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Abstract

Injury to the energy-storing superficial digital flexor tendon is common in equine athletes and is age-related.
Tenocytes in the superficial digital flexor tendon of adult horses appear to have limited ability to respond
adaptively to exercise or prevent the accumulation of strain-induced microdamage. It has been suggested that
conditioning exercise should be introduced during the growth period, when tenocytes may be more responsive to
increased quantities or intensities of mechanical strain. Tenocytes are linked into networks by gap junctions that
allow coordination of synthetic activity and facilitate strain-induced collagen synthesis. We hypothesised that there
are reductions in cellular expression of the gap junction proteins connexin (Cx) 43 and 32 during maturation and
ageing of the superficial digital flexor tendon that do not occur in the non-injury-prone common digital extensor
tendon. Cryosections from the superficial digital flexor tendon and common digital extensor tendon of 5 fetuses,
5 foals (1-6 months), 5 young adults (2-7 years) and 5 old horses (18-33 years) were immunofluorescently labelled
and quantitative confocal laser microscopy was performed. Expression of Cx43 and Cx32 protein per tenocyte was
significantly higher in the fetal group compared with all other age groups in both tendons. The density of
tenocytes was found to be highest in immature tissue. Higher levels of cellularity and connexin protein expression
in immature tendons are likely to relate to requirements for tissue remodelling and growth. However, if further
studies demonstrate that this correlates with greater gap junctional communication efficiency and synthetic
responsiveness to mechanical strain in immature compared with adult tendons, it could support the concept of
early introduction of controlled exercise as a means of increasing resistance to later injury.
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a three-dimensional functional network, enabling co-

Introduction ordinated and appropriate responses to mechanical

Tenocytes are the cells responsible for synthesis, turnover
and repair of the extracellular matrix (ECM) of tendons.
Tenocytes are arranged in parallel rows in the longitudinal
axis of the tendon, with gap junctions (GJ) linking flattened
cytoplasmic processes that extend through the collagenous
matrix between cells in the same and adjacent rows. Gap
junctions allow the passage of metabolites, ions and small
molecules (< 1 kDa) from the cytoplasm of one cell to
another (Goldberg et al. 1999; Goodenough & Paul, 2003).
These communicating channels connect the tenocytes into
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stimuli including increased collagen synthesis (Merilees &
Flint, 1980; Strocchi et al. 1991; McNeilly et al. 1996; Banes
et al. 1999).

Gap junctions cluster together in the cytoplasmic
membrane to form ‘plaques’, comprising anything from
a dozen to several thousand individual channels and rang-
ing from 100 nanometres to several microns in diameter
(Forge et al. 1999; Beyer & Berthoud, 2002; Segretain &
Falk, 2004). They are dynamic structures with addition of
newly synthesised channels to the periphery of plaques as
older channels are removed from the centre creating a
‘steady state’ over periods of up to two hours (Gaietta et al.
2002; Lauf et al. 2002). Each individual GJ is composed of
two annular hemichannels (connexons) that embed in the
cytoplasmic membranes of apposing cells, docking to form
a tightly sealed channel (Unger et al. 1999; Falk, 2000).
Connexons are comprised of 6 transmembrane proteins
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termed connexins (Cx); 21 Cx genes have been identified in
the human genome, named by the molecular mass (in kDa)
of their protein products (Sohl & Willecke, 2004). GJ
plaques comprised of Cx32 and Cx43 respectively have
been identified in rat, human and avian tendons (McNeilly
et al. 1996; Ralphs et al. 1998). These two connexin isoforms
do not form heteromeric connexons (Elfgang et al. 1995).

Tendons that store elastic energy to increase the efficiency
of high-speed locomotion, including the equine superficial
digital flexor tendon (SDFT) and human Achilles tendon
(AT), have high rates of injury in athletes that increase
with age (Kannus & Jozsa, 1991; Williams et al. 2001).
Anatomically opposing tendons that function solely to
transmit muscular force and position the limb including
the equine common digital extensor tendon (CDET) rarely
exhibit strain-induced damage. In many cases tendon
rupture is preceded by accumulation of subclinical
microdamage that is not repaired by tenocytes including
increased amounts of type Ill collagen, histologically
evident matrix degeneration, changes in cellularity and
vascularity, and reductions in collagen fibril diameter and
crimp angle (Webbon, 1977; Smith et al. 1999; Maffulli
et al. 2000; Jarvinen et al. 2004). It is known that tenocyte
density reduces with age in many tendons, however there
has been no comparison of energy-storing and positional
tendons during maturation and ageing periods (Webbon,
1977; Goodship et al. 1994; Nakagawa et al. 1994; Crevier-
Denoix et al. 1998). A number of studies have indicated
dramatic alterations in matrix composition and tenocyte
synthetic activity during maturation and with ageing of
digital flexor tendons; in some of these studies similar
changes were not noted in the CDET (Birch et al. 1999;
Perez-Castro & Vogel, 1999; Batson et al. 2003; Goodman
et al. 2004). On this basis it has been suggested that horses
should begin training during the growth period when the
tenocytes may be more synthetically responsive to
mechanical strain; this could result in adaptive changes in
the matrix that increase resistance to tendon injury in the
adult athlete (Smith et al. 1999; Firth, 2006). The synthetic
capacity of tenocytes and therefore their ability to
repair matrix microdamage is likely to be affected by their
potential to communicate via gap junctions; however this
has not been defined in any tendon structure. This study
addressed the hypothesis that there are significant
reductions in tenocyte density and in Cx43 and Cx32
protein expression by the remaining cells during maturation
and ageing in the energy-storing equine SDFT that do not
occur in the positional and non-injury-prone CDET.

Materials and methods

Specimens

SDFT and CDET specimens were taken with written owner
consent from the left forelimbs of 20 horses humanely
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killed for reasons other than tendon injury. The horses
were from the following pre-defined age groups; fetal
(full term, non-weight bearing; n =5), foal (1-6 months;
n =5), young adult (2-7 years; n = 5) and old (18-33 years;
n =5). Segments (0.5 cm) were excised from the core of
the mid-metacarpal region of each tendon and snap-frozen
in n-hexane pre-cooled in liquid nitrogen. Cryosections
(15-20 um) were cut in the sagittal plane, mounted on
poly-L-lysine coated glass slides (VWR, Dorset, UK) and
stored at —-80 °C.

Immunofluorescent labelling

The cryosections were rehydrated in PBS plus 0.1% (v/v)
Tween-20® (Sigma-Aldrich, Dorset, UK) and blocked with
PBS containing 5% (v/v) goat serum (Invitrogen, Paisley,
UK). Immunolocalisation was performed using standard
indirect immunofluorescence, with either monoclonal
mouse anti-Cx32 at 10 ug mL™" (Chemicon International
Ltd., Temecula, CA, USA) or mouse anti-Cx43 at 2 ug mL™
(Chemicon International Ltd.) followed by Alexa488
conjugated goat anti-mouse IgG (7.5 ug mL™; Invitrogen).
Negative control sections were incubated with purified
non-immune mouse immunoglobulins (10 or 2 ug mL™;
P.AR.LS., Compiegne, France) or with the primary antibody
omitted (non-specific negative control). Positive control
sections of mouse and equine liver (for Cx32) and heart
(for Cx43) were also immunolabelled (Beyer et al. 1987;
White et al. 1995). Counterstaining of nuclei was performed
using propidium iodide (0.5 ug mL™; Invitrogen) followed
by mounting in Vectashield (Vector Laboratories, Burlingame,
CA, USA).

Validation of commercial antibodies for labelling of
equine tenocytes

Western blotting was performed for verification of
antibody cross-reactivity with equine Cx43 and Cx32 as
follows; a midmetacarpal SDFT segment (2 cm) was excised
from the forelimb of a 5-month-old foal and cut into
2 mm? cubes. The cubes were added to Dulbecco’s
Modified Eagle Media (4500 mg L' D-glucose, 25 mM HEPES
with L-glutamine; Invitrogen) supplemented with 10%
fetal bovine serum (FBS) and antibiotics (1% of 5000 U mL™
penicillin and 5000 U mL™" streptomycin; Invitrogen) prepared
with 1 mg mL™ bacterial collagenase type VIII (Sigma-Aldrich)
solution. The solution was incubated under standard
culture conditions (37 °C in a humidified atmosphere of
5% carbon dioxide and 95% air) for 12 h (overnight) to digest
the tendon matrix. Samples were then strained through a
40 um cell strainer and cells harvested by centrifugation.
Cell pellets were resuspended in fresh media and grown to
confluence. Cultured tenocytes were placed into reducing
sample buffer and sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) was performed on a 10 %
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gel. For western blotting, proteins were transferred to
Hybond™ Electrochemiluminescence (ECL) nitrocellulose
membranes (Amersham Biosciences, Bucks, UK). Mem-
branes were incubated with primary antibodies (Cx32 at
1.0 ug mL™"; Cx43 at 0.5 ug mL™") diluted in PBS. Indirect
immunoperoxidase staining was performed using goat
anti-mouse IgG horseradish peroxidase (HRP)-labelled
antibody solution (1:1000; Dako, Glostrup, Denmark).
Antigen-antibody complexes were visualized by chemi-
luminescence detection (ECL Western blotting detection
reagents, Amersham Biosciences).

Quantitative confocal laser scanning
microscopy (CLSM)

Sections were examined with a Leica SP2 AOBS (Leica
Microsystems, Milton Keynes, UK) set up for dual channel
fluorescence using fluorescein (FITC) and rhodamine
(TRITC) filter settings (laser wavelengths 488 nm and 543
nm respectively). Images were taken using a 20x lens (NA
0.70) and separated with prismatic separation (user
optimised) for each fluorophore. Two cryosections were
stained for each of Cx32 and Cx43 from each horse. Two
representative fields of view were chosen in each of the
cryosections, taking care to avoid interfascicular (endo-
tenon) regions, and thirty successive serial images (z-stack)
were taken through a depth of 10 um for each field. For
each field of view (total of 4 per tendon specimen), the
fifth and twenty-fifth serial sections were analysed
respectively, totalling eight images for each horse for Cx32
and eight for Cx43. A power calculation with preliminary
Cx plaque number and area data from a fetal and an 18-
year-old horse was performed to determine that a
minimum of 5 fields were required for statistical significance.
Images were imported into imaging software where they
were converted from a palette image to a 24-bit RGB file
to enable recognition of format (Image Pro Plus 5.0, Silver
Spring, Media Cybernetics, MD, USA). Automated counting
was achieved by selecting an appropriate pixel intensity
range for tenocytes and for Cx respectively, by segmentation.
Segmentation is a process by which certain colours in an
image are visually identified and then isolated from the
image as a whole. Segmented areas were masked (pseudo-
coloured) with another colour to improve the ability to dis-
tinguish stained regions, therefore improving accuracy of
counting and measuring. Determination of optimum intensity
of pixel colour of connexin labelling was conducted at the
beginning of analysis from samples of various ages from
the SDFT and CDET, stained with both Cx32 and Cx43.

A defined area of interest box (AOI; 402 x 402 um, total
of 1.29 mm? for 8 AOI) was added to the centre of each
image obtained, and tenocyte nuclei and Cx plaques
counted within it. By common convention, nuclei and Cx
plaques touching the north or east borders were dis-
counted and those touching south or west borders were
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included. The AOI was placed in the same location of each
image obtained. This entire procedure was written into
user-designed macros (one for each: tenocyte and nuclei)
to ensure standardisation of protocol. The images were
calibrated using scale bars taken from the confocal
images. The total area (um? and number of Cx plaques
was calculated and divided by the number of tenocyte
nuclei in 1 mm? (tenocyte density) for each horse.

Statistical analysis

Kolmogorov-Smirnov tests (SPSS software, Chicago, IL,
USA) for normality were performed for all data sets prior
to comparative analysis. The mean values for individual
horses were used to calculate total areas and numbers of
Cx plaques per tenocyte nucleus in each age group. Differ-
ences in tenocyte density and in numbers, total areas of
Cx43 and Cx32 per tenocyte nucleus and Cx43:Cx32 ratios
for both tendons (SDFT and CDET) between age groups
(fetal, foal, young adult and old) were tested for statistical
significance using a general linear model, followed by post
hoc bonferroni adjustment of p values (SAS software, SAS
Institute, Cary, NC, USA). Statistical significance level was
set at P < 0.05. Bonferroni post hoc tests give greatest
control of type | errors and are more powerful compared
with other routine tests when comparisons are small.

Results

Maturational and tendon-related differences in
tenocyte density

Tenocyte nuclei in the immature horses (fetal and foal age
groups) were rounder than those in the adult horses (young
adult and old age groups), and arrangement of the nuclei
in parallel rows in the longitudinal axis was not as clearly
defined. Mean tenocyte density was significantly greater
in the immature than the adult horses (P < 0.0001) but there
were no differences between fetal and foal groups or
between young adult and old groups respectively (Fig. 1).
There was a significantly higher tenocyte density in the
SDFT than the CDET in all four age groups (P < 0.0001).

Maturational differences in connexin plaque
expression

Western blotting using mouse anti-Cx antibodies con-
firmed cross-reaction with Cx protein from cultured equine
tenocytes. Antibodies bound to the appropriately sized
proteins for Cx32 and Cx43 isoforms, to give 27 KDa (Cx32)
or 43-47 KDa (Cx43) bands (Fig. 2). The two bands for Cx43
are likely a reflection of different states of phosphorylation.

Confocal laser scanning microscopy (CLSM) of immuno-
fluorescently labelled sections revealed rows of tenocyte
nuclei within the tendon matrix, with closely located
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Fig. 1 Tenocyte density (expressed as number per mm?) in the SDFT and
CDET from each age group. Asterisk indicates a significant difference
compared to the CDET. Error bars are indicated as +SEM. SDFT,
superficial digital flexor tendon; CDET, common digital extensor tendon.
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Fig. 2 Western blots showing bands for Cx43 (43 kDa, black arrow,
plus a band usually identified at 47kDa indicating different states of
phosphorylation, blue arrow) and (b) Cx32 (27 kDa, black arrow).
Cx32, connexin 32; Cx43, connexin 43.

connexin plagues. Negative control sections did not reveal
any non-specific staining of the secondary antibody (data
not shown). Labelling of Cx32 and Cx43 plaques and teno-
cyte nuclei was well-defined, enabling accurate measure-
ments using automated computerised image analysis. The
expression of the Cx32 and Cx43 plaques differed signifi-
cantly between fetal and all older age groups. In the fetal
SDFT and CDET, Cx32 labelling covered large areas of the
tenocyte nuclear surfaces in the form of long thin regions
of cytoplasmic staining (mean area 1.1 = 0.3 um?) (Fig. 3).
The mean areas of labelled Cx32 protein regions appeared
to be greater in the fetal CDET than in the SDFT when con-
sidering individual horses (Fig. 3), however this difference
was not statistically significant when comparing groups
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(P =0.57). The extensive regions of positive Cx32 labelling
in fetal tendon were interpreted as indicating large amounts
of intracytoplasmic protein in transit to the cytoplasmic
membrane. Immunolabelled Cx32 protein in mature
horses and Cx43 protein in all age groups, formed smaller,
more discrete, punctate foci (plaques) closely adjacent to
tenocyte nuclei (between tenocytes of the same row)
(Figs 3 and 4). Cx43 plaques were also noted within the
matrix between nuclear rows (between tenocytes in
adjacent rows). Images taken at higher magnification
demonstrate the punctuate nature of Cx43 labelling and
cytoplasmic labelling of Cx32 in fetal tendon (Fig. 5).

Maturational changes in Cx32 and Cx43 plaque total
area and number per tenocyte nucleus

The total immunolabelled Cx protein area per tenocyte
was significantly higher in the fetal group than any of the
other groups (foal, young adult or old) for both Cx43
(P<0.01) and Cx32 (P < 0.02) in the SDFT and in the CDET
(Fig. 6a). This parameter did not differ significantly
between the SDFT and CDET. Similarly, the numbers of Cx
plaques per tenocyte were significantly higher in the fetal
group than any other group for both Cx43 (P < 0.0001) and
Cx32 (P<0.02), again with no tendon-specific difference
(Fig. 6b). An increase in the number and area of Cx32
plaques in the CDET of old horses compared with adult
horses was noted, however this difference between them
was not statistically significant (P = 0.189). Similarly there
were apparent reductions in Cx43 plaque number and
area per tenocyte between adult and old horses in the
SDFT, however these changes were also not statistically
significant (P =0.58, P =0.24). There were no significant
differences in number or area of Cx43:Cx32 plaque ratios
in any of the age groups for either tendon.

Discussion

Changes in tenocyte connexin expression
during maturation

This study supported the hypothesis that significant
reductions in tenocyte density and Cx protein expression
occur during digital tendon maturation in the horse,
however no significant changes were noted with ageing
(between young adult and old groups). The relatively high
tenocyte densities and amounts of Cx protein per cell in
tendons of late-term fetuses were not surprising, given the
need for the cellular population to facilitate rapid
adaptive alterations in matrix components with the first
few days of birth as foals stand and walk (Koterba, 1990;
Lin et al. 2005). However, the significant reductions in
Cx43 and Cx32 protein expression per tenocyte that followed
within the first few months of life (between fetal and foal
groups) in both tendons were not predicted. Tenocyte GJ
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Foetal CDET- ~ Foetal SDFT

Foal CDET Foal SDFT

Old CDET Old SDFT

Fig. 3 Longitudinal cryosections from the SDFT and CDET immunolabelled with Cx32 (green plaques) from a fetus, foal and an old horse. Tenocyte
nuclei counterstained with propidium iodide (red). Bar = 80 um.
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Foetal CDET Foetal SDFT

Foal CDET Foal SDFT

Old CDET Old SDFT

Fig. 4 Longitudinal cryosections from the SDFT and CDET immunolabelled with Cx43 (green plaques) from a fetus, foal and an old horse. Tenocyte
nuclei counterstained with propidium iodide (red). Bar = 80 um.
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CDET Cx32

CDET Cx43

SDFT Cx43

Fig. 5 High magnification of longitudinal cryosections from a fetus. SDFT and CDET immunolabelled with Cx32 and Cx43. Tenocyte nuclei

counterstained with propidium iodide. Bar = 15 um.
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Fig. 6 (a) Total area of Cx32 and Cx43 plaques per tenocyte (expressed
per um?) in the SDFT and CDET from each age group. Asterisk indicates
a significant difference compared with all other age groups. The mean
area of Cx plaques per tenocyte was significantly higher in the fetal
group than in any other group for both Cx43 and Cx32, but did not differ
between the SDFT and CDET. Error bars are indicated as +SEM.
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communication should be important for coordination and
facilitation of cellular proliferation and/or matrix synthesis
as tendons grow (Becker & Mobbs, 1999). The cross-
sectional area of the SDFT more than doubles between 50
and 365 days of age and increases in bodyweight are most
rapid within the first 90 days of birth (Hintz et al. 1979;
Kasashima et al. 2002). Similar data for this period for the
cross-sectional area of the CDET is not available. Strain is
known to upregulate collagen synthesis and Cx43 protein
expression by avian tendon cells, with significant reduc-
tion of the collagen synthetic response by treatment with
chemical GJ blockers (Banes et al. 1996; Banes et al. 1999).
However, tendon strains do not necessarily increase with
body size as in adult horses due to changes in anatomical
proportions and tendon properties including elastic
modulus during growth (Bullimore & Burn, 2006).

It is also possible that other Cx isoforms are present
that have more important roles in facilitation of matrix
synthesis. Protein expression of Cx26, Cx42, Cx45 and Cx45.6
has been demonstrated in avian tendon (Tsuzaki et al.
1997). In one study some degree of intercellular communi-
cation remained when avian tenocytes were treated with
antisense oligodeoxynucleotides (asODN) to both Cx43
and Cx32. This was proposed to be due to the presence of
GJ comprised of other Cx isoforms, however complete
knockdown of Cx43 and Cx32 protein expression respectively
was not achieved in that system (Waggett et al. 2006).
There is some evidence that Cx isoforms can differentially

(b) Cx32 and Cx43 plague number per tenocyte (expressed per mm?) in
the SDFT and CDET from each age group. Double asterisk indicates a
significant difference compared with all other age groups. The number
of Cx plaques was significantly higher in the fetal group than in any other
group for both Cx43 and Cx32, but did not differ between tendons.



affect strain-induced collagen synthesis; the study involving
asODN treatment of avian tenocytes indicated that Cx32
and Cx43 were positive and negative regulators respec-
tively within that system (Waggett et al. 2006). Relative
amounts of Cx43 and Cx32 protein did not differ significantly
with maturation or ageing or between tendons in the
current study, however there was significant individual
variation that could be important. However, as tissues in
different species will not necessarily express the same Cx
proteins, and expression can alter during development or
in cell culture (Arita et al. 2002; Yamaoka et al. 2002), the
Cx isoform expression patterns in tendons of immature
and adult horses and specific effects of any further Cx
proteins detected on strain-induced collagen synthesis,
requires further study. Additionally, any potential differential
effects of various Cx isoforms on relative expression of
different types of collagen by any cell type have not been
studied. Tenocytes in degenerate and ageing tendons have
been shown to upregulate expression of type Ill collagen,
that is thought to be associated with weakening of the
matrix and thus increased susceptibility to injury (Birch
et al. 1999; Maffulli et al. 2000).

In the current investigation differences in GJ communi-
cation between age groups and tendons were not directly
measured, and require further investigation. Numbers and
total areas of Cx plaques per tenocyte do not necessarily
have simple and clearly defined relationships with GJ
communication efficiency. Gap junction plaques are
complex and dynamic structures, and various numbers of
their component GJ channels may be open or closed at any
one time (Brink, 2002). Significant decreases in Cx protein
expression in some other cell types including ageing
astrocytes and mammary epithelial cells with different
levels of activity, have not been associated with reductions
in cell coupling (Sia et al. 1999; Cotrina et al. 2001).

Changes in tenocyte density during maturation

The measurement of higher tenocyte densities in tendons
of immature horses compared with adults is in agreement
with a previous study of the equine SDFT (Crevier-Denoix
et al. 1998), however in the current investigation tenocyte
numbers were quantified rather than graded. Our measure-
ments were not in agreement with a study in which DNA
concentration in the SDFT was shown to decrease fol-
lowing birth and then increase again (Lin et al. 2005).
However, measurement of DNA to estimate cellularity will
include cells in the endotendon (interfascicular tissue)
including fibroblasts and cells comprising vascular walls;
such measurements are therefore not directly comparable
with analysis of tenocytes identified visually within fascicles
in cryosections. The mechanisms by which tenocyte numbers
reduce during maturation have not been defined. The
significant increases in SDFT cross-sectional area during
growth result in tenocyte rows becoming more widely
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spaced due to deposition of matrix between them. Cell
death may also play a role but this has not been quantified
in equine tendons at different stages of maturation; low
numbers of apoptotic cells have been documented in the
normal adult SDFT only (Hosaka et al. 2005). Evidence of
apoptosis in the form of fragmented nuclei or nuclear
debris was not noted in microscopic fields analysed for
this study. However, the significant reduction in cellularity
was shown to occur between foals (1-6 months) and young
adults (2-7 years) with no analysis of samples from horses
between 6 months and 2 years of age. If there is significant
cell death occurring in growing tendon the effect of this
on GJ-connected cellular networks cannot currently be
predicted as this might depend on whether tenocytes are
lost individually or, for example, as entire rows. In other
developing tissues it has been shown that gap junctions
may mediate the death of adjacent cells (the ‘bystander
effect’), however in certain situations GJ communication
may also increase cell survival (the ‘good Samaritan
effect’) (Andrade-Rozental et al. 2000; Cusato et al. 2003).
It is not known how apoptosis of certain individual cells
or groups of cells in tenocyte networks might affect
their overall synthetic capacity. Numbers of cells passing
through the cell cycle, particularly in immature tendons,
may also need to considered; connexin proteins have been
shown to positively regulate cell proliferation in other
developing tissues (Becker & Mobbs, 1999). This could
be one factor in the downregulation of cellular expres-
sion of Cx43 and Cx32 as equine tendons mature. The level
of cell proliferation in immature equine tendon is not
known, however mitotic figures have not been noted in
histological sections of specimens from the age groups
in this study (Patterson-Kane and Stanley, personal
observation).

One previous study indicated low collagen turnover in
the adult SDFT (Birch et al. 1998; Batson et al. 2003), and
tenocytes derived from the SDFT of adult horses showed
lower levels of strain-induced collagen synthesis than those
from foal tendons (Goodman et al. 2004). It has been
suggested that the reason for low cellular synthetic
activity in the adult SDFT is to maintain the matrix of this
energy-storing tendon within narrow optimal limits of
elasticity (Smith et al. 2002). In the current study, although
the tenocyte density reduced significantly between foal
and young adult groups, the expression of Cx43 and Cx32
plaque protein per remaining cell was maintained at the
same level. These findings could imply a lower potential
for coordinated synthetic and reparative tenocyte activity
in digital tendons of adult compared with immature
horses. Further studies are required to determine whether
tenocytes in immature tendons, particularly in the immediate
postnatal period, show more appropriate synthetic
responses to mechanical strain and matrix damage than
those in adult tendons. If this proves to be the case it
would strengthen support for beginning conditioning
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exercise in younger horses to increase later resistance to
injury (Smith et al. 1999; Firth, 2006).

Tendon-specific differences in tenocyte density

Tenocyte densities of the SDFT and CDET from immature
and adult horses had not previously been compared. In all
four age groups the CDET was significantly less cellular
than the SDFT, and the level of reduction in tenocyte
density between immature and adult horses was greater.
No age-related differences in tenocyte density were
measured in either tendon. This did not agree with a
previous study of adult horses in which age-related
reductions in mean DNA concentration were documented
in the SDFT but not the CDET (Batson et al. 2003). However,
as stated previously, analysis of DNA extracted from all cell
types in a tendon specimen will not necessarily correlate
with analysis of the tenocyte population only as in the
current study. Differences between the SDFT and CDET in
the fetal group support a previous assertion that equine
tendons are not biochemically ‘blank’ at birth (Lin et al.
2005). The lower tenocyte density in the CDET than the
SDFT in all age groups most likely relates to the differing
functions of these tendons. The SDFT in the galloping
horse experiences high strains in order to store sufficient
amounts of energy, and as a result works within extremely
narrow mechanical safety margins (Stephens et al. 1989;
Wilson et al. 1991). The anatomically opposing CDET as a
positional structure experiences lower peak strains and
rarely suffers strain-induced injury (Kear & Smith, 1975;
Mcllwraith, 2002). As tenocytes are believed to routinely
repair matrix microdamage to prevent fatigue-induced
tendon failure (Ker, 2002; Noble, 2003) this may explain
their (pre-programmed) higher density in the energy-storing
SDFT. There was an apparent increase in Cx32 protein
expression by tenocytes in the CDET of old horses, but this
change did not prove to be statistically significant even
when analysed separately (P =0.189). However, the old
group had a large range of ages and most likely high
variability in past exercise histories resulting in a relatively
large standard deviation. Connexin 32 only occurs in GJ
between tenocytes in the same row (McNeilly et al. 1996)
and unlike SDFT cells, tenocytes in the CDET may retain the
synthetic capacity to upregulate it as the rows become
more isolated from each other. Further study using more
narrowly defined age groups will be necessary to deter-
mine if these changes are representative findings.

In summary, significant reductions in tenocyte density
occur between immature and adult equine digital ten-
dons, with reductions in Cx43 and Cx32 protein expression
early in the maturation period. The high level of cellular
expression of these connexin isoforms in fetal tendons
reduces significantly within the first few months of life.
Similar maturational changes were measured in the SDFT
and the less cellular, non-injury-prone CDET. Although

© 2007 The Authors

relatively high levels of cellularity and Cx protein expression
in immature tendons most likely relate to developmental
requirements, the tenocyte networks at that stage might
have a greater ability to respond adaptively to exercise.
This would support recent, controversial suggestions that
there is a ‘window of opportunity’ during equine tendon
development during which controlled exercise regimens
could result in increased resistance to injury at a later date.
Studies of maturational and age-related changes in the
efficiency of tenocyte GJ intercellular communication and
effects of this on strain-induced collagen synthesis are ongoing.
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