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ABSTRACT 

 

Blood perfusion of grafted tissue constructs is a hindrance to the success of stem cell-based 

therapies by limiting cell survival and tissue regeneration. Implantation of a pre-vascularized network 

engineered in vitro has thus emerged as a promising strategy for promoting blood supply deep into 

the construct, relying on inosculation with the host vasculature. We aimed to fabricate in vitro tissue 

constructs with mature microvascular networks, displaying perivascular recruitment and basement 

membrane, taking advantage of the angiogenic properties of dental pulp stem cells and self-

assembly of endothelial cells into capillaries. Using digital scanned light-sheet microscopy, we 

characterized the generation of dense microvascular networks in collagen hydrogels and established 

parameters for quantification of perivascular recruitment. We also performed original time-lapse 

analysis of stem cell recruitment. These experiments demonstrated that perivascular recruitment of 

dental pulp stem cells is driven by PDGF-BB. Recruited stem cells participated in deposition of 

vascular basement membrane and vessel maturation. Mature microvascular networks thus 

generated were then compared to those lacking perivascular coverage generated using stem cell 

conditioned medium. Implantation in athymic nude mice demonstrated that in vitro maturation of 

microvascular networks improved blood perfusion and cell survival within the construct. Taken 

together, these data demonstrate the strong potential of in vitro production of mature 

microvasculature for improving cell-based therapies. 

 

(211 words) 
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INTRODUCTION 

Tissue engineering is now considered as the novel route for replacing or supporting regeneration of 

failing organs by providing large enough and function-relevant constructs consisting in scaffolds 

seeded with cells. The success of this strategy is directly conditioned by the establishment of a fully 

functional microvascularization in order to support cell survival and differentiation [1,2]. Indeed, 

blood supply must be established both rapidly and deep inside the grafted engineered construct to 

provide oxygen and nutrients. Promoting angiogenesis in situ is often not appropriate to fulfill these 

criteria; notably in the case of delayed wound healing found in patients suffering from diabetes or 

metabolic syndrome, or in smokers. Hence, pre-vascularization of tissue constructs appears as a 

promising approach consisting in implantation of engineered microvascular networks developed in 

vitro with the aim of allowing blood perfusion at once deep in the implanted construct [3]. Perfusion 

of the implanted network then relies on anastomosis with the host vasculature [4–8].  

In this context, it appears mandatory to identify both molecular and cellular targets, and key 

mechanisms to enhance vascular network formation in vitro [3,9]. Microvascular networks can be 

developed in vitro based on the capacity of endothelial cells to self-assemble into capillary structures 

in the appropriate culture conditions. Such a process mimics vasculogenesis that occurs during 

development and is completed by sprouting angiogenesis as tissues grow. Both processes are 

accompanied by remodeling of the microenvironment and generation of the vascular basement 

membrane [10]. Hydrogels of natural polymers are considered more prone to support such 

remodeling and cell function associated with in vitro pre-vascularization and integration in the host 

after implantation. Fibrin and collagen I are the two main sources of natural polymers suitable for 

development of microvascularization. Whereas fibrin is very susceptible to degradation with a rate of 

replacement often too high for efficient tissue repair, collagen I is extensively used and better suited 

to cell self-assembly approaches [11]. The use of stem cells able to promote both tissue regeneration 

and angiogenesis in collagen hydrogels appears as an appealing option for productive pre-

vascularization. Angiogenesis is initiated in response to local production of proangiogenic factors that 

promote vascular sprout formation through induction and migration of leading endothelial tip cells 

and proliferation of neighboring endothelial stalk cells [12]. This process is promoted by 

mesenchymal stem cells (MSC). Dental pulp stem cells (DPSC) have been described as an accessible 

source of MSC for tissue engineering, able to differentiate within various lineages according to the 

environment they are placed to [13–15].  Healthy dental pulps can be collected in patients from 

shedding deciduous teeth, or following extraction of deciduous teeth, premolars or third molars 

strictly performed when indicated in an orthodontic treatment plan (waste of the operating room). 

Many preclinical studies have revealed the interest of DPSC for regenerative medicine [16] and 

recently,  Nakashima et al. published a pilot clinical study showing the benefit of the use of 

autologous DPSC for complete tooth pulp regeneration in patients with  irreversible pulpitis [17] [18]. 

More recently, it was demonstrated in 36 young patients with injured immature permanent tooth 

following a trauma that aggregates of DPSC derived from deciduous teeth (SHED) improved pulp 

healing and allowed normal tooth formation[19]. We and others have shown their capacity to induce 

capillary formation in vitro through the release of angiogenic factors [20–22]. Along this line, we have 

recently shown that FGF-2-priming of DPSC seeded in a collagen hydrogel enclosed in a tooth slice 

allowed the formation of a functional vascularized pulp-like tissue upon sub-cutaneous implantation 
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in immunodeficient mice [22]. Using relevant 3D angiogenesis models, we could decipher the 

signaling cascade involved consisting in FGF-2 stimulation of DPSC to release VEGF that induces 

capillary formation, and HGF that potentiates VEGF effect on endothelial cells [22]. 

Other important steps of neovessel formation include perivascular recruitment of pericytes by 

endothelial sprouts and basement membrane deposition [12]. Endothelial cells and pericytes share a 

common basement membrane and communicate with each other via physical contact and paracrine 

signaling pathways thus promoting vascular maturation and regulation of vascular permeability and 

integrity [23,24]. MSC and pericytes are known to share perivascular distribution and regeneration 

properties [25,26]. Indeed, DPSC are located in the vascular niche and were proposed to have 

pericyte-like properties [27,28]. These cells have also been shown to present an immunophenotypic 

pericyte profile that depended on the isolation method and culture conditions [22,28,29]. The aim of 

the present study was thus: -1/ to generate pre-vascularized constructs co-seeded with endothelial 

cells and DPSC derived from deciduous teeth (SHED); -2/ to characterize interactions between these 

two cell types and unravel molecular pathways involved in capillary formation and maturation; -3/ to 

assess the impact of in vitro vascular maturation on the integration of the tissue constructs after 

implantation. Using 3D co-culture models, we report that SHED were recruited to the capillary 

surface and extended protrusions enwrapping endothelial cells. We could characterize 

morphometric parameters associated with their recruitment through the PDGF-BB signaling 

pathway, and demonstrate that once recruited, SHED participated in basement membrane 

generation. Furthermore, we showed that ectopic subcutaneous implantation of such mature 

microvascular networks resulted in better vascularization, protection from apoptosis and 

innervation.  
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RESULTS 

 

• In vitro generation of microvascular networks with perivascular cell recruitment in 3D 

hydrogels  

We have already demonstrated that the angiogenic potential of SHED relies on the paracrine 

factors VEGF and HGF, resulting in formation of lumenized capillaries in 3D hydrogels [22]. We here 

took advantage of these properties for generating dense homogenous microvascular networks in 

collagen hydrogels. Endothelial cells (1.5 x 106 cells/ml) were seeded in collagen hydrogels either 

alone before cultured in SHED-conditioned medium or together with 1 x 106 SHED/ml before co-

culture for 4 days in 96 well plates (Fig. 1A). Microvascular networks were analyzed in 3D using an in-

house developed software called 3D-Skel (Fig. S1). Both conditions resulted in microvascular 

networks reaching an average of 80 mm of capillaries per mm3 of hydrogel. The extent of these 

networks was only 12% higher in conditioned medium renewed every day than in co-culture, with 

identical tortuosity and diameter of the capillaries (Fig. 1B). In order to further characterize the cell 

interactions occurring in co-culture, SHED expressing LifeAct-Ruby were co-seeded in collagen with 

endothelial cells expressing GFP. After 4 days in co-culture, gels were fixed and embedded in agarose 

for observation on an in-house built digital scanned light-sheet microscope (DSLM) (Fig. 1C). The 

fields of view were 665 x 665 µm, and images were acquired over a thickness of 400 µm with 1 µm 

steps (Fig. 1D, movie 1). 3D analysis of SHED distribution and morphology revealed that these cells 

displayed either a star-shaped morphology when isolated in the hydrogel (red in Fig. 1D and E) or had 

acquired a fine elongated structure spread along endothelial cells, with protrusions wrapped around 

the capillaries (purple in Fig. 1D-F and movie 1), suggesting a morphological change associated to 

dynamic perivascular cell recruitment. In addition, we could detect lumen formation in the 

capillaries, including at the level of perivascular SHED, using higher magnification microscopy (Fig. 1F; 

movie 2), supporting functionality and blood perfusion of such capillaries after post-implantation 

inosculation. 

 

In order to analyze perivascular recruitment of SHED, we investigated the expression of some 

markers of perivascular cells. SHED did not express alpha smooth muscle actin (aSMA), whereas a 

mosaic expression was detected in pericytes, with the highest signal still much lower than in vascular 

smooth muscle cells (Fig. 2A). SHED expressed similar levels of desmin, NG2 and PDGF-Rβ as 

pericytes (Fig. 2 B-C). We also investigated the expression of the latter in co-culture with endothelial 

cells in 3D hydrogels. We did not detect differences in PDGF-Rβ expression level whereas SHED were 

associated to endothelial cells or not (Fig. 2D; movie 3). Since we lacked immunological marker 

enabling identification of SHED recruited to the vascular niche, we characterized morphometric 

parameters for assessment of their recruitment. For that purpose, we measured the distance 

between the centroid of SHED nuclei and the surface of endothelial capillaries (Fig. 3A) using Imaris 

(Fig. S1). Distances were then correlated to SHED morphology as assessed by two independent 

observers. This analysis was performed using measurements from 5 stacks of images from 3 

independent culture hydrogels, for a total of 735 SHED with nuclei at a distance under 16 µm from 

the endothelium: 88 % of the cells with nuclei at less than 9 µm displayed a perivascular morphology, 

while 89% of the cells with nuclei further than 9 µm had a star-shaped morphology (Fig. 3B). We also 

performed time-lapse acquisitions to analyze the behavior of SHED upon recruitment to the 
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endothelium (Fig. 3C and movie 4). For these experiments, the smallest possible chamber was 

constructed and precise temperature control was achieved by using a Peltier element located under 

the chamber and by including the whole microscope in a temperature-controlled incubator (Fig. S2A-

B). We built a sample holder dedicated to hydrogels that could support casting of cellularized 

hydrogels and early culture in an incubator before mounting on the DSLM without manipulation of 

the hydrogel (Fig. S2C). After three days of culture for capillary formation, hydrogels co-seeded with 

SHED expressing LifeAct-Ruby and endothelial cells expressing GFP were mounted on the DSLM for 

time-lapse acquisitions over a period of 7 hours (Fig.3C and movie 4). While most of the SHED 

present as isolated cells in the collagen hydrogel were mobile (red in movie 4), two behaviors were 

observed for SHED associated with capillaries. Those already recruited to capillaries at the beginning 

of the time-lapse acquisition were quite static (purple in fig. 3C and movie 4). In contrast, SHED 

recruited in the course of the time-lapse acquisition were very mobile, migrating along the 

endothelium (colored in white in Fig. 3C and movie 4). We could thus separate SHED into two 

populations, recruited or not to capillaries, with a morphometric threshold that allowed automated 

quantitation. Thirty percent of SHED were recruited as perivascular cells 3 days after seeding the 

ratio of 1.5:1 endothelial cells: SHED. Using different ratios of SHED: endothelial cells and different 

total numbers of cells suggested that the extent of the capillary network was increased by both 

factors (Fig. S3A). On the other hand, only cell ratio could modulate SHED recruitment, entailing that 

the density of SHED in the capillary network formed was a limiting factor to perivascular cell 

recruitment (Fig. S3B). These data suggested that exposure of SHED to a paracrine endothelial factor 

is responsible for perivascular recruitment. 

 

• Perivascular recruitment of SHED through the PDGF-BB pathway 

Pericyte recruitment by the PDGF-BB/PDGF-Rβ signaling pathway has been extensively 

documented [23,24] and could be mimicked in 3D hydrogels using gradients of this growth factor 

[30]. Considering the expression of PDGF-Rβ by SHED, we investigated the hypothesis that PDGF-BB 

secreted by endothelial cells is responsible for SHED recruitment in the hydrogel. For that purpose, 

we adapted an angiogenesis assay based on seeding endothelial cells at the surface of Cytodex beads 

[31,32] and on co-incorporating these beads together with SHED in the hydrogel before 

fibrillogenesis (Fig. 4A; movie 5). This co-culture model allowed to measure the number of SHED 

recruited per length of capillary generated, and thus to compare the impact of treatments on 

capillary formation and on perivascular recruitment. We first inhibited PDGF-Rβ tyrosine kinase 

activity with Imatinib, which did not significantly affect the length of capillaries per bead but however 

inhibited perivascular recruitment in a dose-dependent manner (Fig. 4B and D). A second approach 

targeted the PDGF secreted by endothelial cells using: -i/ heparin, which captures factors that bind 

heparan sulfate proteoglycans, including PDGF-BB [33]; -2/ a blocking antibody specific for PDGF. 

Heparin inhibited angiogenesis by 20% and perivascular recruitment by 70%, whereas anti-PDGF had 

a dose-dependent effect on perivascular recruitment, which was inhibited up to 50% (Fig. 4B and D). 

The absence of correlation between the expression of PDGF-Rβ by SHED and their recruitment (Fig. 

2D; movie 3) supports the hypothesis that it is exposure of SHED to the gradient of PDGF secreted by 

endothelial cells that triggers recruitment rather than expression of the receptor. To explore this 

hypothesis, we used a complementary approach consisting in disrupting the gradient that is 

generated by secretion of PDGF-BB and sequestration by heparan sulfate proteoglycans in the 
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vicinity of endothelial cells. For that purpose, we added exogenous PDGF-BB to the culture medium. 

A dose twice the ED50 (10 ng/ml) had no effect on angiogenesis and perivascular recruitment, while it 

was expected to be high enough for stimulating cell migration. More importantly, adding 100 ng/ml 

PDGF-BB resulted in 65% inhibition of SHED recruitment instead of stimulating their migration and 

thus their potential recruitment. This high dose of PDGF-BB also slightly inhibited capillary formation 

(Fig. 4B and D). Similar results were obtained using human primary pericytes isolated from the 

placenta (Fig. S4). Altogether, these three independent approaches demonstrated that SHED are 

recruited to the vascular niche through the PDGF signaling pathway. 

 

• SHED perivascular recruitment promotes capillary maturation  

Generation of a basement membrane that encompasses both the endothelium and the 

associated perivascular cells is involved in maturation and stabilization of capillaries [23,34]. We 

therefore studied deposition of type IV collagen in the 3D culture hydrogel (Fig. 5A). In addition to 

deposition at the surface of endothelial cells, we also detected collagen IV ensheathing perivascular 

SHED recruited along capillaries (Fig. 5Aii, yellow arrow; movie 6). In order to investigate whether 

SHED participated in the generation of the capillary basement membrane, we cultivated these cells 

beyond confluency in tissue culture dishes to accumulate matrix deposition. Whereas no collagen IV 

was deposited when SHED were cultured in their dedicated culture medium, the medium used in the 

vascularization assay induced collagen IV deposition (Fig. 5B). The increased deposition of collagen IV 

did not result from increased expression, but from post-translational mechanisms initiated by the 

increased expression of laminin (fig.S5A), which acts as a foundational building block for deposition 

of collagen IV and further organization of the basement membrane [35]. Unlike SHED, primary 

human pericytes could deposit collagen IV when cultured in their dedicated culture medium without 

growth factor supplement, and endothelial cells conditioned medium increased this deposition (Fig. 

S5B). These data suggested that growth factors present in the endothelial culture medium could 

promote collagen IV secretion and assembly by SHED, and demonstrated co-ensheathing of 

endothelial cells and perivascular SHED in the vascular basement membrane of the capillaries 

generated in vitro. Taken together, our in vitro results demonstrated that SHED could trigger 

formation of a microvascular network through paracrine factors and participate in the two major 

aspects of the maturation of capillaries, i.e. perivascular cell recruitment and deposition of the 

vascular basement membrane. 

 

 

• Blood perfusion is enhanced in pre-vascularized tissue constructs  

In order to investigate the impact of pre-vascularizing constructs on their in vivo perfusion, we 

used a previously described model of tooth slice subcutaneous implantation in athymic NUDE mice 

[22]-[36]. Pre-vascularized hydrogels were compared to hydrogels seeded with SHED alone and 

cultured in the same conditions prior to implantation. Furthermore, pre-vascularized hydrogels were 

generated either by co-seeding endothelial cells and SHED or by seeding endothelial cells alone, in 

order to assess the impact of in vitro microvascular maturation by SHED. When seeded with 

endothelial cells alone, hydrogels were cultured with SHED conditioned medium, as co-culture and 

conditioned medium generated microvascular networks that were equivalent at the time of 

implantation (Fig. 1A). Angiogenesis was explored 30 days after implantation by micro-CT analysis 
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following intracardiac injection of a contrast agent, and then further characterized by histology and 

immunohistochemistry. Micro-CT acquisitions revealed significantly higher vascular perfusion in the 

pre-vascularized groups when compared to the SHED control group (P≤ 0.05) (Fig. 6A-B). 

Immunohistochemical labelling performed using a von Willebrand factor (vWF) antibody, confirmed 

the benefit of pre-vascularization on capillary density in the constructs and indicated a much higher 

impact of the implantation of a mature microvascular network (Fig. 6C and D). These data were 

further confirmed using a podocalyxin antibody that is specific for the human protein (Fig.6E and F). 

Quantification of podocalyxin labeling showed the improved vascular density using mature pre-

vascularized hydrogels. Furthermore, the presence of red blood cells within the vessels labeled with 

the antibody specific for podocalyxin confirmed the perfusion of the implanted human engineered 

vessels by inosculation with the host vessels (Fig. 6G). Injection of a lectin specific for human 

endothelial cells further demonstrated anastomosis between the host vasculature and the implanted 

prevascularized network, thus providing evidence for the functionality of the microvascular network 

produced in vitro (movie 7). 

We further investigated human vessels by staining collagen IV alpha 2 chain using an antibody 

targeting the human protein (Fig. 7A). Human vessels were lined with a strong staining of collagen IV 

in the basement membrane. In addition, vessels appeared as elongated and connected structures in 

the co-cultured pre-vascularized hydrogels, whereas round and scattered structures, sometimes 

lacking podocalyxin staining, were detected in the hydrogels treated with conditioned medium. We 

thus performed TUNEL experiments for investigation of apoptosis. Cell content of the constructs was 

variable both at the time of implantation, depending on seeding conditions, and at the time of 

sacrifice depending on invasion by host cells. We thus calculated the ratio of TUNEL stained nuclei 

per total nuclei inside the constructs (Fig. 7B-C). Pre-vascularization resulted in inhibition of 

apoptosis only when SHED were co-seeded with endothelial cells. If pre-vascularized constructs were 

seeded with endothelial cells only, apoptosis was similar as in control constructs, suggesting that in 

vitro maturation of capillaries was important for their integrity post-implantation. We also 

determined whether SHED could still undergo odontogenic/osteogenic differentiation in the tooth 

slice model after in vitro pre-vascularization. We thus performed immunolabeling for osteopontin, an 

early marker of the mineralization process (Fig. S6) [37]. Whatever the group, specific OPN labeling 

was observed with cells directly associated to the tooth slice, whereas no labeling was detected 

within the constructs. Finally, we also performed immunostaining for calcitonin gene related peptide 

(CGRP) in order to investigate innervation with sensory fibers (Fig. 7D). Quite remarkably, pre-

vascularization only increased innervation when hydrogels were generated by co-culture of SHED 

and endothelial cells, whereas blood vessels alone had no impact, suggesting that SHED and 

engineered vessels had synergistic effects (Fig. 7E).  Altogether, our in vivo data showed that in vitro 

pre-vascularization strongly enhanced blood perfusion and cell survival without altering cell 

differentiation and innervation, and that this effect was even stronger when mature microvascular 

networks were generated in vitro. 

  

 

  



 9

DISCUSSION 

 

Rapid vascularization and establishment of a functional vascular network is a cornerstone for the 

clinical outcome of MSC-based therapies and pre-vascularization of tissue constructs is considered as 

the most promising approach to address this issue [2,3]. Whereas early studies had to deal with poor 

endothelial cell survival before implantation [38], we exploited the angiogenic properties of SHED 

that we have recently characterized [22] and demonstrated that co-culture results in effective pre-

vascularization of constructs and in maturation of the microvasculature as a result of direct 

interactions of SHED with endothelial cells. Our study includes an original and sound methodology 

for quantification of MSC recruitment to vascular structures based on measurement of 3D 

morphometric parameters. The data thus generated demonstrate that PDGF plays a major role in 

SHED recruitment, resulting in acquisition of a perivascular pericyte-like phenotype and deposition of 

collagen IV in the vascular basement membrane. Furthermore, we show that such in vitro maturation 

of capillaries resulted in generation of a functional vascular network that improved blood perfusion 

and cell survival after implantation of the construct.  

MSC forerunners are known to be located in the perivascular niche like pericytes [25,39], and this 

holds true for DPSC [27,28]. Conversely, pericytes share differentiation potency with MSC [25]. In 

addition, both cell types also share expression of markers of perivascular cells, including desmin, NG2 

and PDGF-Rβ expressed by SHED. The emerging view of MSC as perivascular progenitor cells seems 

attractive and would certainly explain their isolation from virtually all vascularized organs and their 

pericytic phenotype [25,26,40]. The actual distinction between these two cell types is nonetheless 

still a matter of debate [41]. Here, most of the SHED not associated with capillaries within hydrogels 

displayed a star-shaped morphology and were mobile as observed by time-lapse acquisitions, both 

characteristics of MSC in 3D culture [30]. In contrast, SHED recruited along the vessels displayed an 

elongated morphology bearing membrane protrusions enwrapping the endothelium, reminiscent of 

pericytes [23,24]. Such a distribution along capillaries suggested that SHED play a major role in 

capillary stabilization. The expression of pericyte markers by MSC including SHED has however 

limited quantitation of their perivascular distribution [9]. We have thus developed an in-house 

software in order to establish morphometric parameters for quantification of perivascular cell 

recruitment. We have shown that PDGF-BB was responsible for SHED recruitment, as it is for 

pericytes in vivo [23], using several complementary approaches including inhibitors of its receptor 

PDGF-Rβ and blocking antibodies targeting PDGF. These results suggested that recruitment is based 

on a gradient of PDGF-BB secreted by endothelial cells and captured by heparan sulfate 

proteoglycans in the vicinity of capillaries [23]. In agreement with this hypothesis, we found that 

SHED expressed PDGF-Rβ, but that its level of expression did not correlate with recruitment. Our 

data rather suggested that exposure to PDGF-BB is regulating recruitment, since disrupting the PDGF-

BB gradient by excess of exogenous PDGF-BB in the hydrogels inhibited recruitment. While other 

factors have been involved in perivascular recruitment, including TGFβ, Notch and SDF1α [23]-[42], 

most of these affect angiogenesis as much as perivascular cell recruitment. We performed 

preliminary experiments targeting CXCR4, the receptor for SDF1α that regulates pericyte and MSC 

perivascular recruitment [43][44][45]. The CXCR4 inhibitor AMD3100 greatly affected capillary 

formation together with SHED recruitment, making identification of the effects specific to 

perivascular recruitment quite intricate. 
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Pericytes regulate capillary integrity through stabilization of the basement membrane and direct 

interactions with endothelial cells. Indeed, whereas endothelial cells do synthesize and deposit 

collagen IV in the basement membrane [32,46], pericyte recruitment to capillaries further stimulates 

assembly of basement membrane proteins [34,47,48]. We here show that -i) the endothelial culture 

medium could induce collagen IV deposition by SHED, and -ii) co-culture with endothelial cells was 

further increasing collagen IV deposition by pericytes, suggesting mutual stimulation of synthesis and 

deposition of the vascular basement membrane.  

Interestingly, time-lapse microscopy revealed that newly recruited SHED were quite motile along 

the endothelium, that could correspond to the generation of vascular guidance tunnels for 

perivascular cells as previously proposed [34]. Already recruited SHED displayed, however, a more 

stable behavior. Such a switch in behavior has already been described for MSC cultured in hydrogels 

functionalized with PDGF-BB in order to mimic the microenvironment of the perivascular niche [30]. 

The signal responsible for switching perivascular SHED behavior to a stable localization on capillaries 

remains, however, to be identified at the surface of capillaries. Such a signal might be associated to 

the generation of the basement membrane by SHED at the endothelium surface as we have shown 

that SHED were co-ensheathed with endothelial cells in collagen IV. A good candidate for such a 

switch in synthesis of extracellular matrix proteins by SHED is the Notch pathway, as recently 

demonstrated for other MSC using synthetic hydrogels functionalized by Jagged1, an inducer of the 

Notch pathway [47]. 

Recent studies have shown that bone marrow stromal cells have the capacity to fulfill the 

function of perivascular cells in regulating endothelial permeability in vitro [49] as pericytes [50,51]. 

Whereas further investigation using microfluidic devices would be necessary for characterizing the 

functional consequences of vascular maturation by SHED, we here investigated the functional impact 

post-implantation of microvascular prior maturation. As expected, we first showed that implantation 

of in vitro pre-vascularized constructs strongly improved blood perfusion, using both Micro-CT 

dynamic acquisition and vWF immunostaining. Such results are consistent with those obtained using 

different approaches for in vitro pre-vascularization including hydrogels [52,53], spheroids [8] or cell 

sheets [54]. Using SHED conditioned medium, we could also generate microvascular networks 

composed of endothelial cells alone and devoid of perivascular cell-mediated maturation. This tool 

allowed us to assess the importance of in vitro maturation on post-implantation vascularization of 

the constructs. Indeed, using human specific antibodies, we demonstrated that in vitro maturation 

further improved in vivo vascularization with better vascular morphology and basement membrane 

deposition by the human capillaries, as well as protection from apoptosis in the constructs. It should 

be noted that such maturation of capillaries occurred rapidly and at the mm3 scale, as 4 days in co-

culture were sufficient for improved cell survival in the construct. Furthermore, maturation of the 

whole hydrogel as a result of micro-environment remodeling by SHED could participate to the 

improved vascularization that we observed, even though such effects have been described using 

smaller microgels and after much longer in vitro pre-culture (14 days in culture) [55]. Gel contraction 

in vivo prevented comparison of vascular densities before and after implantation, and thus 

prevented assessment of the growth or loss of implanted human vessels. In addition, we could not 

detect significant differences in capillary densities using antibodies targeting either human only or 

human and mouse endothelial cells. We measured, however, a much higher level of apoptosis in 

constructs seeded with endothelial cells alone, suggesting that the difference in vascular density was 
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more probably resulting from loss of implanted vessels than from post-implantation expansion of the 

microvasculature in gels co-seeded with endothelial cells and SHED. Altogether, these data suggested 

that perfusion of the construct mostly relied on the human vessels engineered in vitro. 

Finally, engineered vessels were surrounded by sensory nerve fibers, notably in the EC-SHED 

group. These sensory fibers are important for the future functionality of the implanted engineered 

tissue [56]. Remarkably, no osteopontin expression was detected at proximity of the implanted 

vessels, confirming the absence of osteogenic differentiation of SHED in the vessel vicinity. In 

contrast, several cells adjacent to the tooth section were osteopontin positive, suggesting that, 

despite the treatments to which cells were exposed during the pre-vascularization process, some 

were still able to undergo odontogenic/osteogenic differentiation when placed in an odontogenic 

environment [57], as previously reported [22]-[36]. In the future, functional assays such as tissue 

injury model will have to be conducted to demonstrate the functionality of the engineered implanted 

tissue. 

 

CONCLUSION 

Altogether, this study demonstrates the interest of SHED in a pre-vascularization strategy for 

tissue engineering. These cells have the capacity to directly participate in the vessel maturation by 

displaying a pericyte-like morphology and by its reinforcement through basement membrane 

deposition. This interaction allows better perfusion and survival of the engineered vascular network 

upon implantation, supporting the rapid establishment of a functional vascular network within the 

implanted construct and therefore a favorable outcome of the graft in a clinical perspective. These 

results introduce important clinical prospects that should improve success of cell-based therapies for 

which promoting cell survival and improving blood perfusion remains the major challenge. Further 

studies in large animal models using autologous cells are now needed to confirm the clinical 

relevance of this strategy. In parallel with these applications, the functional validation that 

inosculation demonstrates in our study supports the use of such pre-vascularized hydrogels as tools 

for in vitro investigation of angiogenesis and vascular integrity in 3D settings. 
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MATERIALS AND METHODS 

Cell culture 

Culture of human dental pulp stem cells from exfoliated deciduous teeth (SHEDs) was 

established as previously reported [58]. Deciduous teeth were collected after trauma or after 

exfoliation from three healthy young children (3-7 years of age). Briefly, after decontamination with 

povidone-iodine solution (Betadine, Meda Pharma, France), teeth were sectioned longitudinally and 

exposed pulp tissues were collected and enzymatically digested with type I collagenase (3 mg/ml; 

Worthington Biochem, Freehold, NJ, USA) and dispase (2 U/ml; Roche, Mannheim, Germany). Cells 

were then cultured in Modified Eagle Medium alpha (alphaMEM; Invitrogen, Grand island, NY, USA) 

supplemented with 20% fetal bovine serum (FBS; Invitrogen), 1% penicillin/streptomycin 

(Invitrogen), at 37°C with 5% CO2. The medium was refreshed after 3 days and then twice a week. 

Cells were detached by trypsinization at 70% confluence (0.25% trypsin EDTA solution Sigma-Aldrich, 

St. Louis, MO) and either frozen at -80 °C or re-plated at a density of 104 cells/cm2 in Dulbecco's 

Modified Eagle Medium 1g/L D-Glucose (DMEM low glucose; Invitrogen, Grand island, NY) 

supplemented with 10% fetal bovine serum (FBS; Invitrogen), 1% penicillin/streptomycin 

(Invitrogen), at 37°C with 5% CO2
 with medium refreshing twice a week. For all experiments, SHEDs 

were used between passages 2 and 5. 

Human endothelial cells from the umbilical vein were prepared as previously described [59]. 

They were cultivated on type I collagen (100 µg/mL) in endothelial cell growth medium 2 (ECGM2, 

PromoCell, Heidelberg, Germany). Experiments were performed before passage 5. Adult normal 

human dermal fibroblasts (NHDF, Promocell, Heidelberg, Germany) and Vascular Smooth Muscle 

cells (vSMC,) were grown in fibroblast growth medium 2 (FGM2; PromoCell). Human pericytes from 

placenta (gift from B. Péault, MRC Center for Regenerative Medicine, University of Edinburgh) were 

cultured in DMEM Low Glucose (Gibco, Hampton, US) supplemented with 20% FBS.  

For some experiments SHED and endothelial cells were transfected with a LifeAct-Ruby 

lentivirus or a pSico GFP lentivirus respectively. 

In vitro vascularization and tissue construct preparation  

Endothelial cells were either seeded alone or co-seeded with SHED at the indicated 

concentrations in 2 mg/ml collagen I extracted from rat tail. Hydrogels were cast either in Ibidi µ-

insert for observation on the DSLM or in tooth slice for in vivo implantation. In order to promote 

adhesion of the hydrogel to the scaffold, µ-inserts were coated with 1.5 mg/ml poly-dopamine 

(Sigma-Aldrich) in 10 mM tris pH8.5 overnight in the dark. Tooth slices (one slice per well) were 

placed into 24-well cell culture-suspension plates (Cellstar, Greiner bio-one, Basel, Switzerland). For 

implantation experiments, control gels only contained SHED cells at 1 x 106 cells/ml. Hydrogels were 

cultured for 3 or 4 days either in SHED conditioned medium or in ECGM2 depleted for VEGF.  

Capillary formation and perivascular cell recruitment were analyzed using the Cytodex bead 

assay [31,32]. Endothelial cells were seeded on Cytodex beads (GE Healthcare, Knoxville, TN) 24 

hours before embedding in a 2.5 mg/mL fibrin gel containing SHED at 1 x 106 cells/ml. Gels were then 

incubated in ECGM2 depleted for VEGF. Inhibitors (Imatinib mesylate® R&D Systems, 5906/100), 

blocking antibody (anti-PDGF, R&D Systems, AB-23-NA), recombinant protein (rhPDGF-BB, R&D 

Systems, 220-BB-010) or heparin (Promocell, C-39211) were added at the indicated concentrations in 

the culture medium.  
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Immunofluorescence 

2D and 3D samples were fixed with 4% paraformaldehyde for 10 min and 30 min 

respectively, permeabilized with 0.5% triton-X-100 (Sigma-Aldrich) and saturated only for 2D culture 

with 10% normal goat serum. They were then incubated with primary antibodies directed against 

CD31 (1/200, Dako, Les Ulis, France, M0823), Col IV α2 chain (1/400, Sigma-Aldrich, MAB1910), 

αSMA coupled to Dylight550 (1/100, Novus, NBP2-44464R), Desmin (1/200, Molecular Probes, 

Molecular Probes, 131-15015), PDGF-β receptor coupled to Alexa Fluor647 (1/100, Abcam, 

ab196151), NG2 (1/200, Abcam, ab5320). They were then incubated with secondary antibodies 

targeting mouse IgG coupled to Alexa555 or goat IgG coupled to Alexa488 (1/500, Invitrogen). Actin 

was stained with Phalloidin coupled to complementary AlexaFluor (1/200, Invitrogen). Nuclei were 

stained with 4′,6-diamidino-2-phenylindole (DAPI) (1/10000, Invitrogen). 

 

Image acquisition and quantification 

Analysis of 2D immunostaining was performed with a Zeiss Observer Apotome 2 using Plan-

Apochromat 63x/1.4 oil-immersion objective lens. For capillary network acquisition, images were 

acquired using Plan-Apochromat 10x/0.45 or 20x/0.8 objective lens or with in-house DSLM. Time-

lapse acquisitions have also been performed with the DSLM (supplementary material and methods 

for detailed description). For capillary network quantification, images were segmented to obtain a 3D 

mask and further analyzed with in-house software (3D-Skel, Fig. S1) developed on Matlab 

(Matworks) using Skel2Graph3D [60]. MIJ pluging (http://bigwww.epfl.ch/sage/soft/mij/) was used 

to interact with ImageJ (NIH, Bethesda MD, USA) (http://www.imagej.nih.gov/ij) in order to create 

and analyze the parameters of the 3D vessel skeleton [61]. Quantification of perivascular cell 

recruitment was based on the 3D measurement of the distance between SHED nuclei and capillary 

surface stained with CD31 and converted into 3D surface. SHED nuclei were isolated by image 

processing with the Imaris Xtension module “Distance Transformation” and converted into spots. 

Those, outside capillary surfaces, were sorted for automatic 3D distance measurement. Threshold 

was adjusted to allow automatic detection and quantification of perivascular recruitment.  

 

Human tooth slice preparation 

Teeth were obtained from the Dental Departments of AP-HP, France. For tooth section 

preparation, permanent third molars were obtained in young adults (18-25 years of age) after 

extraction according to an orthodontic treatment plan. All teeth were collected with informed and 

oral consent from the patients and the parents according to ethical guidelines set by the French law 

and with a dedicated authorization for UR246 (n°DC-2009-927, Cellule Bioéthique DGRI/A5, Paris, 

France).  

One-mm-thick tooth slices were prepared from caries-free third molars as previously 

described [22,62,63]. After disinfection with 70% ethanol, teeth were transversely sectioned at the 

cervical region using a diamond saw blade under cooling with sterile phosphate-buffered saline (PBS, 

Invitrogen) to obtain 1-mm-thick dentin slices. The pulp tissue was completely removed and tooth 

slices were immersed in 0.05% sodium hypochlorite for 10 s and then washed with sterile PBS. 

Ethical approval and animal management 
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All experiments in this study were designed according to ARRIVE guidelines and performed 

according to protocols approved by the Animal Care Committee of University Paris Descartes (APAFIS 

#6173). Animals were maintained according to the guidelines for ethical conduct developed by the 

European Communities Council Directive (animal breeding agreement D92-049-01). All efforts were 

made to minimize their pain or discomfort. Athymic NUDE “NMRI-Foxn1 nu/nu” male mice (6 weeks 

– old, ≈30g) were purchased from Janvier Labs (Le Genest Saint Isle, France). They were housed at 

sterile stable conditions (22±2 ºC) with a 12h dark/light cycle, and with ad libitum access to sterilized 

water and food. 

 

Surgical procedure  

Tissue constructs were implanted in Athymic Nude mice (n=15 per group) as described [22]. 

During the entire surgery procedure, the animals were maintained in a sterile environment using a 

laminar flow hood Esolis 1200 Noroit®. Analgesia injection with buprenorphine (0.02 mg/kg b.w.) was 

performed 15 minutes before surgery to prevent pain. Athymic NUDE mice were anesthetized with 

80mg/kg b.w. of ketamine and 10mg/kg b.w. of xylazine hydrochloride, both from Centravet 

(Maison-Alfort, France). Two tissue constructs kept in serum-free medium were implanted 

subcutaneously in each side of the mouse back (Agreement CEE A34.CC.003.11). Each animal was 

randomly allocated per cage and per group. Wound closure was achieved by suturing the skin using 

absorbable suture (Vicryl Rapid 4.0, Ethicon, Johnson & Jonhson). Wound healing progressed without 

any sign of infection, material exposure or other complication.  

 

Micro-X-ray computed tomography (Micro-CT) analysis  

For exploration of angiogenesis in tissue constructs, mice were anesthetized and an 

intracardiac (left ventricle) injection of a contrast agent (Barium sulfate dilute in PBS) was performed 

before scanning using an X-ray micro-CT device (Quantum FX Caliper, Life Sciences, Perkin Elmer, 

Waltham, MA) hosted by the IDV Platform, UR2496, Montrouge, France. The X-ray source was set at 

90 kV and 160 μA. Tridimensional images were acquired with an isotropic voxel size of 20 μm. Full 3D 

high-resolution raw data are obtained by rotating both the X-ray source and the flat panel detector 

360° around the sample (scanning time: 3 min). After acquiring the 360° projections, the 3D 

reconstructions were obtained using RigakuSW (Caliper) software (a voxels matrix of 512x512x512 

with 20 µm of resolution). Tridimensional rendering was subsequently extracted from Dicom data 

frames using the open-source OsiriX imaging software (v3.7.1, distributed under LGPL license, Dr A. 

Rosset, Geneva, Switzerland). Quantification of the vascular density inside each tissue construct was 

realized using Analyse 11.0 (Biomedical Imaging Resource, Mayo Clinic, Rochester, MN, USA). A 

global volume of interest (VOI) was drawn by interpolating 2D region of interests on consecutive 

sections to isolate tissue constructs. The obtained interpolated VOI comprised only 3D collagen 

matrices and the invading vessels into which lumens were counter-contrasted using barium chloride. 

To reduce the background noise, we used spatial filter (median 3x3x3). Vessels were finally 

segmented with a threshold, that selected barium chloride-contrasted vessels in Volume Edit, and 

vascular volume fraction (%) was calculated with region of interest in Analyze 11.0. 

 

Immunohistochemistry and immunofluorescence 

Thirty days after in vivo implantation, tissue constructs were surgically removed and fixed 
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overnight at 4°C in 4% paraformaldehyde, then progressively demineralized in 4.13% pH 7.3 EDTA 

(n=15 tissue constructs per group). Tissues were embedded in paraffin and 7 µm sections were 

prepared for immunohistochemistry. Samples were deparaffinized, and non-specific peroxidases 

were blocked for 15 min with ortho-periodic acid. Non-specific protein binding was blocked with 5% 

BSA during 1 hour after treated with 0.1% PronaseE during 10 min at 35°C. Samples were incubated 

overnight at 4°C, with primary antibody: vWF (1/800; ab6994, Abcam, Cambridge, UK), and 

Osteopontin (1/100; AF1433, R&D system, Minneapolis, Minnesota, USA). Samples were rinsed and 

incubated with polyclonal anti-rabbit or anti-goat immunoglobulin (1/1000, Dako, Glostrup, 

Denmark). Color reaction was developed with 3.30- Diaminobenzidine tetrahydrochloride (Fast Dab, 

Sigma-Aldrich), and samples were counterstained with eosin and hematoxylin (Vector). Double-

labelling immunofluorescence were performed by consecutively treating the sections with antibodies 

targeting human podocalyxin (1/20, AF1658, R&D system, Minneapolis, Minnesota, USA) and Coll IV 

a3 (1/100, Novotech 20411, Bron, France) and fluorescent-labelled secondary antibodies (Goat Alexa 

555 and Rabbit Alexa 647, respectively) diluted at 1/200 and 1/100, respectively. Nuclei were stained 

with 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen). Sensitive fibers immunofluorescence was 

performed using a CGRP polyclonal antibody (1/500; C8198, Sigma-Aldrich, Saint Louis, Missouri, 

USA) and a fluorescent-labelled secondary goat anti-rabbit antibody (Rhodamine Red-X at 1/100, 

Thermofisher, Waltham, MA USA). Negative controls were included by the omission of primary 

antibodies. Apoptosis was evaluated by the TUNEL reaction (In situ cell death detection fluorescein 

Roche 11,684,795,910). To quantify vascularization and apoptosis, sections were observed with a 

microscope equipped with 10X and 20X objectives, respectively (Leica Microsystems Wetzlar GmbH). 

Area of vascularization and number of apoptotic nuclei were measured using ImageJ software. Slices 

were chosen to be spaced throughout tissue constructs to quantify vascularization area in full 

lengthwise and apoptosis in representative areas. 

 

Statistical Analysis 

Numerical variables are expressed as the mean ± standard deviation (SD). The statistical 

analyses were performed using Prism software version 7.04 (GraphPad software, Paris Descartes). 

The normality of the distribution was tested with the D’Agostino-Pearson Normality test and Shapiro 

Wilks Normality test. The homogeneity of variance was tested with the Fisher F test. When the 

distribution of the data for each group respected the normality law and the variance of the group 

was homogeneous, the t test for independent measures was used to compare two group means. 

When the distribution of at least one of the groups did not follow the normality law or is too small to 

be tested, comparison between groups were performed with the nonparametric Kruskal-Wallis test, 

followed by group comparison with the Mann-Whitney U test. To compare the 3 groups at each 

time-point a one-way Anova was performed followed by a Bonferroni test. For animal experiments, 

the tooth slice was considered as the statistical unit. Differences were considered significant at 

p<0.05. 
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FIGURE LEGENDS 

 

Figure 1: Generation of a microvascular network bearing perivascular recruitment. 

A-B: Endothelial cells (1.5 106 cells/ml) were seeded in collagen hydrogels either alone and 

cultured in SHED conditioned medium (A.i; EC + SHED-CM) or co-seeded with SHED (1 106 

cells/ml) and cultured in endothelial growth medium (A.ii; EC + SHED) for 4 days. Endothelial 

cells were either immuno-stained for CD31 or F- actin was detected using phalloidin-

AlexaFluor488. Morphometric characteristics of capillary formation consisting in capillary 

length (B.i), diameter (B.ii) and tortuosity (B.iii) were measured. Three fields of view were 

analyzed over 260 µm thick z-stacks. Three independent experiments were performed in 

triplicate wells of 96-well plates each. Scale bar: 100 µm. C: Schematic representation of sample 

preparation for lightsheet microscopy. Endothelial cells (green) and SHED (red) were co-seeded 

in collagen before fibrillogenesis in a micro-well. After vascular network formation, hydrogels 

were fixed and mounted in agarose in a glass capillary. The capillary was then mounted on the 

sample holder and the hydrogel was pushed out for lightsheet excitation and image acquisition. 

D-F: Endothelial cells expressing GFP (green) were co-seeded with SHED expressing LifeAct-

Ruby (red) in hydrogel and cultured for 4 days for capillary formation. D: Z-stacks of 400 images 

were acquired with a lightsheet microscope equipped with a 20X objective (step: 1 µm). 

Endothelial cells (green) self-assembled in a network (D.ii). SHED were color-coded in red when 

isolated, and in purple when recruited at the surface of the endothelial network (D.iii, E, F.ii and 

iii). See movie 1. Scale bar: 100 µm. F: Z-stacks of images were acquired at higher magnification 

(63X) with a Zeiss Observer-Apotome2 microscope. 3D reconstruction demonstrated lumen 

formation (*). See movie 2. Scale bar: 10 µm. Images were treated with Imaris for surface 

rendering and 3D reconstruction. 

 

Figure 2: Expression of pericytes markers by SHED.  

A-C: SHED, placenta pericyte (PlPC), vascular smooth muscle cells (VSMC) or endothelial cells 

(HUVEC) were seeded in culture dishes and fixed with PFA before immuno-staining of the 

indicated markers. Cells were stained for actin (red) (A and B) and either aSMA (A) or desmin 

(B) (green) or for NG2 (green) and PDGF-Rβ (red) (C). Nuclei were stained with DAPI (blue). 

Whereas SHED did not express aSMA, pericytes displayed heterogeneous expression of this 

marker. Both cell types expressed similarly desmin, NG2 and PDGF-Rβ, unlike HUVEC. Scale bar: 

50 µm. D: HUVEC expressing GFP (green) and SHED expressing LifeAct-Ruby (red) were co-

cultured in hydrogel before immunostaining of PDGF-Rβ (white). Nuclei were stained with DAPI 

(blue). Scale bar: 20 µm.  

 

Figure 3: Characterization of SHED recruitment. 

A: Schematic of morphometric analysis. Images of 3D co-culture of endothelial cells expressing 

GFP (green) and SHED-LifeAct-ruby (red) were 3D reconstructed and treated for surface 

rendering using Imaris. Schematic representation of nuclei is presented in orange. Morphology 

of SHED was manually assessed and distributed into either star-shape/isolated SHED (red) or 
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spread along capillary (purple). B: The distance between the centroid of SHED nuclei and the 

surface of the endothelial capillary was measured as described in the methods section and 

plotted for determination of a threshold distance (dotted line) allowing quantification of SHED 

perivascular recruitment. C: Time-lapse acquisition of SHED recruitment. Endothelial cells 

expressing GFP and SHED-LifeAct-Ruby were co-seeded in hydrogel in the sample holder 

dedicated to time-lapse acquisition (see Fig.S2). They were then cultured for three days for 

capillary formation in incubator before mounting in the chamber of the lightsheet microscope. Z-

stacks of images were acquired (i) every 20 minutes for 7 hours. Images were treated with 

Imaris for surface rendering (ii to v), and cells were color-coded: endothelial cells (green), 

perivascular SHED (purple) and SHED being recruited and migrating along the capillary (white). 

See movie 4. 

 

Figure 4: Regulation of SHED recruitment by the PDGF-Rβ pathway. 

A: Schematic representation of the recruitment assay (A). Endothelial cells monolayers on 

Cytodex beads (i) were co-encapsulated with SHED in fibrin hydrogels. Co-cultures were 

maintained for 4 days (ii) before fixation and immunostaining of CD31 (green) and staining of 

nuclei with DAPI (red). Z-stacks of images were acquired with a Zeiss Observer-Apotome2 

microscope. Formation of capillaries (iii) and distance of SHED nuclei (white arrows) to 

capillaries were quantified (iv). See movie 5. Scale bars: 25 (i), 200 (ii) and 50 (iv) µm. B-G: In 

order to assess the involvement of the PDFG-BB pathway, cultures were treated with Imatinib 

(0.2, 1 or 5 µM), heparin (22.5 µg/ml), anti-PDGF-B (20, 40 or 100 µg/ml) or PDGF-BB (10 or 

100 ng/ml). Angiogenesis was assessed by quantification of total capillary length per bead (B), 

number of primary sprouts budding from beads (C) and diameter (E). Perivascular recruitment 

per length of capillary was also measured (D). Statistical analysis was performed using Anova 

followed by Bonferroni test (*, p<0.05, **, p<0.01, ***, p<0.001, ****, p<0.0001). 

 

Figure 5: Deposition of collagen IV in the basement membrane. 

A: Capillaries generated in hydrogel with endothelial cells expressing GFP and SHED-LifeAct-

Ruby were immunostained for collagen IV. Lumen formation (* in i) and recruited SHED (# in i) 

were detected. The alpha2 chain of collagen IV staining was observed both at the surface of 

endothelial cells (i) and ensheathing perivascular cells (yellow arrows in ii). See movie 6. B: 

Monolayer of SHED were cultured in tissue culture dishes in their complete medium (i) or in 

endothelial medium (ii). Deposition of the alpha 2 chain of collagen IV in the extracellular matrix 

was detected by immunofluorescence. Scale bars : 20 µm. 

 

Figure 6: Analysis of in vivo vascularization. 

Vascularization was analyzed 30 days post-implantation in tissue constructs seeded with SHED 

alone or endothelial cells alone cultured in SHED conditioned medium (EC + SHED-CM) or with 

SHED and endothelial cells (EC + SHED). A-B: Athymic nude mice (n=15) were injected with an 

intravascular contrast agent. Reconstructed micro-CT data show vessels (red) inside the tooth 

slice (white) were quantified (B) *; P<0,05. C-D: vWF immunostaining was performed (C) and 



 23

area of vessels inside the construct (dotted line) was quantified using ImageJ (D). n=6 constructs 

per group. *: P<0.05, ***: P<0.001. Scale bar: 100 µm. E-G: Podocalyxin immunostaining (red) 

was performed (E) and area of vessels inside the construct (dotted line) was quantified using 

Image J (F). Nuclei were stained with DAPI (blue). n=8 constructs per group ***: P<0.001. 

Autofluorescent red blood cells were observed inside the lumen of human capillaries in the 

construct co-seeded with SHED and endothelial cells seeded with stained for podocalyxin (G). 

Scale bar: 50 µm. 

 

Figure 7: Vessel basement membrane, apoptosis and sensitive innervation. 

Analysis was performed 30 days post-implantation in tissue constructs seeded with SHED alone 

or endothelial cells cultured in SHED conditioned medium (EC + SHED-CM) or with SHED and 

endothelial cells (EC + SHED). A: Podocalyxin (red) and collagen IV (green) immunostaining 

were performed. Boarders of the tissue construct are depicted (dotted line). Nuclei were stained 

with DAPI (blue). Boxed picture shows zoomed area. Scale bars: 100 µm, and 30 µm in boxed 

area. B-C: TUNEL assay was performed (green). Nuclei were stained with DAPI (blue). The 

relative apoptosis was quantified inside the construct using ImageJ (C). n=7 blocs per group. 

Scale bar: 50 µm. D-E: CGRP immunostaining (red) was performed showing sensory fibers in all 

the groups. Nuclei were stained with DAPI (blue). Sensitives fibers (white arrows) were 

quantified inside calibrated area using ImageJ. n=5 samples per group. Scale bars: 20 µm. 

*P<0.05; ***: P<0.001; ****P<0.0001.  

 


















