menezes, J. R., Nascimento, M. A., Santos, R. S. & Coelho-Sampaio, T. Polylaminin, a polymeric form of laminin, 

promotes regeneration after spinal cord injury. FASEB J 24(11), 4513–4522 (2010).
	68.	 Rubinson, D. A. et al. A lentivirus-based system to functionally silence genes in primary mammalian cells, stem cells and transgenic 

mice by RNA interference. Nat. Genet. 33(3), 401–406 (2003).
	69.	 Bonamino, M. et al. Functional transfer of CD40L gene in human B-cell precursor ALL blasts by second-generation SIN lentivec-

tors. Gene Ther. 11(1), 85–93 (2004).
	70.	 Condé-Green, A. et al. Effects of centrifugation on cell composition and viability of aspirated adipose tissue processed for trans-

plantation. Aesthet. Surg. J. 30(2), 249–255 (2010).
	71.	 Zudaire, E., Gambardella, L., Kurcz, C. & Vermeren, S. A computational tool for quantitative analysis of vascular networks. PLoS 

ONE 6(11), e27385 (2011).

Acknowledgements
We would like to Dr. César Claúdio da Silva and Dr. Marcelo C. Acineto Souza, both from the Faculty of Medicine 
(UFRJ), who provided the adipose tissue fragments and lipoaspirates for isolation of hADSCs.

Author contributions
The contribution of each author of this scientific article is described below: K.M. performed the experiments, 
analyses and interpretation of data, and wrote the paper. A.S.C. performed the quantitative analysis of blood 
vessels. M.A.N. performed experiments and analyses of results. R.S.S. performed experiments. B.G.R. performed 
experiments and analyses of data. D.V.L.A. performed manipulation of the human adipose tissue-derived stro-
mal/stem cells (hADSCs) and prepared the culture media conditioned by them (CM-hADSC). C.F. performed 
experiments, analyses and interpretation of data and revised the manuscript. M.B. performed the plasmid con-
struct and lentivirus production, and transduction of hADSCs. M.I.R. worked on the conception of the work and 
coordinated the isolation and preparation of human cells. R.B. worked on the conception of the work, wrote the 
paper and has substantively revised it. T.C.S. worked on the design of the study, in the coordination of the experi-
ments, wrote the paper and substantively revised it. All authors agree and have approved the submitted version.

Competing interests 
All authors declare no potential competing interest, financial or non-financial interests in relation to the work 
described. KM is a faculty at Petropolis Medical School and declares no potential conflict of interest. ASC declares 
no potential conflict of interest. MAN declares no potential conflict of interest. RSS, DVLA, CF declare no 
potential conflict of interest. MB is part of the Molecular Carcinogenesis Program—Coordination of Research—
National Cancer Institute (INCA), and is Vice President of Research and Biological Collections (VPPCB), 
Oswaldo Cruz Institute Foundation (FIOCRUZ) and declares no potential conflict of interest. MIR declares no 
potential conflict of interest. RB is a scientific consultant at the Petropolis Medical School and president of the 
Rio de Janeiro Cell Bank and of APABCAM—Scientific Technical Association Paul Ehrlich, and declares no 
potential conflict of interest. TCS declares no potential conflict of interest.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-76290​-0.

Correspondence and requests for materials should be addressed to K.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-76290-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Human mesenchymal stromalstem cells recruit resident pericytes and induce blood vessels maturation to repair experimental spinal cord injury in rats
	Results
	hADSCs and CM-hADSC increased the number of blood vessels at the perilesional region after a compressive spinal cord injury.. 
	CM-hADSC treatment did not promote functional recovery after SCI. 
	hADSCs favoured maturation of the blood brain barrier. 
	Blood vessels in animals that received CM-hADSC were associated to areas of haemorrhage. 
	Pericytes associated with endothelial cells only in blood vessels of the hADSC-treated animals. 
	Angiogenic factors produced in vivo by hADSCs did not match those released in vitro into the conditioned medium. 
	hADSCs migrated to the lesion and attracted endogenous pericytes. 
	Resident pericytes attracted by hADSC to the lesion site were proliferative and expressed nestin. 

	Discussion
	Conclusion
	Methods
	Animals. 
	Human cells. 
	Plasmid construct and lentivirus production. 
	Isolation and transduction of hADSCs. 
	Preparation of the conditioned medium from hADSC (CM-hADSC). 
	Surgical procedures. 
	Spinal cord injections. 
	Histology and Immunofluorescence. 
	Image analyses. 
	Angiogenesis related protein expression profile. 
	Behavioural assessment. 
	Statistics. 
	Ethical approval and informed consent. 

	References
	Acknowledgements




