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SUMMARY

Tendinopathies are common muskoloskeletal injuries that lead to pain and disability.

Development and pathogenesis of tendinopathy is attributed to progressive patholog-

ical changes to the structure, function, and biology of tendon. The nature of this dis-

ease state, whether acquired by acute or chronic injury, is being actively

investigated. Scarring, disorganized tissue, and loss of function characterize adult

tendon healing. Recent work from animal models has begun to reveal the potential

for adult mammalian tendon regeneration, the replacement of diseased with innate

tissue. This review discusses what is known about musculoskeletal regeneration from

a molecular perspective and how these findings can be applied to tendinopathy.

Non-mammalian and mammalian models are discussed with emphasis on the poten-

tial of Murphy Roths Large mice to serve as a model of adult tendon regeneration.

Comparison of regeneration in non-mammals, foetal mammals and adult mammals

emphasizes distinctly different contributing factors to effective regeneration.
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Introduction

Over the past several decades, an increase in both sedentary

lifestyle and emphasis on physical activity has vastly

increased the incidence of tendon injury (Smith et al. 2002;

Maffulli et al. 2003; Thomopoulos et al. 2003). Tendon

injury can be broadly classified as acute or chronic, depend-

ing upon the time frame over which the injury takes place.

Acute injury, a common consequence of moderate to intense

physical activity, can range in severity from self-limiting

injury that resolves with conservative management, such as

patellar tendonitis, also known as ‘jumper’s knee’ (Duri &

Aichroth 1995), to complete failure, often requiring surgical

intervention, such as Achilles tendon rupture (Jones et al.

2012). These well-studied acute injuries (Lin et al. 2004;

Boyer 2005; Thordarson & Shean 2005; Lehfeldt et al.

2008) typically exhibit the classic healing cascade (Molloy

et al. 2003) and are characterized by scar formation (Kovac-

evic & Rodeo 2008).

In contrast, chronic tendon injury (Kannus & Jozsa 1991)

is characterized by subrupture accumulation of damage that

is accompanied by an ineffective repair response. Initial

studies suggested that there may have been some remodel-

ling process (Leadbetter 1992); however, more recent studies

have demonstrated a molecular response that suggests a

diminishing attempt to repair as more damage is accumu-

lated (Fung et al. 2008; Andarawis-Puri et al. 2012;

Sereysky et al. 2010, 2012). Interestingly, despite the lack of

overt inflammation, the molecular response to this injury

includes altered regulation of inflammatory cytokines, colla-

gen and matrix metalloproteinases (MMPs). Specifically,

observations include increases in the presence and activity of

MMP-13, IL-1b (Sun et al. 2008) and MMP-1 and decreases

in the levels of MMP-2 and MMP-3 (Riley 2004). MMP-3
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is considered a key regulator of enzymatic matrix turnover,

thus its down-regulation may indicate a failure in the

remodelling process.

Chronic tendon injury lacks overt inflammation and is

subclinical; therefore, the disease is often attributed to over-

use. As an individual is unaware of the damage accumula-

tion taking place within the tendon, such injurious activity

continues leading to the commonly observed tendinopathic

clinical findings (Kannus & Jozsa 1991). Further, a logical

sequela of chronic tendon injury is progression to a clinical

injury, perhaps as severe as rupture (Leadbetter 1992). This

is supported by epidemiological data on tendon injury and

rupture, which reveals that 50% of individuals over the age

of 80 have a tendon rupture, despite frequently not having

an acute event to which the injury can be attributed (Tashj-

ian 2012).

The progression of overuse tendon damage from subclini-

cal process to clinical injury requiring surgical intervention

results in severe morbidity and cost. Similarly, the scar-med-

iated healing typically associated with acute tendon injury

also results in morbidity and cost. Yet both of these clinical

scenarios have the potential for tremendous improvement. If

the response of tendon to damage could be modulated to

promote effective remodelling, either through repair (with-

out overt inflammation) or through healing (with overt

inflammation), improvement in postsurgical outcome or

even elimination of the need for surgical intervention

through conservative management could be achieved. To

address this approach, we will review what is known about

healing and regeneration.

Regeneration

Tissue healing is a well-studied cellular response to injury

(Gurtner et al. 2008). Much of the work on tissue healing

has been done using skin wounds as a model (Broughton

et al. 2006) and has led to a thorough understanding of the

response, which includes many cell lineages undergoing a

coordinated response to yield a cascade of events that are

divided into the inflammatory, proliferative and remodelling

phases (Martin 1997). Importantly, healing typically con-

cludes with the remodelling of the newly produced tissue at

the wound site into scar – poorly organized extracellular

matrix that does not recapitulate the native tissue’s structure

or function (Reinke & Sorg 2012).

In contrast, regeneration denotes a restoration of native

functional tissue, with no scar formation (Larson et al.

2010). Investigations into regeneration have revealed that

regeneration can be thought of as an extension of healing;

both require similar cascades and phases; however, regenera-

tion continues to remodel scar tissue, ultimately replacing it

with native tissue (Baddour et al. 2012). If this process is

extended to include ineffective healing, or even a lack of

healing, as is the case in overuse tendinosis, then under-

standing the differences that exist between a healing and

regeneration response may provide key insights into improv-

ing tendon’s response to chronic injury.

Non-mammalian regeneration

The most common examples of regeneration exist in the set-

ting of autotomy, or self-amputation. This phenomenon,

although rarely observed in mammals, is common to star-

fish, who can shed an arm to evade a predator (Fleming

et al. 2007), as well as vertebrates, including some species

of lizards, who can shed their tails (Alibardi 2010), and sub-

sequently regenerate the appendages. Early studies of these

common adult examples of regeneration led to the identifi-

cation of the blastema, the cellular structure composed of

progenitor cells that are responsible for regeneration (Cong-

don et al. 1974; Dinsmore 1977).

Studying adult non-mammalian autotomy continues to

provide insight into the function of the blastema and the

molecular cascades associated with regeneration. Recent

work using zebrafish fin regeneration has begun outlining

the role that MMPs such as MMP-2 and tissue inhibitors of

metalloproteinases (TIMPs) such as TIMP-2 play in regulat-

ing the extracellular matrix during limb regeneration (Bai

et al. 2005). However, while such models provide key

insights, the lack of direct applicability of findings to mam-

malian injury is a serious limitation that can be overcome

from investigating examples of mammalian regeneration.

Mammalian regeneration

The mammalian foetal milieu has long been known to pro-

mote regeneration (Adzick et al. 1985) and has provided

insights towards minimizing scar formation (Leung et al.

2012). In the setting of an acute foetal wound, there is mini-

mal inflammatory response, as defined by the quantity of

inflammatory cells (Jennings et al. 1991) and activity of

inflammatory cytokines (Longaker et al. 1990). This may be

a result of the fact that foetal inflammatory cells are less dif-

ferentiated than those of the adult (Cowin et al. 1998) and

that the duration of the foetal inflammatory phase is shorter

than that of the adult (Adzick & Lorenz 1994).

In contrast, an over-heightened inflammatory response

correlates with scar formation in both healthy (Wynn 2008)

and diseased fibroproliferative states (Wynn 2007). These

findings suggest that there is an upper limit to the benefit of

the inflammatory response that, when surpassed, leads to

ineffective healing. This consequence of excessive inflamma-

tion is supported by studies suggesting that inflammatory

cytokines are the signalling mechanism responsible for

increased scar formation at wound sites subjected to

mechanical forces (Wong et al. 2011) and that scar has been

shown to be reduced in MCP-1 (a chemokine) knockout

mice (Ferreira et al. 2006).

However, inflammation is not the only difference between

the foetal and adult wound response. Studies have revealed

that foetal and adult healing engages different growth fac-

tors with potentially different roles (Whitby & Ferguson

1991). For example, it has long been known that TGF-b
expression (Krummel et al. 1988) and its modulators, such

as fibromodulin are highly correlated with scar formation.
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These molecules are expressed at different levels in the foetal

and adult setting (Soo et al. 2000), denoting the importance

of their roles. More recent studies have begun to investigate

the importance of the ratios of TGF-b1, -b2 and -b3, which

also differ between the foetal and adult setting (Liu et al.

2004). These findings will be discussed in greater detail with

other findings from adult mammalian regeneration models

below.

A third difference between foetal and adult tissue is the

presence of progenitor cells throughout the tissue, which

produce the foetal milieu conducive to regeneration when

tissue is injured. For example, satellite cells, the skeletal

muscle progenitor cells that lie between muscle fibres,

become active when muscle is injured and are responsible

for repair (Charge & Rudnicki 2004). Importantly, these

progenitor cells exist throughout the foetal tissue, and do

not form a distinct structure. Yet structures are formed dur-

ing foetal wound healing in certain tissues, such as bone

(Schmitt et al. 1999), which are referred to as blastema.

These structures are not typically responsible for regenera-

tion (with the exception of MRL mice, which will be dis-

cussed below) and are therefore related to the non-

mammalian blastema described above in appearance only

and not function (Carlson 2005).

Several studies have suggested that it may be these precur-

sor cells throughout the tissue that are directly responsible

for regeneration. Longaker et al. (1994) found that when

adult skin is transplanted onto a foetus, wounds in the adult

tissue heal with scar, while adjacent identical wounds regen-

erate. Additionally, multiple studies have shown that foetal

tissue will heal without scar when grown in an organ culture

system in which the milieu is controlled, and adult levels of

inflammatory cytokines and growth factors are maintained

(Ihara & Motobayashi 1992; Bleacher et al. 1993). This find-

ing suggests that if the foetal milieu is necessary for foetal

regeneration (and not a consequence of it), the progenitor

cells within foetal tissue are capable of establishing an effec-

tive local environment at the site of injury.

Tendon studies, utilizing a sheep model, have revealed

similar findings relating to regeneration in the foetal envi-

ronment. Specifically, 1 week after partial laceration, mater-

nal (adult) tendon had healed in the presence of

inflammatory cells with granulation tissue, while the foetal

tendon had regenerated, with neither gross nor histological

abnormalities in the tendon structure (Figure 1; Beredjiklian

et al. 2003). This study also found that TGF-b1 expression

remained constant in foetal tendon during repair, but was

up-regulated in that of adult, further supporting its rele-

vance to regenerative healing (Beredjiklian et al. 2003).

Interestingly, assessment of the function of the repaired ten-

don revealed that neither cohort fully recovered na€ıve ten-

don strength (Beredjiklian et al. 2003). This finding,

although surprising given the recovery of structure, is in

agreement with previous, similar work done in rat (Julia

et al. 1993) and may be attributable to the vastly different

foetal loading environment, which represents an inherent

limitation of the foetal tendon model.

The same group, building on their previous work, sought

to determine whether the regenerative ability of foetal ten-

dons is specific to the tissue or the environment. Favata

et al. grafted foetal and adult tendon, attached to custom

frames to maintain a basal force on the tissue, into subcuta-

neous pouches of adult mice. In this study, the use of

a frame to ensure a mechanical force on the tendon is

distinctly different from the group’s previously discussed

work, in which the foetal tendon experiences altered loading

with likely less force as the foetus floats in amniotic fluid.

Their findings were consistent with the previous study (Favat-

a et al. 2006), confirming that, for tendon, foetal tissue alone

is sufficient for regeneration. Biomechanical assessment

revealed that the healed adult tendon again exhibited

decreased strength; however, the loaded foetal regenerated

tendon recovered na€ıve level strength (Favata et al. 2006).

This finding denotes the capacity for foetal tendon to

undergo true regeneration of both structure and function, but

also highlights the limitation of the foetal model. The altered

loading environment may be responsible for the disparate

biomechanical function observed in the two experiments.

Yet the altered loading environment is not the only limita-

tion of a foetal model of regeneration. The distinction

between foetal regeneration and adult healing suggests a

transition period. Work using foetal rats has revealed that

regeneration does not last throughout foetal development,

but that wounds created after approximately 75% of gesta-

tion is complete begin to result in scar (Ihara et al. 1990).

(a)

(c) (d)

(b)

Figure 1 H&E stain micrographs of normal adult tendon (a,
509 magnification) and normal fetal tendon (b, 4009
magnification). Injured adult tendon (c) retains disruption of the
collagen fibers at the site of India ink marking (arrow) and the
disruption of normal collagen organization and disorganized
granulation tissue at the site of wounding (asterisk). Injured
fetal tendon (d) remodels, revealing no structural abnormalities
or lack of collagen fiber disorganization at the wound site
(identified with charcoal, arrow). The collagen architecture
appears to be completely restored (adapted from Beredjiklian
et al. 2003).
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Further work has continued to explore this threshold by

examining the molecular response to wounds induced before

and after the transition. Soo et al. (2003) found that

wounds that resulted in regeneration (<75% gestation com-

plete) yielded decreased TGF-b1 and TGF-b2 expression and

increased TGF-b3 expression, while wounds that resulted in

scar (more than 75% gestation complete) yielded increased

TGF-b1 and TGF-b2 expression and decreased TGF-b3
expression.

This latter expression profile is similar to those observed

in adult wounds (Ellis & Schor 1998; Cowin et al. 2001;

Buchanan et al. 2009), confirming that the transition from

regeneration to healing takes place during gestation. In addi-

tion, as noted above, the foetal milieu contains fewer inflam-

matory cells, and those that are present are less

differentiated than in adult. However, this too suggests a

transition period, and studies have revealed that the matura-

tion of the immune system, as it relates to wound healing,

takes place during gestation as well (Cowin et al. 1998).

Wound size also affects the likelihood of foetal regenera-

tion. Cass et al., using foetal sheep, varied both foetal age

and wound size, noting whether or not scar was formed.

They found that the younger the foetus was, the larger the

wound could be while still regenerating. Further, they found

that even when using young foetuses at approximately 40%

gestation (thus well below the approximately 75% threshold)

a large enough wound could be induced that the chance of

scarless repair is <10% (Cass et al. 1997). This work reveals

that having wounded tissue edges in proximity, a well-estab-

lished principle of adult wound care (Lait & Smith 1998), is

also relevant in the foetal setting, supporting the theory that

while it is the tissue that drives regeneration, the tissue may

establish a local environment that is also necessary.

Although the mammalian foetal wound model has pro-

vided many insights into regeneration, there is much that

can be learned from the few but validated adult mammalian

regeneration models as well. Organwide, regeneration is

known to take place commonly in liver, in which lobules

are replicated in the injured liver until the organ can meet

metabolic demands (Abshagen et al. 2012), and bone, in

which mineral matrix is generated to meet mechanical

demands (Panetta et al. 2010; Monroe et al. 2012). Yet

most other adult tissue heals with scar. This finding alone –
that regeneration and scar-mediated healing exist within the

same adult mammalian organisms – suggests that the two

responses to injury may be related and that all adult mam-

malian tissue may hold the potential for regeneration.

There are several other examples of adult mammalian

regeneration, although not organ wide. In the 1950s, rabbits

were noted to regenerate earholes (Goss & Grimes 1975).

This led to a broad search for other adult mammalian spe-

cies that would regenerate earholes, revealing that several

other species, including rat and mouse exhibited regenera-

tion (Williams-Boyce & Daniel 1986). Williams-Boyce &

Daniel (1986) state that the regeneration is limited, noting

that the phenomenon is a function of earhole location, and

‘the interpretation of “regeneration” or “wound closure”’.

More recently, these qualified observations of mouse regen-

eration have been supported. For example, African spiny

mice (Acomys) have been observed to exhibit skin autot-

omy; their back skin easily tears at low forces and subse-

quently regenerates (Seifert et al. 2012).

Work contrasting these few regeneration models with

well-established and reviewed healing models (Martin 1997)

has yielded many insights. Studies of healing in humans

have revealed findings consistent with observations in adult

mammalian models: excessively high levels of inflammation

result in fibrosis and subsequently scar formation (Gurtner

et al. 2008). Interestingly, Ashcroft et al. (1998) observed

that while the extent of scarring increased throughout young

adulthood, it decreases in the elderly. This reversion may

reflect the relative decrease in levels of inflammation and

chemokine expression observed in elderly wounds, a tissue

response similar to that of foetal tissue (Bayat et al. 2003).

In contrast, in the setting of keloid, a pathologic, fibroprolif-

erative response to injury, inflammation is increased beyond

young adult levels (Tredget et al. 1997), as is TGF-b (Tred-

get et al. 1998).

Investigating TGF-b isoforms in adults has revealed

increased levels of TGF-b1 and -b2 and decreased levels of

TGF-b3 (Ferguson & O’Kane 2004). This expression pat-

tern is the opposite of that observed in foetal regeneration

models, and taken together they strongly suggest that the

ratio of these isoforms contributes to the extent of scar for-

mation. The foetal isoform ratio was also translated to an

adult model by the addition of exogenous TGF-b3 and inhi-

bition of endogenous TGF-b1 and -b2 in the setting of adult

cutaneous injury, both of which reduced scar formation

(Shah et al. 1995). Further, recent work in non-regenerative

mouse strains has demonstrated that a point mutation in the

TGF-b1 receptor gene demonstrate a regenerative phenotype

(Liu et al. 2011), supporting the role that TGF-b1 plays in

tissue repair.

MRL mice

MRL/lpr is an autoimmune-prone mouse strain, initially

used as a model of systemic lupus erythematosus (Theofilop-

oulos & Dixon 1985; Kench et al. 1999). Work using this

strain, as well the LG/J strain, one of MRL’s parent strains,

has revealed superior adult healing capability, relative to

other strains of mice (Kench et al. 1999; Li et al. 2001a,b;

Blankenhorn et al. 2009). Further, through a series of bone

marrow transplant experiments, this superior healing

response was shown to be unrelated to the strain’s altered

immune system activity (Kench et al. 1999).

In 1998, a new inbred mouse strain, MRL/MpJ, (Murphy

Roths large (MRL), generated by the Murphy group of The

Jackson Laboratory (MpJ) was developed, isolating the

superior healing response. In contrast to MRL/lpr, MRL/

MpJ is not autoimmune-prone until much later in life, but

retains the superior healing response of its predecessors

throughout its life and in fact exhibits regeneration (Clark

et al. 1998).
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The regenerative healing ability of MRL/MpJ mice was

initially discovered when 2-mm punches made in their ears

healed with restoration of structure and no scar over the

course of one month (Figure 2; Clark et al. 1998; Heber-

Katz 1999). MRL/MpJ’s adult regenerative capabilities have

been shown to extend to myocardial tissue (Leferovich et al.

2001; Heber-Katz et al. 2004a,b), articular cartilage (Fitz-

gerald et al. 2008; Ward et al. 2008), digit tips (Chadwick

et al. 2007), the central nervous system (Donnelly & Popo-

vich 2008), retina (Tucker et al. 2008) and cornea (Ueno

et al. 2005).

However, there do appear to be limits to MRL/MpJ’s

regeneration. Colwell et al. (2006) performed studies that

simultaneously confirmed MRL’s capability to regenerate

earholes, but also found that their healing of incisional and

excisional dorsal cutaneous wounds were no different than

non-regenerating mouse strains. Additionally, several groups

were not able to reproduce prior myocardial regeneration,

demonstrated via cryogenic injury, when using an ischaemic

injury model (Oh et al. 2004; Abdullah et al. 2005; Robey

& Murry 2008), and one has reported data conflicting with

the regenerative response to cryogenic injury (Grisel et al.

2008). Nonetheless, MRL/MpJ represents a promising adult

mammalian model of tendon regeneration.

Molecular mechanisms of MRL/MpJ healing and
regeneration

Investigations into the mechanism of MRL/MpJ regeneration

began broadly. Li et al. used microarray hybridization to

measure the expression of more than 8700 genes at the

wound site at various timepoints postinjury in both MRL/

MpJ and C57BL/6J, a non-regenerating mouse strain. This

approach revealed that, similar to previous examples of

regeneration, MRL/MpJ inflammation was down-regulated

relative to C57BL/6J, and wound repair genes were up-regu-

lated (Li et al. 2001a,b). Several studies have tried to use

this or a similar approach to identify a quantitative trait

locus responsible for these broad differences (McBrearty

et al. 1998; Li et al. 2000; Masinde et al. 2005), but as of

yet, none has been successful, as multiple loci have been

identified.

Further complicating the issue, MRL/MpJ exhibits sexual

dimorphism (female mice regenerate more quickly) with

overlapping, but not identical sets of quantitative trait loci

being responsible for regeneration in each sex (Blankenhorn

et al. 2003). Interestingly, oestrogen is known to alter heal-

ing by modulating TGF-b1 levels (Ashcroft et al. 1997), but

does not appear to alter MRL/MpJ regeneration (Blanken-

horn et al. 2003), suggesting that the two processes are reg-

ulated separately.

Investigating downstream mechanisms of MRL/MpJ’s

regeneration revealed that MRL/MpJ has increased expres-

sion of MMP-2 and -9 (Tucker et al. 2008), and decreased

expression of TIMP-2 and -3 (Heber-Katz et al. 2004a,b).

MRL/MpJ has also been noted to have lower levels of

inflammation as measured by TNF-a, IL-1b and macrophage

inflammatory proteins after injury, relative to non-regenera-

tive mouse strains (Lewis et al. 2012). TGF-b levels are also

altered, and will be discussed in the context of tendon

below.

MRL/MpJ mice were also noted to have functional blas-

tema at wound sites, which were not present in non-regener-

ating controls (Gourevitch et al. 2003). These structures,

only observed in mammalian regeneration during the foetal

period, as discussed above, strongly suggest that MRL/MpJ’s

regenerative capability is a remnant of the foetal period

which is not lost as the mouse matures (Edwards 2008).

This is further supported by analysis of the blastema cells,

which revealed that they express progenitor cell markers,

including Msx-1 and Pref-1 (Vorotnikova et al. 2010).

Further studies using bone marrow transplants have revealed

that the blastema arises from dedifferentiated adult tissue,

and not a hematopoietic stem cell source (Kench et al.

1999).These blastema cells have been noted to be missing

p21 (Arthur & Heber-Katz 2011), a kinase inhibitor that

prevents dedifferentiation (Hong et al. 2009). The impor-

tance of this finding was emphasized when a p21 knockout

strain was developed, inducing a regenerative phenotype in

a previously non-regenerative mouse strain (Bedelbaeva

et al. 2010).

The value of progenitor cells in wound healing has also

been demonstrated by a recent study in which the addition of

mesenchymal stem cells from either MRL or a non-regenera-

tive mouse strain prevents post-traumatic arthritis when

introduced to an intra-articular fracture in a non-regenerating

mouse strain (Diekman et al. 2012). These findings suggest

that MRL/MpJ’s superior healing response is a function of

ability of the mature cells within its tissue to dedifferentiate

and form a functional blastema at the site of injury.

Specific to tendon healing, MRL/MpJ mice present a very

promising venue of research. Tendon’s response to injury,

(a) (b)

(c) (d)

Figure 2 Through-and-through 2 mm holes are punched in the
middle of the ear pinnae, clearly seen at day 0 in both C57BL/
6J (a) and MRL/MpJ (b). By day 30, however, earholes remain
clearly seen in C57BL/6J (c) but have been replaced by native
tissue in MRL/MpJ (d), denoting regeneration (Adapted from
Clark et al. 1998).
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when present, has been noted to be similar to the foetal state

of tendon development (Ingraham et al. 2003). However,

similar to other examples discussed above, the process is

altered at some point, resulting in the formation of scar and

not true tendon. This may be due to tendon’s relative lack of

vascularity and cellularity, making cellular recruitment diffi-

cult and resulting in a typically poor healing response.

Thus, MRL/MpJ is ideally suited to this task, given its

development of a blastema which allows wounded tissue to

be more self-sufficient during healing or regeneration. Fur-

ther, MRL/MpJ’s demonstrated ability to mount a foetal-

like regeneration response in multiple tissue types, including

connective tissue, suggests that MRL/MpJ may provide an

adult, mammalian, regeneration model in the setting of ten-

don injury.

Given the important role that inflammation plays in heal-

ing and MRL/MpJ regeneration, we chose to investigate

MRL/MpJ’s response to tendon injury using two distinct

models, an acute injury model with the expected overt

inflammation, and a non-inflammatory subrupture fatigue

injury model. All procedures were approved by the Institu-

tional Animal Care and Use Committee. To investigate

MRL/MpJ’s response to acute tendon injury, MRL/MpJ and

C57BL/6J mice underwent partial laceration of one patellar

tendon, by modifying a previously published protocol (Lin

et al. 2006; Ricchetti et al. 2008; Andarawis-Puri et al.

2009; Ansorge et al. 2009; Beason et al. 2011, 2012). Ten-

dons were then harvested at 4 and 8 weeks postinjury. Each

tendon was assessed histologically using toluidine blue to

assess cellularity and gross morphology, picrosirius red to

assess collagen structure and immunohistochemistry to

assess MMP-2 and TGF-b1 protein levels. In addition to its

previously discussed role in repair and regeneration, MMP-2

was examined because it is active in integration of undiffer-

entiated blastema cells in limb regeneration (Vinarsky et al.

2005) and is suspected to play a similar role in MRL tendon

regeneration. In addition, MMP-2 activates TGF-b and may

further contribute to the differences in the role of TGF-b1 in

healing and regeneration.

As expected, MMP-2 and TGF-b1 protein levels signifi-

cantly differed in lacerated MRL/MpJ than C57BL/6J ten-

dons. In general, TGF-b1 protein levels were higher at all

timepoints in MRL/MpJ than B6, with the greatest increase

in MRL/MpJ TGF-b1 protein level being observed 4 weeks

after injury (Figure 3). Interestingly, while MMP-2 protein

levels were generally higher in MRL/MpJ than C57BL/6J

tendons, MRL/MpJ tendons exhibited the lowest MMP-2

protein level 4 weeks after injury, the timepoint at which

MRL/MpJ TGF-b1 protein level was highest (Figure 4).

Toluidine blue staining revealed that C57BL/6J demon-

strated an increase in proteoglycan content for both strains

4 weeks after injury and remained high for B6 but was

modulated to baseline levels for MRL by week 8. MRL/MpJ

tendons exhibited increased vascularization at 4 and

8 weeks postinjury, which was not observed in C57BL/6J.

The result of these responses was improved structural recov-

ery of MRL/MpJ relative to C57BL/6J at 8 weeks postinju-

ry, as determined by picrosirius red staining (Figure 5;

Sereysky et al. 2013).

The role of TGF-b1 is highly complex and contextual. It

is essential to wound healing (Ellis & Schor 1998) but is

associated with scar formation and fibrosis (Shah et al.

1995). TGF-b1 is integral in tendon foetal development

(Krummel et al. 1988), leads to collagen synthesis (Varga

et al. 1987) and can induce apoptosis (Perlman et al. 2001).

(a) (b) (c)

(d) (e) (f)

Figure 3 TGF-b presence (brown, positive staining, arrows)
post-laceration in C57BL/6J control (a), week 4 (b), and week 8
(c), and in MRL/MpJ control (d), week 4 (e), and week 8 (f),
revealing higher levels in MRL/MpJ at all timepoints (adapted
from Sereysky et al. 2013).

(a) (b) (c)

(d) (e) (f)

Figure 4 MMP-2 presence (brown, positive staining, arrows)
post-laceration in C57BL/6J control (a), week 4 (b), and week 8
(c), and in MRL/MpJ control (d), week 4 (e), and week 8 (f),
revealing higher levels in MRL/MpJ at all timepoints (adapted
from Sereysky et al. 2013).
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For instance, exogenous addition of TGF-b1 has been shown

to improve mechanical properties of injured tendons

(Majewski et al. 2009), while TGF-b1 injections into

healthy tendons result in a change of phenotype that is con-

sistent with tendinopathy (Bell et al. 2013). Investigating the

role of TGF-b in MRL/MpJ’s tendon repair will provide

insight into the duration, levels of activity and TGF-b-acti-
vated pathways that are associated with regeneration. These

data strongly suggest that MRL/MpJ mounts a superior

repair response and should be further investigated as a pos-

sible model of tendon regeneration in the setting of acute

tendon injury.

To investigate MRL/MpJ’s response to subrupture fatigue

injury, MRL/MpJ and C57BL/6J mice underwent a surgical

procedure in which fatigue loading is applied directly to the

patellar tendon to induce subrupture damage (Sereysky et al.

2010, 2012). Tendons were then harvested at various time-

points postinjury, and assessed for recovery of structure via

second harmonic generation imaging (Sereysky et al. 2010),

function via mechanical testing, biological response via

change in expression of a panel of collagens, MMPs and

inflammatory cytokines. C57BL/6J demonstrated an immedi-

ate and maintained change in structure (disorganization of

collagen fibres) and function (decreased failure load). In con-

trast, MRL demonstrated similar immediate changes (sug-

gestive of similar injury), but recovered na€ıve structure by

4 weeks postinjury and function by 8 weeks postinjury

(Figure 6; Sereysky 2011; Sereysky et al. 2013). These find-

ings suggest that C57BL/6J has no effective response to

overuse tendinosis (similar to humans), while MRL/MpJ

exhibits an improved repair response and possibly regenera-

tion. Expression profiles show that in comparison with

C57BL/6J, MRL/MpJ exhibited increased (or maintained)

expression of collagens, greater increases in MMP-2 and -3

and maintained expression of inflammatory cytokines and

TGF-b1. These findings suggest that MRL/MpJ’s regenera-

(a) (b) (c) (d) (e)

(g) (h) (i) (j)(f)

Figure 5 Toluidine Blue stain for proteoglycan content (degree of blue color) post-laceration in C57BL/6J control (a), week 4 (b),
and week 8 (c), and in MRL/MpJ control (f), week 4 (g), and week 8 (h), revealing high levels in C57BL/6J through week 8, while
MRL/MpJ returned to na€ıve between weeks 4 and 8. Picrosirius red stain for collagen maturity and organization (degree of red
color) post-laceration in C57Bl/6J control (d), and week 8 (e), and in MRL/MpJ control (i) and week 8 (j), revealing restoration of
na€ıve collagen structure in MRL/MpJ at week 8 (adapted from Sereysky et al. 2013).

(a) (b)

Figure 6 Stiffness of sub-rupture fatigue injured tendon,
normalized by contralateral tendon. C57BL/6J does not recover
na€ıve function by week 8 post-injury (a). MRL/MpJ recovers
na€ıve function between weeks 4 and 8 post-injury (b) (adapted
from Sereysky et al. 2013).
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tive capability in the setting of overuse tendinosis is due to

increased anabolic and catabolic activity as a function of

maintenance of na€ıve inflammatory levels. In the context of

prior work discussed above, these findings suggest that while

excessive inflammation results in scar, some inflammation

(at least a na€ıve level) is required for regeneration, while a

decrease in inflammation from na€ıve levels, as observed in

C57BL/6J, results in no effective repair response.

Conclusions and future directions

By investigating vastly different models of regeneration,

insights can be gained into different necessary components

of the regenerative mechanism. For example, our compari-

son of regeneration in non-mammals, foetal mammals and

adult mammals emphasizes distinctly different contributing

factors to effective regeneration. Non-mammals provide

insight into the functional blastema inherent to MRL

remodelling. Foetal mammals reveal the relevance of inflam-

mation to the quality of the remodelling process, guiding our

close examination of inflammation in adults. Adult mammals

are the most complex models and yet most similar to the com-

plexity of adult human tendon healing. They are the ideal

platform for investigating the interacting mechanisms that

lead to regeneration and identifying therapeutic interventions.

Examining these models of regeneration also raises several

uncertainties that must be addressed with future work. The

role of inflammation in remodelling, while large, has yet to

be thoroughly investigated. The majority of published data

suggest that more inflammation leads to more scar, tempting

one to conclude that complete inhibition of inflammation

may be a viable therapeutic strategy. Yet our work with

MRL suggests that some basal level of inflammation may be

necessary for MRL to undergo its superior remodelling/

regeneration in tendon, while a lack of inflammation may

result in a lack of response, in the case of chronic injury.

Taken together, these findings suggest that the role of

inflammation is necessary but complex, and deserving of

further investigation.

A second uncertainty that must be addressed is the role of

wounded tissue and its environment in the setting of regen-

eration. Early studies identified many differences between

the regenerative and non-regenerative environments, yet

transplant studies found that regeneration took place using

regenerative tissue in a non-regenerative environment. These

latter findings suggest that tissue alone defines regenerative

capacity. However, if this were the case, the role of inflam-

matory cytokines, which interact with the environment,

would be minimal. As this is not the case, future studies

must be performed to elucidate the contributing roles of tis-

sue and environment, as well as their interactions.

The final model reviewed, MRL/MpJ, is one of the most

promising models of adult, mammalian tendon remodelling

presently known. The improved repair and healing in MRL/

MpJ mice suggest that they may serve as an adult model of

tendon regeneration. Further work must be done to deter-

mine whether true regeneration takes place. However,

regardless of whether MRL/MpJ’s response is true regenera-

tion or simply a superior, scar-mediated repair/healing

response, there is much to be learned from this model.

Whether using MRL/MpJ or other adult mammalian regen-

eration models, characterizing the molecular environment

associated with adult tendon regeneration may identify ther-

apeutic targets for clinical interventions, leading to reduced

morbidity and cost of tendon injury.
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