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Abstract: Objective: To model the healing that umbilical cord perivascular cells effect in equines, we have used human 
umbilical cord perivascular cells (HUCPVCs) to repair tendon damage in a collagenase tendon injury model in immune-
compromised rats. Animals: 48 Nude rats (Crl:NIH-Foxn1rnu) of 200-250 g weight were used. Procedure: The Achilles 
tendon was exposed by blunt dissection and, using a 30G needle, 30 µl of either a mixture of cells (2 x105) and 
collagenase, or collagenase alone, was injected close to the musculotendinous junction in the direction of the 
osteotendinous junction. Results: Harvested tendons showed the presence of HUCPVCs at the site of injury, whose 
morphology changed from ovoid to elongated over the 30 post-injury experimental time period. Human genes for collagen 
type 1 and β-actin were expressed at all time points and there was also a significant increase in tendon tensile strength and 
stiffness by 30 days post-injury in the experimental group. Conclusion: HUCPVCs facilitated regeneration in our model 
through changes in collagen organization; cell shape and orientation; and increase in mechanical properties over those of 
the untreated controls. Clinical Relevance: Cell therapy has been shown to be effective in treating tendon injuries, 
especially in equines. We have recently isolated a mesenchymal cell population from equine umbilical cords that is 
analogous to a well-characterized HUCPVC population. Our results indicate that HUCPVCs are a putative cell source for 
treating tendon injuries; and this model could explain the benefits of using analogous cells in equines. 
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1. INTRODUCTION 

 Injuries to tendon and ligaments are the cause of subs-
tantial morbidity for humans and other species especially 
horses. When a tendon is damaged the repair mechanism 
results in a "haphazard" healing [1] that forms a scar tissue 
within the tendon, which in turn decreases the overall 
elasticity in the damaged section of the tendon and increases 
strain on adjacent uninjured tissue. Therefore, there is a need 
for treatment methods that regenerate tissue in injuries for 
which natural repair mechanisms do not deliver functional 
recovery.  
 Cellular therapy has been the focus of many studies as a 
putative method for effectively treating a range of mam-
malian connective tissue disorders. Indeed, bone marrow 
derived cells [2], heterogeneous populations of cells derived 
from enzymatically digested fat tissue [3], and umbilical 
cord blood [4] have all been used in treating tendon injuries 
in horses; as recently reviewed by Frisbie and Smith [5]. 
Plastic adherent bone marrow-derived cells, commonly 
referred to as bone marrow stem, or stromal, cells (BMSC) 
have been reported to successfully heal tendons, particularly 
superficial digital flexor tendon injuries in racehorses [3-6]. 
However, to facilitate the study of the fate and efficacy of 
such administered cells several small animal models have 
been employed. Thus, both autologous [7] and allogeneic [8]  
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BMSCs have been shown to regenerate tissue in injured 
rabbit tendons, producing organized collagen fibers and 
resulting in higher tendon stiffness and modulus in the 
treatment groups compared to controls; although this cell 
source can also result in bone spicules at the injury site [8]. 
A rat patellar tendon injury model has also demonstrated 
improved strength and quality of repaired tissue with human 
BMSCs compared to human fibroblasts derived from tendon 
tissue [10].  
 We, and others, have described a rich source of human 
mesenchymal cells found in the perivascular region of the 
human umbilical cord [11-13] which, due to its very high 
CFU-F frequency, has enabled the first robust single cell 
clonal confirmation of a hierarchy of MSC differentiation 
[14], and which we have called human umbilical cord 
perivascular cells (HUCPVCs). While these cells exceed the 
minimum criteria established by the International Society for 
Cellular Therapy to define MSC [15], their default lineage is 
fibroblastic, making them ideal candidates for tendon tissue 
engineering. Like bone marrow derived stromal cells, these 
cells are both non-alloreactive and immunosuppressive [16] 
and thus suitable for allogeneic application. Indeed, alloge-
neic animal studies, as well as allogeneic human clinical 
trials have demonstrated the utility of MSCs without the 
need for tissue matching between donor and recipient. 
However, xenogeneic grafting of MSC would appear to be 
species dependent, and it has been reported that MSC cannot 
be employed to cross xenogeneic boundaries [17], which is 
why it is necessary to conduct human cell studies in 
immuno-compromised hosts. 
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 In the present work we wished to study the capacity of 
HUCPVCs to contribute to the healing of tendon injuries. To 
this end, we delivered HUCPVCs into tendon injuries in 
immuno-compromised rats within the context of modeling 
the healing that we have seen clinically when employing 
similar cells from equine umbilical cords to treat superficial 
digital flexor tendon injuries. 

2. MATERIALS AND METHODS 

2.1. Cells 

 Human Umbilical Cord Perivascular cells (HUCPVCs) 
frozen and stored in 1.8 ml CryoTubesa in liquid nitrogen at 
passage 2, were provided by Tissue Regeneration Ther-
apeutics Inc. (Toronto, ON). The cell vials were quickly 
thawed in a 43°C bath and 1 ml of α-MEMb was added. 
After leaving at room temperature for 2 minutes, the contents 
of the cell vials were transferred to a 15 ml conical tubec the 
volume (2ml) was doubled with addition of α-MEM and 
after 2 minutes incubation; additional α-MEM was added to 
achieve a total volume of 10 ml, and the tubes were 
centrifuged at 285xg (1150rpm) at 4ºC for 5 minutes. The 
supernatant was removed and 1 ml of α-MEM was added to 
the cells. Cells were then counted using a Vicell automated 
cell counterc. The required volume of cells (see below) was 
centrifuged at 285xg (1150rpm) at 4ºC for 5 minutes and 
supernatant was removed, and bacterial collagenase type I,d 
dissolved in PBS and sterile filtered through a 0.22 µm filter, 
was added to the cells. Then, the mixture was delivered on 
ice to the site of surgery.  

2.2. Surgical Protocol 

 Nude rats (Crl:NIH-Foxn1rnu) of 200-250 g were used. 
The surgery was a single injection of collagenase (30 µl, 
10mg/ml), or cells and collagenase, into the Achilles tendon. 
The collagenase injection method has been widely used to 
simulate a chronic tendon inflammation in rats [18, 19] and 
is considered an acceptable model in equines [20]. Under 
inhalation anesthesia (Isofluorane in nitrous oxide and 
oxygen, 900 ml total flow rate; 5 % induction and 2.0 to 
2.5% maintenance), the skin overlying the right Achilles 
tendon was shaved and a longitudinal incision was made 
slightly medial to the visible outline of the tendon. The 
tendon was exposed by blunt dissection and, using a 30G 
needle, 2 x105 cells in 30 µl of collagenased (10mg/ml) was 
injected close to the musculotendinous junction in the 
direction of the osteotendinous junction. The left Achilles 
tendon served as a sham control by injection of an equal 
volume of collagenase solution (30 µl, 10mg/ml) without 
cells. For all groups, biodegradable sutures were used to 
close the incision. 
 Surgeries were performed on two groups of animals. One 
group was used for histological and molecular analysis of the 
tendon samples and the other group was used for mechanical 
testing studies. For the first 30 rats, time points were one 
day, 3 days, 7 days, 15 days, and 1 month post injection (n=6 
for each time point). The second group of 18 rats, used for 
mechanical testing studies, had time points of 7 days, 15 
days, and 1 month post injection (n=6 for each time point). 
Therefore, a total number of 48 animals were used for this 
experiment. Animals were euthanized by CO2 inhalation, and 

the Achilles tendons were excised and prepared according to 
the methods described below. 

2.3. Sample Preparation 

 Samples for paraffin sectioning were fixed in Zinc-for-
malin [21] for 48 hours to one week, then transferred to 10% 
neutral buffer formalin for longer storage if necessary. The 
samples were rinsed in distilled water and dehydrated in an 
ascending series of ethanols for 30 minutes at each step. 
Then, the samples were immersed in methyl benzoate over-
night and placed in toluene for 1 hour on a shaker. After this, 
samples were immersed in 3 changes of paraffin wax at 60ºC 
in an oven under a 20 psi vacuum for 1 hr at each exchange. 
Samples were embedded using a Leica EG 1160e embedding 
station.  
 Since tendon is a highly fibrous tissue additional prepara-
tion was necessary for gaining optimal sections. Paraffin 
blocks were sectioned using a rotary microtomef to expose 
the tendon surface, then the block was immersed in ammonia 
for 10 minutes, wiped and immersed in Molliflex tissue 
softener for an additional 10 minutes and put in an ice water 
bath. This step facilitated the cutting of 6 µm thick sections, 
which were then placed on APES coated slides and dried at 
50ºC overnight. Slides were dewaxed and dehydrated in 
xylene, and a descending series of ethanols, before staining. 

2.4. Immunohistochemistry 

 Immunohistochemical detection of human cells was 
performed on paraffin sections. The primary antibody used 
was monoclonal mouse anti human nucleig (1:50, HuNu). 
Two indirect detection methods of the labeling were used. 
For some samples an avidin-biotin assay, using a bio-
tinylated horse anti mouse IgG secondary antibodyh and an 
avidin-linked peroxidase was employed with detection 
achieved through Nova Redh. For some of these sections 
counterstaining was achieved with Mayer's hematoxylin for 
10 minutes. For other sections, an Alexa Fluor assay, using a 
goat antimouse IgG secondary antibody conjugated with 
Alexa Fluor 700 was employed. These sections were 
counterstained with Hoechst or DAPI (1:1000 dilution) for 
20 minutes and mounted with Fluoromountd. In addition, 
activated macrophages in the defect site were identified 
using a monoclonal mouse anti-rat CD68 antibodyi (1:50). 
These sections also served as isotype controls. For each 
method some sections were prepared without addition of the 
primary antibody to serve as secondary controls. Collagen 
immunostaining was performed using a rabbit anti-human 
collagen type I polyclonal antibodyj and horseradish 
peroxidase; this antibody cross-reacts with human and rat 
collagen type I. 

2.5. Reverse Transcription (RT)-PCR 

2.5.1. RNA Isolation 

 In order to check for gene expression, tendon samples 
were immediately frozen in liquid nitrogen, ground to a 
powder, and stored at 80°C in 1.5 ml eppendorf tubes. In 
order to extract total RNA, an electronic homogenizer was 
used on the frozen samples, and 1 ml Trizol (TRI) Reagentk 
was added. Samples were treated based on previously 
described protocol [1]. 
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2.5.2 Primer Design 

 The Ensemblm and Primer3 websites and AmplifX 
(version 1.5.4 by Nicolas Jullien) software were used to 
design the primers. The accuracy of a sequence was checked 
in PUBMED/Nucleotide, and in order to check for PCR 
products of the primers against the entire species, the 
BLAST program on PUBMED was referenced. A total of 20 
primers were designed for collagen and the tenocyte genes 
tenomodulin, tenascin and decorin (the design of the primers 
is reported in full in Emrani [22]).The amplified PCR 
product was fractionated on a 1.2% agarose gel and 
visualized by ethidium bromide staining.  

2.6. Tendon Mechanical Testing 

 After sacrifice, the rat Achilles tendons were dissected 
with the calcaneous attached. All muscle tissue was removed 
together with any residual soft tissue. The samples were then 
immersed in PBS and transferred for immediate mechanical 
testing. Before starting the test, each tendon was measured 
using a toolmaker's microscope. Specifically, the length and 
thickness of the tendon at the two ends, and the middle 
section of the tendon, were recorded and cross-sectional area 
of the tendon was calculated. An Instron MTSp was used to 
load the tendon samples in tension using a 1 kN load cell 
(10% F, 100 N). The ends of the samples were secured into 
the grips of the MTS brass clamp and Hematoxylin stain 
lines were carefully placed perpendicular to the long axis of 
the tendon to mark the gauge length. The tendon was 
preconditioned through 3 cycles of 0.1-0.5 N at10mm/min. 
After preconditioning samples were tested to failure at 
10mm/min. Displacement and failure forces were recorded 
and mean ultimate strain was calculated as displacement at 
failure over initial tendon length (Mean Ultimate Strain (%) 
= (Displacement)/(Initial Length)*100). Tensile strength was 
calculated as ultimate force at failure point over average 
cross sectional area of the tendon (Tensile strength = 
(Ultimate force)/(cross sectional area)). Additionally, at 30 
days, the Young's Modulus was calculated.  

2.7. Statistical Analysis 

 The non-parametric Wilcoxon Matched-Pairs Signed-
Rank Test was used to assess the statistical significance of 
the difference in tendon tensile strength between samples 
that were injected with HUCPVCs in collagenase and the 
ones that received collagenase only. In all cases, P < 0.025 
was taken to be significant. 

3. RESULTS 

3.1. Immunohistochemistry 

 Fig. (1) shows serial sections after being labeled using 
the avidin-biotin peroxidase enzyme system for HuNu, 
without and with hematoxylin nuclear counterstaining, and 
CD68 respectively. When the Alexa 700 goat antimouse IgG 
was used as the secondary antibody the nuclei were coun-
terstained with DAPI as shown in Fig. (2). HuNu labeled 
cells were visible in the sections in all time points. However, 
contrary to the product information, the label was seen in 
both nuclei and cytoplasm.  

 
Fig. (1). Images of tendons 15 days post transplantation. The 
sections were labeled with anti human nuclei (HuNu) primary 
antibody. (A) shows positively stained nuclei as brown spots inside 
rat tendon. (B) shows a serial section of (A) with hematoxylin 
counterstain. White triangles point to nuclei of cells that still have 
an ovoid morphology; black triangles represent more elongated 
cells. Activated macrophages are seen in (C) the next serial section. 
Positive cells have dark brown nuclei (FW = 343 µm). There were 
no areas that could be positively identified for both HuNu and anti-
rat CD68 staining, indicating that the cells were not engulfed by 
macrophages. 

B 

A 

C 
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Fig. (2). (A) and (B) show positively stained cells within the tendon 
tissue 1 and 30 days post transplantation (white arrows). (C) Shows 
a section from the control group labeled with HuNu, but lacking 
crossreactivity (FW= 217.6 µm). The HUCPVC morphology of the 
cells has changed from ovoid at earlier time points into elongated at 
day 30 post surgery. 

 Interestingly, cells appeared more elongated and less 
ovoid with time, as can be seen in Fig. (2). Isotype controls 
were negative. Collagen type-1 immunolabeling showed the 
difference in density and alignment of the collagen fibers in 
the experimental and control groups. At earlier time points 
the collagen was randomly oriented in both groups (data not 
shown). However, by 30 days post treatment while the con-
trol samples showed no change in this random distribution 
(Fig. 3A) the experimental groups containing HUCPVCs 
clearly demonstrated a more linear fiber arrangement (Fig. 
3B). 

Fig. (3). Images of tendons 30 days post transplantation. The 
sections were labeled with anti collagen type-1 primary antibody. 
(A) Shows a tendon from the control group: this group did not 
receive HUCPVCs. (B) Shows a tendon from the experimental 
group. (FW = 343 µm). The experimental group exhibits a more 
linear collagen fiber arrangement compared to the control group. 

3.2. PCR 

 At all times points, differences in gene expression were 
only seen with the collagen type 1A1 primers employed. 
Additionally, expression of β-actin-5 — which is only 
expressed in human cells — was seen at all the time points; 
this indicated that the HUCPVCs survived in vivo until the 
30 day experimental end point.  

 
Fig. (4). RT-PCR of samples from 1, 3, 7, 15 and 30 days post 
surgery. β-actin and collagen-I showed clearly the difference 
between samples that contained HUCPVCs and the control 
samples. The presence of human collagen-I and the housekeeping 
gene, β-actin, show that the human cells were still alive at all time 
points.  

B 

C 

A 

B 

A 
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3.3. Tendon Tensile Strength Test 

 The HUCPVC-injected samples showed an increase in 
tensile strength when compared to the control group at the 
30-day time point (Figs. 5 and 6). The overall mean tensile 
strength of the treatment group was 5.39 ± 1.36 MPa, 
compared to 3.30 ± 1.27 MPa for the control group, which 
represented a 63.23% increase in strength. Non-parametric 
Wilcoxon Matched-Pairs Signed Rank statistical analyses 

revealed significant increases in both the tendon tensile 
strength and Young's modulus (stiffness) in the HUCPVC 
group (P <0.025).  

4. DISCUSSION 

 Our data demonstrate that HUCPVCs facilitate healing of 
collagenase induced tendon injury in rats by expressing 

 
Fig. (5). Tendon tensile strength for 30 day post surgery samples of experimental and control groups (n=6). For each animal, blue diamonds 
represent mean tensile strength and pink bars represent single tensile measurements. As seen in the image, and shown by the statistical 
analysis, the group that received HUCPVCs had significantly higher tensile strength values compared to the control samples. 

 
Fig. (6). Tensile strength values at 30 days post surgery compared with normal uninjured tendon. Star shows statistical significance. This 
HUCPVC value was 68% of the tensile strength of a normal tendon, whereas the control group was only 41%. Tensile strength 
measurements were calculated at 7 and 15 days post surgery; however, no significant differences were seen between the treatment and the 
control group. 
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collagen, effecting collagen fiber alignment, and improving 
mechanical properties when compared to sham operated 
controls.  

4.1. HUCPVCs Survive Xenogeneic Transplant and 
Express Collagen 1 

 Taken together our histology, immunostaining and PCR 
data clearly demonstrate that HUCPVCs not only survived 
but contributed to the collagen organization of the repaired 
tendons. But, the non-nuclear specific HuNu labeling raises 
the question of whether labeled human protein had been 
phagocytosed by host macrophages. However, the lack of 
congruence in HuNu and CD68 labeling in serial sections 
would indicate that the two cell populations were distinct. 
This, together with the β-actin-5 expression, provides robust 
evidence for HUCPVC survival in this model. 
 The change in collagen organization with time has 
already been reported by Williams et al., [23] who 
considered early scar collagen to lack crosslinking of Type I 
fibers and contain a higher percentage of Collagen Type III. 
Clearly, the presence of HUCPVCs has accelerated the 
change from disorganized to parallel linear collagen fiber 
bundles, and this observation corroborates that of Chong  
et al. who employed bone marrow MSCs to treat rabbit 
tendon injuries [8]. While the fibrin carrier used by Chong et 
al. could have had an influence on collagen re-organization, 
this was evidently not the case in our model where the cells 
represented the only variable between experimental and 
control groups.  
 Unfortunately, we were unable to find an anti-human 
collagen Type I antibody that did not cross-react with rat col-
lagen, therefore it was not possible to determine immuno-
histologically if the re-organized collagen, the major protein 
constituent of tendon [24] was, in part, human. However, we 
have shown in different studies that HUCPVCs can 
contribute to bone [25], cartilage [14], and dermal tissue [26] 
in vivo, and thus it may be reasonable to expect that the 
collagen expression data in this study would have reflected 
some synthetic activity in vivo. Indeed, the change from 
ovoid to elongated morphology by 30 days could be 
indicative of tenocytic differentiation, although our primers 
for decorin, tenomodulin, and tenascin-C were unable to 
distinguish between the human and rat tenocyte phenotypes. 
Thus, we cannot assert whether the HUCPVCs differentiated 
into tenocytes and produced collagen, or simply acted as 
facilitators to increase collagen production in host tendon 
fibroblasts [27]. 

4.2. HUCPVCs Enhance Mechanical Properties in 
Healing Tendon in Nude Rats 

 The experimental groups at all the different time points 
showed an increase in mechanical strain values when 
compared to the control group. The Wilcoxon Matched-
Pairs-Signed-Rank Test showed no significance in the 
difference in tensile strength between the experimental and 
control groups at 7 and 15 days post transplantation time 
points, but the difference between the two groups at 30 days 
post surgical time point was significant (P <0.025). At 30 
days post surgery tensile strength of the experimental group  
 

reached 68% of the tensile strength of a normal tendon, 
whereas that of the control group was only 41%. This data is 
in accordance with the histological findings of difference in 
collagen fiber organization between the treatment and 
control groups. 
 Prior to the present study, the highest reported values of 
increase in wound tensile strength following cell adminis-
tration was that of Hankemeier et al., [28] who created 
standardized central full-thickness patellar tendon defects in 
immunodeficient rats, filled them with human BMSC in a 
fibrin matrix, and showed 51.5% of normal tensile strength 
20 days after surgery. This was an improvement over the 
results of Young et al., [7] who repaired rabbit Achilles 
tendons using MSCs seeded on a biodegradable scaffold and 
showed 37.2% of normal tensile strength values, by 12 
weeks. Chong et al. [8] who also added BMSCs to injured 
rabbit Achilles tendon, showed that tendon stiffness and 
modulus increased significantly in the treatment group at 
earlier time points, but there were no significant differences 
at later time points. In each of these referenced studies, an 
MSC-seeded carrier construct was employed that can inte-
grate into the tissue; therefore, it is unclear whether the cells 
or the constructs were the predominant driver of healing in 
the injured tendons. Our work employed no carrier, yet our 
results compare favorably to the results of all the mentioned 
studies, and the mechanical properties exceed those 
previously reported resulting in 68% of the normal tensile 
strength value in our HUCPVC group.  
 While tensile strength has been reported to decrease with 
time after injury in control samples, this is due to the 
unorganized and haphazard orientation of the collagen fibers 
in the healed tendon [1, 9]. However, there is also a decrease 
in tensile strength of the HUCPVC samples. Since tensile 
strength is measured as force/unit area, the overall decrease 
in tensile strength is, in part, due to an increase in the cross 
sectional area of the tendons that was evident at later time 
points. This increase in cross sectional area could be a result 
of increased concentration of collagen fibers and interposed 
cells. According to Oshiro et al., cellular and vascular 
content of a healing tendon tissue in rat is at its highest level 
around 1 month post injury [29]. This is due to the fact that 
larger amounts of fibrous tissue are being laid down within 
and around the tendon to enhance structural strength. This in 
turn results in an enlarged tendon that has greater structural 
stiff-ness but is less efficient as a spring and therefore 
compromises the performance of the load bearing tendon 
[30]. At 30 days post surgery, stiffness of the treatment 
group is significantly higher (1.6 fold) compared to the 
control group. Interestingly, both groups had significantly 
higher stiffness values compared to a normal tendon. This 
could also be due to increase in fibrous tissue inside tendons 
at 30 days, as mentioned above. 

CONCLUSION 

 Our study shows that HUCPVCs can be employed in 
treating tendon and ligament injuries. The healing is evident 
through changes in: collagen organization; cell shape and 
orientation; and increase in mechanical properties over those 
of the untreated controls. All these factors could contribute 
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to the healing and repair we have seen in the equine applica-
tions of such cells referred to earlier.  

FOOTNOTES 

a.  Nunc, Thermo Fischer Scientific, 75 Panorama Creek 
Drive, Rochester, NY. 

b.  Gibco, Invitrogen, Carlsbad, CA. 
c.  Beckton Dickinson Labware, Franklin Lakes, NJ. 
d.  Sigma Chemical Inc. St. Louis, MO, USA. 
e.  Leica, Wetzler, Germany. 
f.  Reichert-Jung 1150, Depew, NY. 
g.  Millipore Chemicon, Billerica, USA. 
h.  Vector Labs, Burlingame, CA. 
i.  AbD Serotec, Raleigh, NC. 
j.  Chemicon, Billerica, USA. 
k.  Invitrogen, Carlsbad, CA. 
l.  http://www.pasteur-lille.fr/fr/recherche/biopuces/public_ 

biopuces/Formation_2009/Ambion-Tri_Reagent.pdf 
m.  http://www.ensembl.org  
n.  http://frodo.wi.mit.edu/primer3/input.htm 
o.  http://ifrjr.nord.univ-mrs.fr/AmplifX-Home-page 
p.  Model 4301, Instron Worldwide Headquarters, Norwood, 

MA. 
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ABBREVIATION 

HUCPVC = Human umbilical cord perivascular cells 
BMSC = Bone marrow stem or stromal cells 
MSC = Mesenchymal stromal cells 
CFU-F = Colony forming units-fibroblasts 
HuNu = Anti human nuclei antibody 
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