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Avian digital flexor tendons were used with a de- 
vice to apply load ex vivo to study the effects on 
deoxyribonucleic acid and collagen synthesis 
when cell to cell communication is blocked. 
Flexor digitorum profundus tendons from the 
middle toe of 52-day-old White Leghorn chick- 
ens were excised and used as nonloaded controls, 
or clamped in the jaws of a displacement con- 
trolled tissue loading device and mechanically 
loaded for 3 days at a nominal 0.65 % elongation 
at 1 Hz for 8 hours per day with 16 hours rest. 
Tendon samples were radiolabeled during the 
last 16 hours with 3H-thymidine to monitor de- 
oxyribonucleic acid synthesis or with 3H-proline 
to radiolabel newly synthesized collagen. Cyclic 
loading of whole avian flexor tendons stimulated 
deoxyribonucleic acid and collagen synthesis, 
which could be blocked with octanol, a reversible 
gap junction blocker. Cells from human digital 
flexor tendon were used to populate a rectangu- 
lar, three-dimensional, porous, polyester foam 
that could be deformed cyclically in vitro. To- 
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gether, these results support the hypothesis that 
tendon cells must communicate to sustain 
growth and matrix expression and that an engi- 
neered three-dimensional construct can be used 
to study responses to mechanical load in vitro. 

List of Abbreviations Used 

cDNA 
DNA 
FAK 
IGF-I 
IP3 
MRNA 
PCA 
PDGF 

TCA 

Complementary DNA 
Deoxyriboenucleic acid 
Focal adhension kinase 
Insulin growth factor I 
3,4,5-inositoltrisphosphate 
Messenger ribonucleic acid 
Perchloric acid 
BB-platelet-derived growth factor 

homodimer BB. 
Trichloroacetic acid 

Glossary 
Connexin-43 a 43 kilodalton gap junction 
protein. 

C-src tyrosine kinase the cellular ver- 
sion of the src oncogene that has tyro- 
sine kinase activity. 

Go the phase of the cell cycle between 
mitosis and the first growth phase of 
the cell cycle, G , ,  

Paxillin a 67 kd protein that binds to 
vinculin and c-src (c-src, the cellular 

(continues) form of src). 
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(continued) 
Phosphorylated src the phosphorylated 

form of src, a protein-tyrosine dinase 
first desribed as an oncogene in a 
Rouse .sarcoma virus-infected avian 
muscle (sarcoma-src). 

S phase a phase of the mitotic cell cy- 
cle in which DNA is duplicated. 

Trauma or surgery to a flexor tendon may dis- 
rupt matrix, blood vessels, nerves and cell con- 
nections to matrix and each other. Activities 
that involve working with limbs above the 
heart or under conditions that lead to poor per- 
fusion of a tendon also may be deleterious to 
tissue horneo~tasis.~,~,5~ Repetitive limb mo- 
tion may result in injury whose etiology may 
involve a combination of reduced perfusion, 
matrix disruption, inflammation, matrix de- 
generation, and cell death.1,4,31,63 Physical 
therapy after injury applies directed mechani- 
cal loading along the principle strain direction 
in a tendon and is important to achieve a satis- 
factory healing resu1t.28,69,70 It has been sug- 
gested that a therapeutic form of cyclic motion 
to an affected limb may assist diffusion of nu- 
trients, growth factors from clot and second 
messengers to cells whose vascular supply or 
normal mode of diffusion has been compro- 
mised by injury.39 However, ex vivo measure- 
ments of glucose diffusion in loaded tendons 
have not revealed a significant increase in re- 
sponse to load.293 

Tendons are fibrous connective tissues de- 
signed to transmit the force of muscle con- 
traction to bone to effect limb movement. 
They have a complex architecture: tendon is 
comprised of highly aligned matrix containing 
Type I collagen to provide tensile strength, 
elastin yielding compliance and elasticity, 
proteoglycans as pulse dampeners, and lipids, 
whose presence in the tendon epitenon may re- 
duce shear stress induced friction.7.'9.42,45.61,64 
At least two cell populations are represented in 
the major compartments of tendon: the surface 
epitenon contains large, polygonal cells 
whereas the internal fibroblasts are within the 

t e n d ~ n . ~ . ~ ~  The tendon surface cells reside in 
syncytia embedded in a fibronectin, lipid, and 
proteoglycan rich matrix containing Types I 
and I11 collagens, whereas the tendon internal 
fibroblasts are more internal in syncytial lay- 
ers amidst linear and branching collagen fas- 

Tendons in running horses may be sub- 
jected to strains in excess of 0.12 (12% elon- 
gation) and strain rates of 200% per sec- 
0nd.32,65,66 Normal strains in tendon have 
been measured between a fraction of a per- 
cent to 5%.2,68 Hannafin and coworkers30 
used 0.5% strain for 2 hours per day for as 
many as 4 weeks in vitro in whole canine 
flexor digitorum profundus tendons. In these 
experiments, a native phenotype and material 
properties in the tendon were maintained by 
mechanical strain. Tendon cells also re- 
sponded to load by instantly releasing intra- 
cellular calcium stores, altering their cyto- 
plasmic filament organization and content, 
polymerizing actin and altering their protein 
expression, inducing expression of novel 

Cells must be able to coordinate their re- 
sponses to environmental conditions in a 
wound to achieve a proper healing response 
resulting in orderly cell division and matrix 
e ~ p r e s s i o n . ~ J 5 . ~ ~ . ~ ~  Cells coordinate their re- 
sponses to mechanical load by communicat- 
ing via gap j ~ n c t i o n s . ~ ? ~ ~  A gap junction is a 
group of ion channels through which mole- 
cules of less than 1000 molecular weight 
pass. One level of signaling involves an in- 
crease in intracellular calcium in mechani- 
cally stimulated cells, whose wave is thought 
to be propagated from cell to cell by IP3 pas- 
sage through gap junctions.I8 Results of one 
study have shown that cells in the epitenon 
and internal compartment of whole tendon 
are connected physically to each other and 
express gap junctions.41 The working hy- 
pothesis is that tendon cells must be inter- 
connected and able to signal through gap 
junctions to process and respond to mechan- 
ical load signals to increase cell division and 
matrix expression. 

cicles and b~ndles.6,7,27,50,52.53,61 

genes.9-II.1523.34 
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Fig 1A-D. (A) A flexor digitorum profundus tendon clamped distally, cut to release it from bone, and 
excised proximally is shown. (B) The tendon clamped at the distal end with hemostats, separatedfrom 
surrounding tissue just before excision is shown. (C) Removal and placement with other tendons in a 
culture dish with phosphate buffered saline. (D) A tendon with fascicles showing the epitenon bearing 
the surface cells and the internal compartment, bearing the tendon internal fibroblasts is shown. 

METHODS 

Tendon Isolation 
Flexor digitorum profundus tendons (approx- 
imately 5 cm long) from the middle claw of 
52-day-old White Leghorn chickens were 
isolated in the following manner: 177 feet 
were excised at the poultry processing plant 
(Golden Poultry Inc, Sanford, NC), placed in 
plastic bags on ice and taken immediately to 
the laboratory (Fig 1). Feet were washed with 
warm water and soap, rinsed, wiped with 95% 
ethanol, and placed on a sterile gauze pad (Fig 
1A). A foot was immobilized with rubber 
bands on a 5 X 10 X H inch board washed 
with ethanol; then the skin along the middle 
digit was cut using a scalpel fitted with a num- 
ber 10 gauge blade. The skin was excised; 
then the fibrous tissue overlying the tendon 
was opened and excised free of the digit. The 
flexor digitorum profundus tendon was 
grasped at the distal end with a hemostat, were 
severed distally, the vinculae and extratendi- 

nous tissue were severed and the tendon was 
severed proximally (Fig 1B). It was important 
to grasp the tendons only at the ends during 
isolation and clamping; otherwise, artefactual 
mechanical stimulation of the tendon cells in 
the central portion of the tendon might occur. 
It also was important to prevent tendon dessi- 
cation during the clamping procedure by 
maintaining the tendons in culture fluid during 
clamping. Tendons from 14 digits per experi- 
ment were collected and transferred to a cul- 
ture dish (Fig 1C) containing Dulbecco’s 
Modified Eagle’s Medium with high glucose 
(4 g/L) (Gibco BRL, Grand Island, NY), 20 
mmol HEPES (N-2-hydroxyethylpiperazine- 
N‘-2-ethane sulfonic acid) pH 7.2 (Sigma 
Chemical Co., St. Louis, MO), with antibi- 
otics (per milliliter, 100 units sodium peni- 
cillin G, 100 pg streptomycin sulfate, and 2 
p g  FungisoneTM (Sigma Chemical Co.). Cells 
from human flexor digitorum profundus ten- 
don were isolated using the same procedure ex- 
cept Medium 199 was used as the basal 
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Fig 2A-D. (A) A flexor digitorum profundus tendon contacting the lower clamp face of the bottom set 
of jaws for (B) specimen holding for the tendon loading device. The bar across the tendon fits into the 
semicircular channel under the tendon and protrudes from each jaw edge so that it may be held by two 
arms that fit into the tendon loading device body. The other half of the jaw fits on top of the tendon and 
bar and is screwed together with two stainless steel screws. (C) The flexor digitorum profundus tendon 
clamped in top and bottom jaws and inserted in a loading frame of the tendon loading device is shown. 
(D) The tendons loaded in the tendon loading device are shown but the tendon loading frame and ten- 
don are immersed in culture medium. The cotton gauze at the top covers the tube top, is immobilized 
with a rubber band and prevents exposure to contaminated material. 

medium. Figure 1D shows the location of cells 
from the epitenon and internal compartment of 
a typical flexor tendon in cross section. 

To test the concept that tendon cells can pop 
ulate a three-dimensional material that can act 
as a tendon mimetic, human tendon cells from 
the internal compartment were seeded into each 
of six polyester foam constructs (35 mm X 8 
mm X 2 mm) bonded at each end with an ad- 
hesive to the rubber membrane bottoms of a 
BioflexTM culture plate. Each construct was 
seeded with approximately lo6 human tendon 
internal fibroblasts by applying a rubber dike on 
each side of the construct to hold the cells and 
medium until the cells adhered to the foam ma- 
trix. After cell adherence and growth for 1 
week, the BioflexTM culture plate then was 
placed on a gasketed baseplate in a Flexer- 
cellTM Strain Unit (Flexcell International Cor- 
poration, McKeesport, PA) and subjected to a 
mechanical loading regimen of 1 Hz, 0.65% 

strain, 8 hours active, and 16 hours rest for 3 
weeks. A specially designed loading post was 
used to apply uniaxial elongation to the mem- 
brane and construct (arctangle loading post, 
which is a circle with east and west sectors re- 
moved to allow the membrane and three-di- 
mensional construct to be deformed downward 
at these poles; Hexcell International Corp.). 

Mechanical Loading of Tendons 
in a Tendon Loading Device 
To apply mechanical load to ex vivo tendon 
pieces, a seven station, minitensile testing appa- 
ratus was constructed (Fig 2). Tendon ends were 
clamped in specially designed, nonslip serpen- 
tine jaws (Fig 2A-B). Jaws were clamped on the 
tendon specimen at a gauge length of exactly 40 
mm grip to grip. Clamped specimens were as- 
sembled in loading frames and placed vertically 
in Dulbecco’s Modified Eagle’s Medium con- 
taining, 20 mmol HEPES, pH 7.2,10% fetal calf 
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serum, 0.5 mmol ascorbate and antibiotics as 
above, in 50 mL conical culture tubes (Fig 
2C-D). A lever arm at the top of the tendon 
loading device was adjusted to 0.24 mm excur- 
sion. Excursion was controlled by the lateral po- 
sition of the fulcrum under the lever arm for 
each station so that an exact displacement was 
applied. The load required to place a peak strain 
equivalent to 5% elongation on a group of seven 
tendons of 2 mm diameter was calculated as ap- 
proximately 142 g/mm2 per tendon. This is a 
value similar to that published for porcine ten- 
dons having an elastic modulus of 0.13 gPa.56 
However, to apply more physiologic load, dis- 
placement was set at 0.24 mm at the lever arm 
of the tendon loading device, yielding a nominal 
0.65% elongation when a tendon gauge length 
of 40 mm was used. Tendons were loaded cycli- 
cally for 5 minutes to allow initial creep and 
load relaxation to reach a steady state, then 
clamps were readjusted to remove visible slack 
in the tendon.35 Tendons were loaded at a nom- 
inal 0.65% elongation at 1 Hz for 8 hours of load 
followed by 16 hours rest for all experiments 
done during a 3 day period. Control, nonloaded 
tendons were clamped at either end but were not 
subjected to mechanical loading. Otherwise, 
control tendons were treated in the same manner 
as were the mechanically loaded tendons and 
were subjected to similar fluid movements. Ten- 
don ends clamped in the loading jig were not in- 
cluded in sample evaluations. 

Double Notch Wound Model 
A double notch wound was created longitudi- 
nally in another group of flexor digitorum pro- 
fundus tendons. (five groups, seven tendons 
per group, performed twice, total 70 tendons). 
Notch wounds approximately 4 cm long by % 
the width of the tendon on each side (approxi- 
mately 4 m X 1 mm notch wound on each side 
of the tendon, equaling a double notch wound) 
were made in one group of seven samples (con- 
trol, Fig 3; double notch wound, Fig 3). These 
tendons were clamped in loading frames as 
above and subjected to 3 days of a loading 
regime consisting of 1 Hz, nominal 0.65% 
elongation for 8 hours followed by 16 hours 
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rest (after correcting for tendon creep as 
above). Dimensions of avian flexor digitorum 
profundus tendons were approximately 5 cm in 
length X 4 mm in width (5 cm allowed for 
clamping of the tendon in the jaws). Tendon 
samples that were neither wounded nor loaded, 
but clamped at either end, and those that were 
only notch wounded and clamped, were trans- 
ferred to loading frames and suspended in Dul- 
becco’s Modified Eagle’s Medium with serum 
as above and served as controls. 

Avian flexor digitorum profundus tendons 
were divided into the following groups (seven 
tendons per group, experiment performed 
twice, total 70 tendons: (1) clamped in the tis- 
sue loading device capable of delivering dis- 
placement controlled tension to tendons ex vivo 
1 Hz, nominal 0.65% elongation, 8 hours per 
day, 16 hours rest, for 3 days); (2) wounded 

Fig 3. Shows the avian flexor digitorum profun- 
dus tendons clamped in the jaws of the loading 
device as a control and as a double notch 
wounded tendon. The wounds were approxi- 
mately 50% of the total tendon width, 25% of the 
tendon matrix removed per side. 
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with a double notch wound made by cutting tis- 
sue (40 X 25 mm) from each side of the tendon; 
(3) wounded as in (2) above and treated with 2 
mmol octanol; (4) wounded and loaded as in (1) 
above; (5) wounded, loaded, and immersed in 2 
mmol octanol; and (6) not wounded or loaded. 
The tendons in each group were incubated in 45 
mL of Dulbecco’s Modified Eagle’s Medium 
and 10% fetal calf serum, 20 mmol HEPES pH 
7.2, antibiotics, and 0.5 mmol ascorbate. Ex- 
periments were repeated twice. 

Radioactive Labeling of Tendons 
for DNA Determinations 
Tendons were removed from the loading 
frames, clamped ends were excised and dis- 
carded from sampling and the remainder of the 
tendon samples were labeled with 0.5 pCi 3H- 
thymidine per milliliter in 2 mL Dulbecco’s 
Modified Eagle’s Medium without serum, and 
antibiotics, 20 mmol HEPES pH 7.2, and 0.5 
mmol ascorbate for the last 16 hours of the ex- 
periment (no load and load groups, seven ten- 
dons per group, performed three times, total 
42 tendons). After incubation, samples were 
prepared for quantitation of DNA synthesis. 
Tendon samples were aspirated, washed ex- 
tensively in 5% TCA to remove unincorpo- 
rated radiolabel, dried, weighed and hy- 
drolyzed in 2 N PCA. Radioactivity in 
duplicate portions of the PCA supernatant 
fluid was determined by scintillation counting. 
Data were expressed as 3H disintegrations per 
minute per milligram dry weight.* 

In an octanol washout experiment, tendons 
were stimulated with serum containing medium 
to initiate DNA synthesis in a control group. 
Two other groups received 2 mmol octanol to 
block cell communication at 24 and 48 hours, 
media were changed to remove octanol and 
fresh, serum containing medium was added. 
Tendons were labeled with 3H-thymidine as 
above for the final 16 hours of the experiment, 
then processed to determine radioactivity in the 
samples (three groups, seven tendons per 
group, performed once). In separate experi- 
ments, tendons (n = 4 per group, four groups, 
16 tendons total) were loaded as above or not 

loaded, labeled with 3H-thymidine as above, 
but then fixed in 2% neutral buffered formalin 
at room temperature, washed extensively in 
neutral buffered formalin fixative, then 
processed for histology, autoradiography with 
Nuclear Track Beta emulsion (Eastman Kodak 
Chemical Co, Rochester, NY) and staining with 
hematoxylin and eosin. Radioactive nuclei 
were enumerated per field for the epitenon and 
internal compartment of tendons. An Olympus 
BH-2 microscope (Opelco Optical Elements 
Corporation, Sterling, VA) equipped with a 40 
X objective lens and reticle with grid was used 
to perform nuclear counts. Two hundred to 500 
nuclei per samples were counted per specimen 
and the number of nuclei bearing silver grains 
over the nucleus was expressed per total nuclei 
counted. 

Radioactive Labeling of Tendons 
for Hydroxyproline Determinations 
Tendons were removed from the loading 
frames, clamped ends were excised and dis- 
carded from sampling and the remainder of the 
tendon samples was labeled with 20 pCi 3H- 
thymidine per milliliter in 2 mL Dulbecco’s 
Modified Eagle’s Medium without serum, with 
antibiotics, 20 mmol HEPES pH 7.2, and 0.5 
mmol ascorbate for the last 16 hours of the 72 
hours loading regime (two groups, seven ten- 
dons per group, performed twice, total 28 ten- 
dons). Samples were washed as above in TCA, 
dried, weighed, then hydrolyzed in 6 N HCl at 
106” C for 24 hours. The hydrolyzates were 
dried, samples were reconstituted in diethylpy- 
rocarbonate treated water and duplicate por- 
tions were assayed for hydroxyproline after 
chloramine T oxidation to the pyrrole and ex- 
traction into t0luene.4~ Radioactivity in hydrox- 
yproline was determined by scintillation count- 
ing and data were expressed as disintegrations 
per minute per milligram tissue dry weight. 

Statistics 
A Sigmastat software package (Jandel Scien- 
tific Software, San Rafael, CA) was used to 
apply statistical treatment to data to define sig- 
nificance levels. A result was deemed signifi- 
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TABLE 1. Nuclear Labeling Indices for Avian Flexor Digitorum 
Profundus Tendons Subjected to Load or Not Loaded 

Tendon 
Location 

No Load 
Nuclei Labeled Per 

Total Nuclei 

Load 
Nuclei Labeled Per 

Total Nuclei 

Epitenon 

Internal Compartment 

18 of 447, 0 of 203, 10 or 309, 0 of 232, 
0 of 296, 0 of 379, 6 of 433, 6 of 220 

Labeling Index = 1.59% not significantly 
different from the value for the epitenon 

0 of 523, 15 of 565, 4 of 349, 0 of 260, 
0 of 222, 0 of 306, 2 of 340, 
8 of 354 

Labeling Index: 0.99% 

18 of 387, 16 of 502, 33 of 
369, 30 of 349, 12 of 117, 
14 of 382, 72 of 377, 19 
of 245, 35 of 456, 32 of 
258, in the internal group 
29 of 263, 18 of 281 

Labeling Index: 8.23% 
p < 0.05 compared with 
no load group 

325, 8 of 321, 24 of 226, 
8 of 228, 10 of 384 

Labeling index: 5.08% 
p < 0.027 compared with 
no load group 

27 of 338, 1 of 404, 35 of 

cant if p < 0.05 using analysis of variance 
(ANOVA) and a Fisher's exact test. For data 
in Table 1, a nonparametric procedure, the 
Wilcoxon rank sum test, was used in conjunc- 
tion with a Kruskal-Wallis Test (chi square ap- 
proximation). 

RESULTS 

Data in Figure 4 show that a regimen of a nom- 
inal 0.65% elongation at 1 Hz for 8 hours per 
day, 16 hours rest for 3 days increased DNA 
synthesis 4.7-fold (disintegrations per minute 
3H-thymidine per milligram dry weight; n = 7 
per group, p < 0.001) in avian flexor digito- 
rum profundus tendons from the great toe of 
52-day-old White Leghorn chickens tested ex 
vivo. Treating tendons with a gap junction 
blocker, 2 mmol octanol, ablated the load in- 
duced DNA synthesis (Fig 4). 

Table 1 shows the data for individual sam- 
ples from two experiments combined (labeled 
nuclei divided by the total number of nuclei 
for each group). Data also are presented as the 
percent of cell nuclei labeled with 3H-thymi- 
dine in the surface and deep layers of avian 
flexor tendon, at the anatomic midpoint of the 
tendon (Zone II).@' The nuclear labeling index 

is the percentage of nuclei bearing developed 
silver grains associated with the nucleus com- 
pared with total nuclei counted. Groups in- 
cluded flexor digitorum profundus tendons 
that were not loaded or were loaded mechani- 
cally for 3 days (8 hours load, 1 Hz, 0.65% 
elongation, 16 hours rest per day, 3 days load). 
In the nonloaded tendon, surface cells of the 

Fig 4. Cells in avian tendon increase DNA syn- 
thesis in response to a cyclic load regimen of 1 
Hz, 0.65% elongation, 8 hours load, 16 hours rest 
for 3 days. The gap junction blocker, octanol, in- 
hibited the response. DPM =disintegrations per 
minute; DW=dry weight. 
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epitenon had a labeling index of 1.59% (not 
significantly different from the value for the 
epitenon in the internal tendon, nonloaded 
group). The cells deeper in the nonloaded ten- 
don had a labeling index of 0.99%. Cells in 
tendons subjected to load had a greater label- 
ing index: epitenon cells had 8.23% labeled 
nuclei (p < 0.05 compared with the nonloaded 
group) and cells in the internal compartment 
had 5.08% of the nuclei labeled (p < 0.027 
compared with the nonloaded group) (Table 
1). Overall, cells in loaded tendons had signif- 
icantly more nuclei radiolabeled with 3H- 
thymidine than did cells in nonloaded tendons. 

Data are shown in the table as labeled nuclei 
per total nuclei. The epitenon is the surface re- 
gion of the tendon. The internal compartment 
constituted the region of tendon between the 
epitenon layers, that was most internal in ten- 
don. Not significant indicates that the labeling 
index for the epitenon in the no load group was 
not significantly different from that of the in- 
ternal compartment of the no load group. 

Figure 5 shows representative histologic 
sections of avian flexor digitorum profundus 
tendons prepared for autoradiography fol- 
lowed by hematoxylin and eosin staining in the 
no load and load groups. Pictures were taken at 

Fig 5A-D. Autoradiographs show the location and relative number of 3H-thymidine-labeled nuclei in 
the epitenon and internal compartment of control and mechanically loaded avian flexor digitorum pro- 
fundus tendons. (A) Epitenon and (B) internal compartments of nonloaded tendons incubated in vitro 
for 3 days. (C) Epitenon and (D) internal compartments for tendons that were loaded for 3 days at 1 
Hz, 0.65% elongation 8 hours load, and 16 hours rest per day. Arrows indicate nuclei that bear exposed 
and developed Kodak Nuclear Track Beta emulsion as silver grains indicating incorporation of ra- 
dioactive thymidine. The white boxes indicated nonlabeled nuclei. Loaded tendon cells have signifi- 
cantly more labeled nuclei than do control counterparts that were not loaded. Labeled nuclei in loaded 
tendon cells have groups of cells in close proximity synthesizing DNA (black boxes, Fig 5D), indicating 
that cells may have received and responded to a mitogenic signal simultaneously. (Stain, Hematoxylin 
and eosin; magnification, x 100). 
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Fig 6. This graph shows that cells in tendons 
treated with octanol recover from the gap junction 
blockade by incorporating radioactive thymidine 
into DNA to the same extent as control tendons 
that were not treated with octanol. Tendons 
treated for 24 or 48 hours with octanol regained 
the ability to synthesize DNA when stimulated 
with 10% serum containing medium. DPM=disin- 
tegrations per minute; DW=dry weight; h= hours. 

the midpoint of the control or loaded tendons 
(four per group). Cells in the surface (Fig 5A) 
and deeper layers (Fig 5B) of nonloaded ten- 
dons incorporated a low level of radioactive 
thymidine with approximately 60% more la- 
beled nuclei in the epitenon cells than in the in- 
ternal compartment cells. Mechanically loaded 
tendons had a greater labeling index than did 
nonloaded counterparts in the surface (bracket 
labeled epitenon) and deep layers of tendon 
(bracket labeled internal for internal compart- 
ment). Labeled cells in the epitenon appeared 
most often in the position closest to the linearly 
arranged matrix of the tendon that supports 
load bearing (Fig 5C, arrows). This location 
may be one where the environment sustains 
tensile load and shear stress, because the force 
of muscle contraction applies tensile force and 
as the tendon glides across extratendinous tis- 
sues or through sheath, it is subjected to shear 
stress. Cells with labeled nuclei in the internal 
compartment were distributed somewhat ran- 
domly throughout the collagen bundles. How- 
ever, frequently, a group of labeled cells was 
detected that were likely within a syncytium of 
physically connected cells (radiolabeled nuclei 

within the confines of the black box, Fig 5D). 
One or more of these cells received and re- 
sponded to a mechanical load signal simulta- 
neously and advanced into S phase (cells in- 
corporated 3H-thymidine and had substantial 
silver grains over the nucleii). Other cells in the 
loaded and control cultures (white boxes) did 
not respond to serum or load by incorporating 
3H-thymidine. Clearly, there were cells in me- 
chanically loaded tendons that did not respond 
to load by dividing. 

Figure 6 shows the reversible inhibitory ef- 
fect of octanol on DNA synthesis in whole ten- 
don. Tendons were treated with octanol for 24 
or 48 hours; then the octanol was washed out 
with two changes of serum containing 
medium, then the tendons were incubated for 
the remaining time in medium containing 10% 
serum. No differences in 3H-thymidine incor- 
poration were detected among the control ten- 
dons and the tendons in the two octanol treat- 
ment washout groups. 

Fig 7. This graph shows that tendons wounded 
with a double notch wound (W) have significantly 
increased DNA synthesis compared with control 
tendons that were not wounded (NW) in the pres- 
ence of serum containing medium ex vivo. De- 
oxyribonucleic acid synthesis in tendons sub- 
jected to mechanical loading in addition to 
wounding were not stimulated additionally (W 
compared with WL). Treatment of tendons that 
were not wounded (NW) or tendons that were 
wounded (W) with the gap junction inhibitor, oc- 
tanol, ablated the increase in DNA synthesis in 
normal tendon and in tendons stimulated by 
wounding. DPM=disintegrations per minute; 
DW=dry weight. 
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Fig 8. This graph shows that mechanical loading 
(1 Hz, 0.65% elongation for 8 hours followed by 
16 hours rest) had increased collagen synthesis. 
Treatment of tendons with the gap junction in- 
hibitor, octanol, ablated the stimulatory effect of 
mechanical load. DPM=disintegrations per 
minute; DW=dry weight. 

Figure 7 shows that tendons that received a 
double notch wound had a twofold increase in 
DNA synthesis compared with nonwounded 
controls (p < 0.001, tendons that received a 
wound and were loaded also showed a twofold 
increase, (p < 0.001, compared with non- 

wounded control), but this was not significantly 
different from values for wounded tendons 
alone. Treating tendons with a gap junction 
blocker, 2 mmol octanol, ablated the wound in- 
duced DNA synthesis. Treating nonwounded 
tendons with octanol decreased DNA synthesis 
3.4 fold (p < 0.017). Treatment of wounded 
tendons with octanol also reduced DNA syn- 
thesis (22% of wound control, p c 0.004). 

Figure 8 shows that load increased collagen 
synthesis by 1.5-fold compared with values 
for the nonloaded controls (p < 0.01). Treat- 
ing tendons with the gap junction inhibitor oc- 
tanol reduced the stimulatory effect loading 
had on collagen synthesis (p < 0.001). 

Figure 9 shows an embodiment of a de- 
formable, material that can be used to support 
tendon cell adherence and growth. Figure 9A 
shows a plastic, BioflexTM six well rubber bot- 
tom plate with each 35 mm diameter well con- 
taining a 35 mm X 8 mm X 2 mm polyester 
foam (brackets). Each part was bonded to the 
rubber membrane at its ends with an adhesive 
(Fig 9B, black rectangles at east and west 
poles). The black arrow in Figure 9B shows 
the principle strain direction in a well when an 

Fig 9A-D. Images in Figure 9 show (A) a BioflexTM rubber bottom culture plate with (B) polyester foam 
tendon mimetics bonded to each 35-mm diameter well. rm=rubber membrane (C) Human tendon in- 
ternal fibroblasts growing along a tract defined by the bracket at the upper left of the figure are shown. 
Cells also have populated the interstices of the matrix in the deeper regions. (D) A x50 magnification 
of the material (black arrow) and cells and matrix (bracket) filling the material. 
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arctangular (combination of arc and rectangle) 
loading post is used to allow the rubber mem- 
brane to deform downward only at the east and 
west poles where the black rectangles demar- 
cate the areas of adhesive bonding of the con- 
struct to the rubber membrane. The small 
white rectangle is the region from which im- 
ages of human tendon cells were taken for Fig- 
ure 9C (X25 magnification) and 9D (X50 
magnification). Figure 9C shows the view at 
the top edge of the white enclosed region from 
Figure 9B. Tendon cells have grown in a dense 
band laterally along the outer boundary of the 
construct (dark bracket top left, Fig 9C). Ma- 
trix has been deposited between the cells evi- 
denced by two observations: (1) the distance 
between cells is increased over that in cells 
grown in two-dimensional culture; and (2) the 
cells in the three-dimensional culture are dif- 
ficult to dissagregate by use of trypsin. The up- 
per black arrow at the 1:00 o’clock position 
points to one arm of the porous material and 
the second black arrow at 5:OO o’clock points 
to an arm deeper in the material (Fig 9C). The 
two white arrows point to arms that are even 
deeper in the polyester matrix. Figure 9D 
shows a X50 magnification of a pore. The 
black arrow points to the arm of the polyester 
material. The black bracket indicates a tract of 
cells and matrix connecting the two edges of 
the pore and stretching beyond the pore. The 
average pore size is approximately 500 pm. 

DISCUSSION 

In patients, motion therapy strategies after ten- 
don repair are designed to facilitate healing, 
reduce adhesion formation, and increase range 
of motion. The mechanism behind motion 
therapy and these responses involve maximiz- 
ing cell migration, division, and matrix syn- 
thesis to yield a biomechanically sound tendon 
that readily  glide^.*^,^^,^ To coordinate these 
responses, mechanical and chemical signals 
must be communicated between cells and 
among cells. Successful engineered tendon or 
ligament replacements must include designs 
that allow for cell to cell connectivity to allow 

intercellular communication. In addition, me- 
chanical loading of tendon cells in monolayer 
cultures and in whole tendons can increase cell 
number and collagen synthesis.I2J4 Therefore, 
an engineered construct with sufficient tensile 
strength to withstand the biomechanical rigors 
of application of muscle force should be made 
with a material that favors cell occupancy and 
orientation and a biochemically favorable ma- 
trix that encourages cell division and matrix 
expression. Data in the present investigation 
indicated that cells in whole tendon subjected 
to cyclic load ex vivo required functional gap 
junctions to mount mitogenic or matrigenic re- 
sponses. The gap junction blocker, octanol, 
significantly reduced the ability of cells from 
normal or wounded tendons to synthesize 
DNA or collagen in response to mechanical 
load. Results of washout experiments indi- 
cated that removal of octanol restored the abil- 
ity of cells in tendon to incorporate radioactive 
thymidine into DNA. 

In response to mechanical load, tendon cells 
deform when contacted by collagen fibrils by 
sustaining membrane  indentation^.^^ Slack and 
coworkers5* showed that embryonic tendons 
subjected to low rates of cyclic loading (two or 
six cycles per minute, 0.033 and 0.1 Hz, re- 
spectively) for 72 hours with a 0.9 g mass 
pinned to the tendon end ex vivo) had a 50% 
increase in DNA synthesis compared with non- 
loaded controls. The 0.033 Hz frequency 
yielded increased labeling compared with the 
faster rate. Moreover, collagen synthesis also 
was increased in loaded tendons. Hannafin and 
coworkers30 showed that adult canine flexor 
digitorum profundus tendons maintained mor- 
phology and water content when actively 
loaded at 0.5% elongation at 0.5 Hz ex vivo. 
Tanaka and coworkersm showed that applica- 
tion of cyclic load to wounded avian flexor dig- 
itorum profundus tendons ex vivo induced 
epitenon cell migration in the region of the 
hemisection and wound. However, the mecha- 
nisms responsible for this response have not 
been elucidated. Given the potential of the cy- 
toskeleton in transducing mechanical load sig- 
nals, the roles of actin and tubulin were inves- 
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tigated in tendon cells.33 Actin per tubulin ra- 
tios increased in response to cyclic compres- 
sion in vitro in tendon internal  fibroblast^.^ 
Tendon surface cells of the epitenon and ten- 
don cells of the internal compartment phos- 
phorylated src, FAK and paxillin, proteins of 
the focal adhesion complex and other unknown 
proteins within seconds to minutes in response 
to cyclic load in vitro, signaled with an in- 
crease in intracellular calcium concentration 
and, in synergy with PDGF-BB and IGF-I, 
synthesized DNA. 14,15.19 Taken together, these 
results show that tendon cells ex vivo in whole 
tendon and in vitro in culture respond to me- 
chanical load in an organized fashion. How 
might these events be coordinated? 

Epitenon cells and internal fibroblasts in 
flexor tendons in vivo are layered in longitu- 
dinal syncytia that are optimal for rapid, re- 
peated electrical or chemical coupling similar 
to osteocytes in bone.36.41 Tendon cells in vitro 
are coupled via gap junctions and respond to a 
mechanical perturbation with a micropipet 
stimulation of the plasma membrane by re- 
leasing intracellular calcium stores and propa- 
gating a calcium wave to adjacent cells for as 
many as four to seven cell  diameter^.'^,^^ 
Sanderson and coworkers55 showed that in- 
denting a target epithelial cell membrane with 
a 1 pwide pipet tip caused an increase in in- 
tracellular calcium concentration whose wave 
was propagated to adjoining cells by IP, 
through gap junctions. Heparin electroporated 
into the cells blocked IP, receptors and 
blocked the wave propagation from cell to 
ce11.18 Likewise, the gap junction blockers 
halothane and octanol also ablated the calcium 
wave propagation. Charles and coworkers22 
showed that loss of connexin-43 expression, a 
gap junction protein, resulted in poor junc- 
tional competence and loss of the ability to 
transmit a calcium signal to a neighboring cell. 
Transfection of junctionally incompetent c6 
glioma cells with connexin-43 cDNA restored 
intercellular communication.22 Therefore, gap 
junctions represent one mechanism cells use 
to regulate a response to mechanical and 
chemical signals. 

As with every other cell type tested thus far, 
avian tendon cells express gap junc- 
tions. 16,17,2841+5967 Gap junctions are localized 
channels in the plasma membranes of contact- 
ing cells that are 1 to 2 nm apart, comprised of 
subunits arranged in a hexameric pattern and 
pass ions and molecules less than loo0 molec- 
ular weight, such as inositol phosphates or Ca2+ 
between and among cells.16,20*”Q49,51,54 Com- 
pounds such as acetylcholine or the anesthetics, 
halothane, heptanol, isoflurane or octanol block 
the junction, probably by altering calcium 
homeostasis in the anesthetics and by a protein 
kinase C mediated mechanism with acetyl- 
~holine.43,4,~8,5~ Also, the relative amounts of 
connexin 43 gap junction protein in a cell are 
important because vole NIH 3T3 cells have 
eight times the connexin protein and better 
junctional coupling than do mouse NIH 3T3 
cells.25 Upregulation of the c-src tyrosine kinase 
results in a reduction in cell to cell communica- 
tion by increasing kinase activity and presum- 
ably phosphorylating connexin protein and de- 
creasing the channel open state.25 Avian cells 
have at least three forms of connexin 43: a 42 kd 
nonphosphorylated form and two intermediate 
forms from 44 to 47 kd that are phosphorylated 
at ~ e r i n e . ~ ~ . ~  Quiescent tendon surface cells 
have predominantly . the nonphosphorylated 
form of connexin 43 but have phosphorylated 
forms during log phase.” Tendon surface cells 
and tendon internal fibroblasts express mRNA 
for connexins 42, 43,45 and 45.5 semiquanti- 
tated by polymerase chain reaction detection 
and cloning, but connexin 43 is the only form 
detected by Northern analysis.’ 

Ingber3, has postulated in his tensegrity 
model that cells are connected and signal 
through direct mechanical linkage from the ma- 
trix via integrins through the cytoskeletal system 
to the nucleus. Gap junction proteins may not 
have cytoskeletal connections but are known to 
pass signaling molecules intercellularly and are 
essential for intercellular communication of 
strain signals.’6,3855 Connexin 43 gap junction 
expression is upregulated by mechanical load in 
cultured tendon cells? However, other study re- 
cently has shown that connexin 43 is upregu- 
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lated by load in vascular smooth muscle cells in 
culture.24 Bennett et all6 think that the connex- 
ins are intimately involved in regulating em- 
bryogenesis and development. Tendon cells 
subjected to load in whole tendons and labeled 
for DNA synthesis by autoradiography clearly 
showed groups of labeled cells rather than only 
randomly distributed labeled cells. This obser- 
vation may indicate that specific cells in a given 
region received a mechanical stimulation that 
directed them to divide. Similar to the results of 
the cell deformation experiment using a mi- 
cropipet and Ca2+ signaling, they in turn sig- 
naled their nearest neighbors to exit Go and en- 
ter S phase. It is clear from the results of 
histology and autoradiography in 3H-thymidine 
labeling experiments that not all tendon cells 
connected in syncytial arrays in either the 
epitenon or the internal compartment were stim- 
ulated to divide by mechanical load. If one as- 
sumes that each cell actually is subjected to a 
similar mechanical environment, then some 
cells likely are inhibited from entering S phase 
by some specific mechanism. Communication 
and signaling through gap junctions is one ef- 
fective way to regulate which cells receive a sig- 
nal allowing them to advance through cell divi- 
sion and which cells do not. Therefore, it is 
likely that gap junction regeneration and func- 
tion also are essential for an organized wound 
healing response in tendon, tendon grafts, or tis- 
sue engineered constructs designed for implan- 
tation in a patient, particularly in response to me- 
chanical load. The polyester foam material used 
in the present study as a tendon mimetic can sup- 
port human tendon cell adherence, growth and 
matrix production. Application of cyclic me- 
chanical load may induce cell alignment along 
the principal strain direction and stimulate cell 
and matrix production. This material, and other 
materials that c a  support cell ingrowth and ma- 
trix expression, can be used to model tendon 
growth, development and replacement ex vivo. 

References 
1. Archambault JM, Herzog W, Hart DA: Response of 

rabbit achilles tendon to chronic repetitive loading. 
Trans Orthop Res SOC 22:28,1997. 

2. Archambault JM, Herzog W, Leonard TR: Measure- 

3. 

4. 

5 .  

6. 

7. 

8. 

9. 

10. 

1 1 .  

12. 

13. 

14. 

15. 

16. 

ment of tendon strain in situ with sonomicrometry. 
Third World Congress of Biomechanics Abstracts: 
321, 1998. 
Archambault JM, Wiley JP, Bray RC: Exercise load- 
ing of tendons and the development of overuse in- 
juries. Sports Med 20:77-89, 1995. 
Backman C, Boquist L, Friden J, Lorentzon R, 
Toolanen G: Chronic achilles paratnonitis with 
tendinosis: An experimental model in the rabbit. J 
Orthop Res 8541-547,1990. 
Banes A, Kenamond C, Yang X, et al: Avian tendon 
cells express connexin 43 mRNA in response to me- 
chanical stretching. Trans Orthop Res Soc. 
Banes AJ, Link GW, Bevin AG, et al: Tendon syn- 
ovial cells secrete fibronectin in vivo and in vitro. J 
Orthop Res 6:73-82,1988. 
Banes AJ, Donlon K, Link GW, et al: A simplified 
method for isolation of tendon synovial cells and in- 
ternal fibroblasts: Conformation of origin and bio- 
logical properties. J Orthop Res 6233-94, 1988. 
Banes AJ, Enterline D, Bevin AG, Salisbury R E  
Repair of flexor tendon: Effects of trauma and de- 
vascularization on collagen synthesis. J Trauma 

Banes AJ, Gilbert J, Taylor D, Monbureau 0: A new 
vacuum-operated stress-providing instrument that a p  
plies static or variable duration cyclic tension or com- 
pression to cells in vitro. J Cell Sci 753542,  1985. 
Banes, AJ, Horesovsky, G, Larson, C, et al: Me- 
chanical load stimulates expression of novel genes in 
vivo and in vitro in avian flexor tendons. Os- 
teoarthritis Cartilage 7:141-153, 1999. 
Banes AJ, Horesovsky G, Tsuzaki M, et al: Con- 
nexin 43 is Mechanosensitive in Avian Flexor Ten- 
don Cells. In Caterson B, Archer C, Benjamin M, 
Ralphs J (eds). The Biology of the Synovial Joint, 
Amsterdam, Harwood Academic Publishers 279- 
299,1999. 
Banes AJ, Xiao H, Sanderson S, et al: Tendon Cells 
of the Epitenon and Internal Compartment Commu- 
nicate Mechanical Signals Through Gap Junctions 
and Respond Differentially to Mechanical Load and 
Growth Factors. In Gordon S, Blair SJ, Fine LJ (eds). 
Repetitive Motion Disorders of the Upper Extremity. 
Rosemont, IL, American Academy of Orthopaedic 
Surgeons 1995. 
Banes AJ, Sanderson M, Boitano S, et al: Mechani- 
cal Load +I- Growth Factors Induces [Ca2+]ic Re- 
lease, Cyclin DI Expression and DNA Synthesis in 
Avian Tendon Cells. In Van M, Guilak G, Tran Son 
Tay R (eds). Cell Mechanics and Cellular Engineer- 
ing. New York, Springer Verlag 210-232, 1994. 
Banes AJ, Tsuzaki M, Hu P, et al: PDGF-BB, IGF-I, 
and mechanical load stimulate DNA synthesis in 
avian tendon fibroblasts in vitro. J Biomech 

Banes AJ, Tsuzaki M, Yamamoto J, Fischer T, 
Brown T and Miller L: Mechanoreception at the cel- 
lular level: The detection, interpretation and diver- 
sity of responses to mechanical signals. Biochem 
Cell Biol73:349-365, 1995. 
Bennett MVL, Barrio LC, Bargiello TA, et al: Gap 
junctions: New tools, new answers, new questions. 
Neuron 6:305-320,1991. 

21 505-5 12, 1981. 

28: 1505-15 13,1995. 



Number 3678 
October, 1999 Tendons, Mechanical Load and Gap Junctions S369 

17. Beyer EC, Paul DL, Goodenough DA: Connexin 
family of gap junction proteins. J Membrane Biol 

18. Boitano S, Dirksen ER, Sanderson MJ: Intercellular 
propagation of calcium waves mediated by inositol 
trisphosphate. Science 258:292-295, 1992. 

19. Brigman BE, Yin H, Tsuzaki M, Lawrence WT, 
Banes AJ: Fibronectin in the tendon-synovial com- 
plex: Quantitation in vivo and in vitro by ELISA and 
relative mRNA levels by polymerase chain reaction 
and northern blot. J Orthop Res 12:253-261, 1994. 

20. Caspar DLD, Goodenough DA, Makowski L, 
Phillips WC: Gap junction structures, correlated 
electron microscopy and x-ray diffraction. J Cell 
Biol74:605428, 1977. 

21. Chaplin DM, Greenlee TK: The development of hu- 
man digital tendons. J Anat 120:253-274, 1975. 

22. Charles AC, Naus CC, Zhu D, et al: Intercellular cal- 
cium signaling via gap junctions in glioma cells. J 
Cell Biol 118:195-201, 1992. 

23. Ciarelli MJ, Arnoczky SP, Kilfoyle SJ, Makidon PE: 
Demonstration of intercellular communications (gap 
junctions) in tendon cells in situ. Trans Orthop Res 
Soc 21:372, 1996. 

24. Cowan DB, Lye SJ, Langille B L  Regulation of vas- 
cular connexin43 gene expression by mechanical 
loads. Circ Res 82:78&793, 1998. 

25. Crow DS, Bever EC, Paul DL, Kobe SS, Lau A F  
Phosphorylation of connexin-43 gap junction protein 
in uninfected and Rous sarcoma virus-transformed 
mammalian fibroblasts. Mol Cell Biol 10: 1754- 
1763,1990. 

26. Gelberman RH, Steinberg D, Amiel D, Akeson W: 
Fibroblast chemotaxis after tendon repair. J Hand 
Surg 16A:686-693, 1991. 

27. Greenlee TK, Ross R: The development of rat flexor 
digital tendon, a fine structure study. J Ultrastructure 
Res 18:354-376, 1967. 

28. Haefliger JA, Bruzzone R, Jenkins NA, et al: Four 
novel members of the connexin family of gap junc- 
tion proteins. J Biol Chem 267:2057-2064, 1992. 

29. Hannafin, JA, Arnoczky S P  Effect of cyclic and sta- 
tic tensile loading on water content and solute diffu- 
sion in canine flexor tendons: An in vitro study. J Or- 
thop Res 12:350-356, 1994. 

30. Hannafin, JA, Arnoczky SP, Amardeep H, Torzilli P 
Effect of stress deprivation and cyclic tensile loading 
on the material and morphologic properties of canine 
flexor digitorum profundus tendon: An in vitro 
study. J Orthop Res 13:907-914, 1995. 

31. Hart DA, Archambault JM, Kydd A, et al: Gender 
and neurogenic variables in tendon biology: Possible 
contributing factors to repetitive motion disorders. 
Clin Orthop 351:44-56,1998. 

32. Hemck WC, Kingsbury HB, Lou DYS: A study of 
the normal range of strain, strain rate and stiffness of 
tendon. J Biomed Mater Res 12:877-894, 1978. 

33. Ingber DR: Cellular tensegrity: Defining new rules 
of biological design that govern the cytoskeleton. J 
Cell Sci 104613427, 1993. 

34. Kenamond C, Weinhold P, Bynum D, et al: Human 
tendon cells express connexin-43 and propagate a 
calcium wave in response to mechanical stimulation. 
Trans Orthop Res Soc 22:179-180,1997. 

116:187-194, 1990. 

35. Ker RF: Tensile Fibers: Strings and Straps. In Vin- 
cent JFV (ed). Biomechanics Materials: A Practical 
Approach. New York, IRL Press 75-97, 1992. 

36. Klein-Nulend J, van der Plas A, Semains CM, et al: 
Sensitivity of osteocytes to biomechanical stress in 
vitro. FASEB J 9: 4 4 1 4 5 ,  1995. 

37. Laird DW, Puranam KL, Revel JP: Turnover and 
phosphorylation dynamics of connexin-43 gap junc- 
tion proteins in cultured cardiac myocytes. Biochem 

38. Loewenstein EM, Nakas M, Socolar SJ: Junctional 
membrane uncoupling: Permeability transforma- 
tions at a cell membrane junction. J Gen Physiol 

39. Lundborg G, Rank F, Heinau B: Intrinsic tendon 
healing: A new experimental model. Scand J Plast 
Reconstr Surg 19:113-117,1985. 

40. Markowski L, Caspar DL, Phillips WC, Goodenough 
DA: Gap junction structures. I1 Analysis of the x-ray 
diffraction data. J Cell Biol74:629-645, 1977. 

41. McNielly C, Benjamin M, Banes A, Ralphs J: Im- 
munochemical localization of multiple connexins in 
flexor tendons. J Anat 189:593-600,1996. 

42. Memilees MJ, Flint MH: Ultrastructural study of ten- 
sion and pressure zones in a rabbit flexor tendon. Am 
J Anat 157:87-106.1980. 

43. Mody I, Tanelian DL, MacIver MB: Halothane en- 
hances tonic neuronal inhibition by elevating intra- 
cellularcalcium. Brain Res 538:319-323, 1991. 

44. Musil LS, Beyer EC, Goodenough DA: Expression 
of the gap junction protein connexin43 in embryonic 
chick lens: Molecular cloning, ultrastructural local- 
ization, and post-translational phosphorylation. J 
Membr Biol 116:163-175, 1990. 

45. Oakes BW, Bialkower B: Biomechanical and ultra- 
structural studies on the elastic wing tendon from the 
domestic fowl. J Anat 123:369-387, 1977. 

46. Peracchia C: Effects of the anesthetics heptanol, 
halothane and isoflurane on gap junction conduc- 
tance in crayfish septate axons: A calcium- and hy- 
drogen-independent phenomenon potentiated by 
caffeine and theophylline, and inhibited by 4- 
aminopyridine. J Membr Biol 121:67-78, 1991. 

47. Prockop DJ, Udenfriend S: A specific method for the 
analysis of hydroxyproline in tissues and urine. Anal 
Biochem 1:228-239, 1960. 

48. Randriamampita C, Giaume C, Neyton J, Trautmann 
A: Acetylcholine-induced closure of gap junction 
channels in rat lacrimal glands is probably mediated 
by protein kinase C. Pflugers Arch 412:462468, 
1988. 

49. Revel JP, Kamovsky JJ: Hexagonal array of subunits 
in intercellular junctions of the mouse heart and 
liver. J Cell Biol33:7-12, 1967. 

50. Riederer-Henderson MA, Gauger A, Olson L, Robert- 
son C, Greenlee Jr TK: Attachment and extracellular 
matrix differences between tendon and synovial fi- 
broblastic cells. In Vitro 19:127-133, 1983. 

5 1. Robertson JD: The occurrence of a subunit pattern in 
the unit membrane of club ending in Mauthner cell 
synapses in goldfish brains. J Cell Biol 19:201-221, 
1963. 

52. Rowe RWD: The structure of the rat tail tendon. 
Connect Tissue Res 14:9-20, 1985. 

J 273~67-72, 1991. 

50: 1865-1981,1967. 



S370 Banes et al 

53. Rowe RWD: The structure of rat tail tendon fasicles. 
Connect Tissue Res 1421-30, 1985. 

54. Saez JC, Connor JA, Spray DC, Bennett MV: Hepa- 
tocyte gap junctions are permeable to the second 
messenger, inositol 1,4,5-trisphosphate, and to cal- 
cium ions. Proc Natl Acad Sci USA 86:2708-2712, 
1989. 

55. Sanderson MJ, Charles AC, Dirkson ER: Mechani- 
cal stimulation and intracellular communication in- 
creases intracellular Ca2+ in epithelial cells. Cell 
Regulation 1585-596, 1990. 

56. Shadwick RE: Elastic energy storage in tendons: me- 
chanical differences related to function and age. J 
Applied Physiol68:1033-1040, 1990. 

57. Sill JC, Uhl C, Eskuri S, VanDyke R, Tarara J: 
Halothane inhibits agonist-induced inositol phosphate 
and Ca2+ signaling in A7r5 cultured vascular smooth 
muscle cells. Mol Pharmacol40:100~1013, 1991. 

58. Slack C, Flint MH, Thompson BM: The effect of ten- 
sional load on isolated embyonic chick tendons in or- 
gan culture. Connect Tissue Res 12:229-247, 1984. 

59. Swenson KI, Jordan JR, Beyer EC, Paul DL: Forma- 
tion of gap junctions by expression of connexins in 
Xenopus oocyte pairs. Cell 57:145-155, 1989. 

60. Tanaka H, Manske PR, Pruitt DL, Larson B: Effect 
of cyclic tension on lacerated flexor tendons in vitro. 
J Hand Surg 20A: 467473,1995. 

61. Tsuzaki M, Yamauchi M, Banes AJ: Tendon colla- 
gens: Extracellular matrix composition in shear 
stress and tensile components of flexor tendon. Con- 
nect Tissue Res 29:141-152, 1993. 

Clinical Orthopaedics 
and Related Research 

62. Tsuzaki M, Yang X, Burt J, et al: Avian tendon cells 
express multiple connexins but acute mechanical 
load reduces cell-cell coupling. Trans Orthop Res 
Soc 22:712, 1997. 

63. Verdon ME: Overuse syndromes of the hand and 
wrist. Orthopedics 23:305-3 19, 1996. 

64. Vogel K, Evanko S P  Proteoglycans of fetal bovine 
tendon. Trans Orthop Res SOC 13:182, 1988. 

65. Walker LB, Harris EH, Benedict JV: Stress-strain re- 
lationship in human cadaveric plantaris tendon: A 
preliminary study. Med Electron Biol Eng 2:31, 
1964. 

66. Walker P, Amstutz HC, Rubinfeld M: Canine tendon 
studies. 11. Biomechanical evaluation of normal and 
regrown canine tendons. J Biomed Mater Res 10:61, 
1976. 

67. Willecke, K, Hennemann H, Dahl E, Jungbluth S ,  
Heynkes R: The diversity of connexin genes encod- 
ing gap junctional proteins. Eur J Cell Biol 56: 1-7, 
1991. 

68. Woo SL-Y: Mechanical properties of tendons and 
ligaments Part I: Quasi-static and nonlinear vis- 
coelastic properties. Biorheology 19:385-396,1982. 

69. Woo SL-Y, Gelberman RH, Cobb NG, et al: The im- 
portance of controlled passive mobilization on flexor 
tendon healing. Acta Orthop Scand 52: 615-622, 
1981. 

70. Woo SL-Y, Gomez MA, Amiel D: The effects of ex- 
ercise on the biomechanical and biochemical prop- 
erties of swine digital flexor tendons. J Biomech Eng 
1035 1-56, 198 1. 


