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Akeson, W. H., Woo, S. L-Y., Amiel, D., Doty, D. H., and Rutherford, L. (1976).
Annals of the Rheumnatic Diseases, 35, 429-436. Value of 17P-oestradiol in prevention
of contracture formation. Male and female rabbits were treated with 17,-oestradiol
during the 9-week development of a contracture in the left hind limb. The right hind
limb served as the paired control. Untreated (absolute control) animals received saline
injections. After 9 weeks biochemical analyses of water, hexosamine, soluble and total
collagen, as well as biomechanical measurements of joint stiffness, were performed on
the dissected knees. In all cases 17,-oestradiol reduced the measured stiffness in the
contractures by approximately 50% as compared to the contractures of the untreated
animals. 17,-oestradiol, in addition, partially prevented the loss of water and hexo-
samine which occurs in untreated contractures. 17 p-oestradiol administration also
decreased the content of soluble collagen fractions in the periarticular connective
tissue of both the control and experimental knees. The relationship of these bio-
chemical findings to their mechanical consequences is discussed, and the results are
related to a working hypothesis of stress- and motion-dependent homoeostasis within
periarticular connective tissue.

A study of the effects of a therapeutic manoeuvre
using 17p-oestradiol on an experimental rabbit knee
joint contracture model is presented. The bio-
mechanical and biochemical alterations in the
untreated model system have been previously
documented (Woo and others, 1975). A large increase
in joint stiffness was measured using a bioengineering
instrument called an arthrograph. Biochemical
analyses of the periarticular connective tissue showed
a significant decrease in water, glycosaminoglycans
(GAGs), and soluble collagen in the experimental
knees (Akeson and others, 1973, 1974). A working
hypothesis that homoeostasis of periarticular
connective tissue is stress and motion dependent
was postulated based on correlative results
obtained from the two interdisciplinary methods
of study (Akeson and others, 1974).

17,p-oestradiol, an agent with potential con-
tracture prevention action, was selected because of
its known influence on connective tissue systems.
In mouse skin 17 f-oestradiol treatment causes a
significant increase in water content and in hya-
luronic acid content (Grosman, Hvidberg, and
Schou, 1971; Grosman, 1972; Hvidberg, Szporny,

and Langgard, 1963). Conversely, a decrease in
water and hyaluronic acid content has been found
in the periarticular connective tissue of the knees of
rabbits and dogs after 9 weeks of immobilization
(Akeson and others, 1973; Woo and others, 1975).
Since the effect of 17P-oestradiol on periarticular
connective tissue has not been reported in the
literature, a study was undertaken to determine
whether the administration of 17f-oestradiol could
reverse these undesirable immobilization effects.

Hyaluronic acid is one of the GAGs which make
up the connective tissue ground substance. Its bulky
3-dimensional structure and large potential for
hydrogen bonding results in entrapment of large
numbers of water molecules in its molecular domain
(Ogston, 1970; Preston, Davies, and Ogston, 1965).
With its entrapped water, hyaluronic acid is thought
to confer much of the pliability and lubrication
properties present in composite connective tissue
systems (Swann and others, 1974). Loss of hyaluronic
acid and water would seem, conversely, to be harmful
to normal connective tissue mechanics, though this
remains to be firmly established.

In the present investigation two dosage levels of
Accepted for publication February 19, 1976.
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35, Annals of the Rheumatic Diseases, 1975).
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17P-oestradiol were used on the rabbit model
previously described (Akeson and others, 1973).
Biomechanical measurements of joint stiffness using
an arthrograph (Woo and others, 1975; Wright and
John, 1961) and biochemical measurements of
periarticular connective tissue composition of water,
total hexosamine soluble collagen, and total collagen
were performed. The results were compared with
untreated animals to evaluate the effects of 17 3-
oestradiol in preventing severe contracture form-
ation.

Materials and methods
Twenty-eight male and 28 female New Zealand white
rabbits, initially weighing 3 kg (± 0 2 kg) were used for
this study. The animals were housed individually and
maintained on a standard laboratory diet with un-
restricted water. All animals were weighed weekly. The
animals received intramuscular injections of oestradiol
(Progynon, N.F. Schering Co.) in aqueous suspension
three times weekly. The dosage levels were 500 Fg/kg per
week for the high dosage group and 50 ,ug/kg per week
for the low dosage group. The low dosage level was
similar to those used in previous studies on the effects of
oestrogen in skin and other connective tissue, where
50-100 Fg/kg per week were used (Grosman and others,
1971; Smith and Allison, 1966a, 1966b; Henneman,
1968). 8 control animals of each sex received sterile
saline injections on the same schedule as the treated
groups.

After anaesthesia with Innovar-VetS and ether, the
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left knee was fixed in acute flexion by means of a 2 4 mm
diameter, threaded, stainless steel pin inserted through
the mid-diaphysis of the tibia, passed posterior to the
popliteal fossa, while remaining within the skinfold of
the leg. The pin was then bent and hooked over the
proximal femur through a short lateral incision. A nut
was then tightened against the tibia to force the knee into
full flexion. The right knee remained free to serve as the
control. Saline or 17p,-oestradiol administration was
begun on the first postoperative day and continued
thereafter until the end of the 9-week interval. Dosages
were adjusted weekly according to body weight. Animals
were sacrificed after 9 weeks (Euthanasia solution,
Valley Vet, Hollywood, Calif.). The hind limbs were
disarticulated at the hip, all skin was removed, and then
all tissue except bone was divided circumferentially 4 cm
above and 3 cm below the joint line. The soft tissues
proximal in the thigh and distal in the leg were discarded.
Arthrograph measurements of the dissected joints

were begun within 15 minutes after sacrifice. The design
(Fig. 1) and method of application of the arthrograph
have been described (Akeson and others, 1974; Woo and
others, 1975). It is used to measure the stiffness of the
control and experimental joints through predetermined
ranges of motion. It yields a torque-angular displacement
diagram (T vs. 0) for these specified ranges of flexion and
extension (see Fig. 2). The area enclosed by the hysteresis
loop on the T-0 diagram obtained during extension and
flexion is also a measure of the energy required to cycle
the joint (Fig. 2). A frequency of 0 2 cycles per second
was used to extend and flex the control and experimental
knee joints.

DISSECTED RABBIT LIMB

-e FLEXION EXTENSION
ai-*. -l L PLATFORM A

-4 LOAD CELL

FIG. I Schematic diagram of the arthrograph apparatus

copyright.
 on M

ay 19, 2023 by guest. P
rotected by

http://ard.bm
j.com

/
A

nn R
heum

 D
is: first published as 10.1136/ard.35.5.429 on 1 O

ctober 1976. D
ow

nloaded from
 

http://ard.bmj.com/


Value of 17P-oestradiol in prevention of contracture formation 431

80 5 5 60 55 FEMORAL-TIBIAL ANGLE 757065 6SSOO
0.05 19 IN DEGREES) MS0

FLEX/ON 0.10 0l1

0.20

UNTREATED CONTRACTURE OESTRADIOL TREATED CONTRACTURE
RABBIT NO. 32 RABBIT ER-18, LOW DOSAGE 9

FIG. 2 X-Y recordings of the typical T-0 diagrams
during first cycle of extension-fiexion of untreated and
oestradiol-treated rabbit knees after 9 weeks of immo-
bilization. For conversion factor for SI units to traditional
units see Table II

BIOCHEMICAL ANALYSIS

Immediately after the bioengineering tests, all peri-
articular connective tissue (muscle, tendon, ligament, and
fascia) was removed from the joints for biochemical
analyses. Each muscle was dissected out individually and
all muscle and fat meticulously separated from the fibrous
connective tissue. The amount of periarticular connective
tissue harvested from each experimental group was
remarkably similar. The total dissected periarticular
connective tissue in g from right and left knees showed
no statistically significant difference (see Table I).

Previous work done by this laboratory showed that
the periarticular connective tissue from the immobilized
rabbit knee showed uniform reduction in all tissue
matrix constituents (Akeson and others, 1968). Hence,
the tissue sample was then grossly divided into equal
portions, weighed quickly, and treated as follows. One
portion (part A) was dried and defatted in several
changes of a 50% mixture of acetone and ether for 4
days at room temperature. The tissue was then air dried
and ground in a prechilled electrically driven tissue
grinder to pass through a 20 mesh screen, then oven
dried at 70°C to constant weight. The other portion
(part B) of the tissue, after being weighed quickly, was
dried to constant weight at 100°C in an air-circulating
oven for the determination of water and fat content.
The total fat content was determined using a Soxhlet
fat extractor with a Friedrichs (VWR Scientific, San
Diego) type condenser and ethyl ether as solvent.
The detailed biochemical methodology used for this

study has been reported previously (Akeson, Amiel, and
LaViolette, 1967; Akeson and others, 1968). Minor
modifications of the methods for hexosamine (Boas,
1953), and hydroxyproline (Woessner, 1961) were used.
For hexosamine analysis, a 10 mg aliquot of dried con-
nective tissue was hydrolysed at 100°C in a sealed tube
in a boiling water bath using 6N HC1 for 5 hours. The
acid hydrolysate was dried in a vacuum desiccator over
calcium chloride. The residue hydrolysate was treated
according to the Boas procedure, and the hexosamine
determination was performed by the modified Elson
Morgan reaction (Elson and Morgan, 1933; Boas, 1953).
Glucosamine HCI (Nutritional Biochemicals Corp.) was
used as the standard at a concentration of 20 ,ug/ml.

For the hydroxyproline determination, 5 0 mg fat-free
dry connective tissue was hydrolysed in 6N HCI for 3
hours at 130°C. The hydrolysate was treated according
to the procedure of Woessner (1961), and the amount of
hydroxyproline was determined spectrophotometrically
at 557 nm.
For the soluble collagen determination, 0-6 g fat-free

dry periarticular connective tissue was extracted with
neutral salt solution at pH 7-4 with solutions of 0 1 N,
0 45 N, and then 1 0 N NaCI according to Jackson and
Bentley (1960). Each extraction was carried out for 24
hours at 4°C four times, and the extract from each con-
centration of salt was pooled, centrifuged at 20 000 x g
for one hour, and filtered through a medium fritted glass
funnel. The filtered extract was then dialysed until salt
free. An aliquot was used for determination of the total
soluble collagen in that fraction by the hydroxyproline
method of Woessner (1961).

Results

GROWTH CHARACTERISTICS

All animals gained weight during the 9-week
experimental period and the normalized growth
curves are presented in Fig. 3. Linear regression
analysis showed all growth curves could be approxi-
mated by a straight line at the 99 9% confidence
level. Fig. 3 also shows that the 17P-oestradiol-
treated males, particularly the low-dosage group,
have a lower weight gain proportional to the
administered dose (slopes 1 * 87 and 2 - 63, respectively,
vs. 3 * 65 for control animals). In spite of the slower
weight gain, the treated males were outwardly
healthy, recovered well from surgery, and their
incisions healed promptly.

BIOCHEMICAL RESULTS

The biochemical results are summarized in Table I.
The biochemical and biomechanical results of the
untreated contracture (8 male and 8 female rabbits

CORR COEFF SLOPE

_-- LOW DOSAGE 091/ 187
A-- HIGH DOSAGEd' 090 263
0 LOW DOSAGE t 097 3.72

* a HIGH DOSAGE Q 097 362
40 O--o CONTROL cI,? 099 365

W Ii>30

I-~~~~~~~~~~~-
>1'B

5 6 7 8 9

WEEKS OF IMMOBILIZATION

FIG. 3 Growth curves of control and oestradiol-treated
rabbits during the 9-week period of immobilization
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with saline injection) showed no statistically sig-
nificant difference between the sexes. Hence, the
results are pooled and presented in Tables I and II.

Water values
The tissue from control knees of the high-dosage
female group had significantly higher water values
than those of the untreated animals (P < 0 001).
In addition, the pooled data from the control knees
of all the treated groups had higher water values
than those from the untreated groups (P < 0 001).
For the experimental knees, the water content in
the animals was significantly higher than that of
the untreated animals (P < 0 001). The water loss
ranged from 0 3 to 1-9% in the treated animals
(computed as control knee - experimental knee/
control knee in the same animal) compared to
approximately 6% in the untreated animals, showing
that in rabbits 17 3-oestradiol has a partial pro-
tective effect against water losses induced by im-
mobility.

Total hexosamine values
No statistically significant differences were ob-
served between the hexosamine values for the
control knees of treated and untreated groups. The
experimental knees of the treated groups generally
had higher hexosamine values than experimental
knees of the untreated group; however, the only
significant difference was in the low-dosage female
group (P < 0 01). When all treated experimental
knees were pooled and compared with the un-
treated experimental knees, the hexosamine values
were significantly different (P < 0 05). When the
experimental knees were compared with the con-
tralateral controls, all groups showed statistically
significant differences in total hexosamine except
the low-dosage females. When data from all treated
experimental knees were pooled and compared with
values from the contralateral control knees, the
reduction of total hexosamine values was 3 to 16%
on the experimental side (P < 0 05). These changes
were smaller than seen in the untreated series, where
the total hexosamine loss on the immobilized side
was 25%, indicating that 17p-oestradiol has a
partial protective effect against hexosamine losses
in periarticular connective tissue of immobilized
rabbit knees.

Total collagen values
The total collagen concentration in periarticular
connective tissue in the treated animals was similar
to that of the untreated animals, with the exception
of the high-dosage male group. Collagen values in
this group were lower than that of the untreated
animals, both in the control and experimental
limbs (P < 0 05).

Soluble collagen values
The soluble collagen concentration in the peri-
articular connective tissue of the control knees of
all treated animals was significantly lower than that
of the control limbs of the untreated animals
(P < 0 01). In addition, in the treated animals the
soluble collagen content in the experimental knees
was significantly less (35 %-50 Y.) than in the con-
tralateral control knees (P < 0 05).

BIOMECHANICAL RESULTS

Arthrograph measurements, presented in Table II,
show that the untreated group had significantly
greater knee joint stiffness secondary to immo-
bilization than the treated groups (see Fig. 4). The
area of hysteresis and torque are 10 and 6 times
greater, respectively, for the immobilized knees of
the untreated animals compared with the control
knees. In the treated group, however, joint stiffness
was reduced approximately 50% (see Figs. 2 and 4).
There were no statistically significant differences
between the various treatment groups with regard
to dosage, level, or sex.
The amount of reduction in joint stiffness seen in

the oestradiol-treated animals was similar in magni-
tude to the biochemical matrix changes. That is,
in the treated animals the contracture stiffness was
reduced approximately half in the same limbs where
approximately half the loss of water and half the
loss of hexosamine was found. Linear regression
analysis showed a trend in which the biomechanical
measurements exhibited a negative correlation with
water content, and that in 5 out of 9 cases of these
analyses the level of significance was > 95% (P <
0 05) (see Table III).

nControl
Experlmental

FIG. 4 Histograms showing the amount of torque
required to extend the immobilized knee from 50'-80'
during first cycle. Note that the oestradiol-treated groups
required substantially less torque than the untreated group.
Data for the experimental limb are presented in mean ±
standard error. The standard error for the control limb is
small,lthus only mean values are shown. Conversion factor
for SI units to traditional units in Table II
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Table El[ Linear regression analysis on arthrograph
results andchanges in water content (E-C/C x 100%)
in rabbits' knees from five groups of experimental (1
untreated and 4 17P-oestradiol-treated) animals, as
shown in Table I

Biomechanical variables

Small range (50°-80°)
(1) Area of hysteresis

1st cycle
5th cycle

(2) Torque
50°-65° 1st cycle
50°-80° 1st cycle
50°-80° 5th cycle

Large range (450-950)
(1) Area of hysteresis

1st cycle
5th cycle

(2) Torque
1st cycle
5th cycle

Correlation coefficient
with water content

0.91*
0-83t

0-89*
0-84t
0.89*

0.85*
0-83t

0-80t
0.86*

* 0-025 <P <0-050; t 0-050 <P <0.100.

Discussion
These results are the first known description of the
effect of 173-oestradiol on connective tissue of syn-
ovial joints, and are consistent with those studies on
skin reported by other investigators (Grosman and
others, 1971; Grosman, 1972; Henneman, 1968;
Hvidberg and others, 1963; Smith and Allison,
1966b; Yang, Okamura, and Beer, 1973). The
effects of 17P-oestradiol on animal growth, new
collagen formation, and GAG content (as repre-
sented by total hexosamine) were similar to those
found by Smith and Allison (1966a 1966b). Several
investigators have also reported a decrease in skin
collagen content after oestradiol treatment (Kao,
Hitt, and McGavack, 1965; Smith and Allison,
1966a 1966b; Yang and others, 1973). Henneman
(1968) further showed a striking absence of acid-
soluble collagen in oestradiol-treated animals. In
our study neutral salt-soluble collagen content was
also significantly lowered in the periarticular con-
nective tissue of the oestradiol-treated animals.

It has been shown that lack of physical stress and
motion affect the water, ground substance, and the
soluble collagen contents in the fibrous periarticular
connective tissue (Akeson and others, 1974; Woo

and others, 1975). 17P-oestradiol appears to exert
a protective effect on this immobilized tissue by
minimizing the losses of water and hexosamine,
and by reducing the soluble collagen content further.
We have postulated that the levels of water and
GAG (hyaluronic acid in particular) have a role in
maintaining normal pliability, interfibrillar distance,
and lubrication in the periarticular connective
tissue (Akeson and others, 1974; Woo and others,
1975). Swann and others have also attributed an
important role to hyaluronic acid in maintaining
normal pliability and lubrication in connective
tissue systems (Swann and others, 1974). The
lessening ofjoint stiffness observed in the oestradiol-
treated animals may in part be due to maintenance
of critical interfibrillar distance within the matrix
by protection against losses of water and hexosamine
in the periarticular connective tissue. In addition,
the larger reduction of soluble collagen content in
the treated animals may indicate a reduction in
newly synthesized collagen maturing in a randomily
oriented fashion. The types of collagen cross linkages
theoretically possible in an immobilized joint have
been discussed previously (Woo and others, 1975).
Changes in soluble collagen do not necessarily
reflect changes in synthesis, as changes in resorption
can also be reflected in this pool. A definitive study
of this question will require isotope labelling
experiments for determination of rates of formation
and resorption. Collagen deposition and inter-
molecular cross-linking in the connective tissue of
an immobilized knee is likely to be random because
the physical forces that are presumed to organize
and orientate the collagen fibres in a normal physio-
logical state are absent, or at least much reduced.
The administration of 17p-oestradiol was bene-

ficial with regard to reduction of biomechanical
stiffness in the immobilized joint. The biochemical
results showed that the treated immobilized joints
were partially protected from losses of water and
hexosamine. These joints also showed reduced
amounts of soluble collagen. 17p-oestradiol may be
an ideal therapeutic agent for short-term treatment
of high risk female populations in which injuries or
diseases result in enforced immobilization manifested
as joint contractures. The low-dosage level used in
this study was within the range advocated in replace-
ment therapy in human females (Gold, 1968;
S. S-C. Yen, personal communication, 1975).
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