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Abstract

Objective. Four days of blood exposure leads to irreversible cartilage damage in vitro. In contrast, intermittent intra-articular
blood injections twice a week during 4 weeks (mimicking micro-bleeds) in a canine model resulted in transient damage
only. In this study, it was evaluated whether acute joint bleeds are more harmful than micro-bleeds in a canine model of
knee arthropathy. Design. Seven dogs received 4 sequential daily intra-articular blood injections twice in 2 weeks (mimicking
2 acute 4-day joint bleeds). Seven other dogs received the same blood load but in a total of 8 injections intermittently
over the 4-week period with at least | day in between (mimicking micro-bleeds over the same timespan). Contralateral
knees served as controls. Ten weeks after the last injection cartilage matrix turnover and synovial inflammation were
evaluated. Results. Only after the acute joint bleeds the release of newly formed and total (resident) cartilage matrix
glycosaminoglycans were increased (P = 0.04 and P = 0.0, respectively). Furthermore, in animals with the acute joint
bleeds cartilage glycosaminoglycan content was decreased (P = 0.01) and not in animals with micro-bleeds. Mild synovial
inflammation was observed in both groups (both P < 0.0001) but was not different between groups. Conclusions. In contrast
to micro-bleeds, 2 acute joint bleeds lead to prolonged cartilage damage independent of the level of synovial inflammation.
This model suggests that micro-bleeds are less devastating than acute joint bleeds with respect to joint damage, which
might be of relevance to treatment of joint bleeds in clinical practice.
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Introduction and red blood cells, as present in whole blood, leads to long-
lasting disturbance of cartilage matrix turnover.® A proposed
mechanism for this irreversible damage is the conversion of
hydrogen peroxide and catalytic iron, supplied by damaged
red blood cells, into hydroxyl radicals.” Hydrogen peroxide
is produced by chondrocytes under the influence of inter-
leukin-1 formed by activated monocytes/macrophages.
Hydroxyl radicals cause chondrocyte apoptosis resulting in
permanent cartilage damage,'” since the chondrocyte is the
only cell type of cartilage and responsible for maintenance of
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the cartilage matrix. It is unclear whether these mechanisms
take place to the same extent as a result of recurrent distinct
acute joint bleeds and frequently occurring subclinical
micro-bleeds.

In humans, it is anticipated from clinical practice that
after an acute clinical joint bleed blood reaches volume
ratios close to 100% volume/volume (v/v) because the
amount of synovial fluid is generally negligible compared
with the volume of blood entering the joint. Blood is esti-
mated to be cleared within less than a week assuming the
bleed stops. This assumption is supported by rat and rab-
bit in vivo studies using intra-articular injections of
blood.'"? As such, several in vitro studies have used a
4-day blood exposure of 50% v/v to mimic an acute joint
bleed and to evaluate the effects and mechanisms of
blood-induced cartilage damage. It appeared that the
presence of this blood load for such a time period results
in long-lasting damage of both human and canine carti-
lage in vitro %1314

In a canine in vivo model of blood-induced joint damage,
2 injections of autologous blood into their knees at day 0
and 2 caused an impaired cartilage matrix turnover as
observed directly after blood exposure (day 4)."> However,
the effects appeared transient: Blood injections given twice
a week for 4 weeks did not result in long-term cartilage tis-
sue damage (analyzed 10 weeks after the last blood injec-
tion)."> A possible explanation for the discrepancy between
in vitro long-term cartilage damage and the absence of pro-
longed damage in vivo could be a difference in the actual
exposure load (duration and concentration) of cartilage to
blood. In follow-up experiments, it appeared that blood is
cleared from a canine knee much faster than anticipated
originally: Blood concentrations decreased within 2 days to
less than 5% v/v.'® This is much faster than the clearance
rate observed in humans as well as in rats and rabbits.'’ As
such, in previous experiments, canine cartilage was exposed
to much lower blood loads in vivo than the acute joint bleeds
mimicked in vitro with human and canine cartilage.
Therefore, lower concentrations of blood (mimicking
micro-bleeds) might be less harmful.

Human in vitro studies have shown that there is a thresh-
old for the blood load (duration and concentration) to which
cartilage has to be exposed before cartilage damage becomes
irreversible. A minimal blood exposure of at least 2 days
with 10% v/v blood is needed to cause long-term cartilage
damage,'” suggesting that micro-bleeds do not cause irre-
versible direct breakdown of cartilage. In the present study,
the effect of 2 acute 4-day joint bleeds with 2-week interval
was compared with the effect of the same blood load, but
given intermittently over the 4-week period to mimic micro-
bleeds with the change in cartilage proteoglycan content
between the experimental and control joints as primary
outcome.
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Figure |. Schedule of blood injections for acute and micro-
bleeds. To mimic 2 successive clinically evident joint bleeds in

4 weeks, left knees of Beagles were injected with autologous
blood for 4 subsequent days twice in 4 weeks. To mimic
subclinical micro-bleeds over a same time period with a same
overall blood load, animals were injected in their left knee

twice a week during 4 weeks with at least | day in between

the injections. As a control, right knees were either injected
according to the same injection scheme with an equal volume of
saline (acute bleeds) or not injected (micro-bleeds).

Materials and Methods

Animals

Fourteen skeletally mature Beagle dogs were divided in 2
groups of 7 animals each (6/8 male/female; mean age = 2.1
+ 0.1 years, weight 9-15 kg; all equally distributed).
Animals were obtained from the animal laboratory of the
Utrecht University, the Netherlands. They were housed in
groups of 2 to 3 dogs, and were let out on a patio for at least
2 hours daily. They were fed a standard commercial diet
with water ad libitum. According to strict European regula-
tions, the Utrecht Medical Ethical Committee for animals
approved the study.

Experimental Design

During the experimental injection procedures, dogs were
given short-term anesthesia (Dormitor/Antisedan). In all
dogs, left knees were injected intra-articularly with on aver-
age 1.8 £ 0.1 mL freshly collected autologous blood. This is
the average maximum amount of blood that can be injected
intra-articularly in a canine knee of this size. A vena punc-
ture was performed using a 23G needle and Luer lock
syringe. Approximately 5 mL of blood was collected, the
needle was replaced with a clean one, and immediately the
blood was injected into the joint until resistance was felt.
This procedure was performed within one minute for each
animal. Random checks on accurate injection were made by
placing a second needle at the other side of the joint. In all
cases, a blood flow from the injected joint was demon-
strated, indicating that the joint was completely filled with
blood. After removal of the needles, pressure was put on the
puncture holes until the bleed was stopped, thereby prevent-
ing leakage of blood outside the joint cavity.

Seven dogs received 4 blood injections in 4 successive
days (Fig. 1; acute bleeds). This was repeated after 2 weeks.
Based on previous studies,'® this results in 2 periods of at
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least 4 days continuous blood exposure with at least 20%
v/v blood, mimicking 2 sequential clinically evident acute
joint bleeds. Left knees of these dogs were injected at the
same time points with a similar volume of saline.

In the other 7 other dogs, the same blood load was given
by 8 injections with at least 1 day in between mimicking
subclinical micro-bleeds over a same time period (Fig. 1;
micro-bleeds) using the same procedure as described above.
Right knees of these dogs were left untouched. Together
with the saline injected joints of the other group these joints
provided a control for the possible inflammatory responses
due to the repeated injections.

In all cases, dogs regained normal function and use of
the experimental joints shortly after awaking from anesthe-
sia. Function was not scored subjectively as this was not
part of the present study and because it is known from pre-
vious experiments that this is unreliable and needs accurate
force-plate analyses to provide objective reliable data.'® All
animals were sacrificed 10 weeks after the last injection.
The dogs were euthanized using intravenous injection of
Euthesate (Na-Pentobarbital). Both hind limbs were ampu-
tated and high-resolution photographs were taken from the
synovial tissue and from the tibial and femoral cartilage sur-
faces. Within 3 hours after death of the animals, cartilage of
femoral condyles and tibial plateau of both knee joints was
collected. The cartilage was cut as thick as possible, exclud-
ing the underlying bone, and cut into square pieces (mean
weight 3.3 £ 0.1 mg). Subsequently, the cartilage tissue
samples were put in 96-well round-bottomed microtiter
plates with 200 puL culture medium. Culture medium con-
sisted of Dulbecco’s modified Eagle medium (Invitrogen,
Carlsbad, CA) supplemented with glutamine (2 mM), peni-
cillin (100 IU/mL), streptomycin sulfate (100 ug/mL; all
PAA, Pasching, Austria), ascorbic acid (85 puM; Sigma,
St. Louis, MO), and 10% heat-inactivated pooled Beagle
serum.

Cartilage Analysis

Cartilage damage was evaluated macroscopically on high-
resolution digital photographs of tibia and femur by 3
blinded observers. Severity of the damage was graded on a
scale from 0 to 4 according to the OsteoArthritis Research
Society International (OARSI) histopathology criteria for
canine osteoarthritic cartilage."”

Biochemistry of 8 cartilage explants of predefined fixed
locations from femoral condyles and tibial plateau was
determined and compared with identical locations at the
contralateral joint. As a measure of proteoglycan synthesis
rate, the ex vivo radioactive sulfate incorporation rate of gly-
cosaminoglycans (GAGs) was determined. Cartilage
explants were placed in fresh equilibrated (37 °C, 5% Co, in
air, 95% humidity) culture medium and 740 kBq per well

Na235 SO4 (NEX-041-H carrier free; DuPont, Dordrecht, the
Netherlands) was added. After 4 hours of pulse labeling, the
cartilage samples were washed and incubated fresh culture
medium without radioactive label for 3 additional days.
Culture medium and cartilage explants that were washed
twice in ice-cold phosphate-buffered saline were stored at
—20 °C. Thawed cartilage samples were digested for 2 hours
at 65 °C with 2% papain (Sigma, St. Louis, MO) in a buff-
ered solution containing 50 mM phosphate buffer (pH 6.5;
Baker), 2 mM Na -EDTA, and 2 mM N-acetylcysteine (both
Sigma). GAGs were precipitated from the cartilage digest
with 0.1% Alcian Blue (Sigma) and dissolved in 2% sodium
dodecyl sylfate (Sigma). The amount of radioactivity was
measured by liquid scintillation analysis. Radioactive counts
were normalized to the specific activity of the medium,
labeling time, and wet weight of cartilage (nmoL/h/g).

As a measure of proteoglycan content, the amount of
stained GAGs was quantified by absorptiometry at 620 nm
using chondroitin sulfate (Sigma) as a reference. Results
were expressed as milligrams GAG per wet weight of carti-
lage tissue (mg/g).

As a measure of retention of newly synthesized proteo-
glycans in the cartilage matrix, the amount of NaZ3SSO4-
labeled GAGs in the 3-day culture medium was assessed by
precipitating the total GAG amount with Alcian Blue. The
release of labeled GAGs as a measure of newly formed pro-
teoglycans is normalized to GAG synthesis rate and
expressed as percentage release of labeled GAGs in the 3
days of culture (% newly formed GAG release). The total
release of proteoglycans is expressed as a percentage of the
original cartilage GAG content (% GAG release).

Synovial Tissue Analysis

Inflammation of synovial tissue was evaluated macroscopi-
cally on high-resolution digital photographs by 3 blinded
observers. Severity of the inflammation was graded on a
scale from 0 to 5 according to the OARSI histopathology
initiative developed for dogs."

Statistical Analyses

All cartilage explants were handled individually and the
average result of 8 samples was taken as representative of
that joint surface. The primary outcome was the change
in proteoglycan content between experimental (blood-
injected) and contralateral control joints. This change was
compared by an unpaired ¢ test (as no clear skewing of data
was observed in either group; data of individual animals
are provided) between the “acute bleeds” group and the
“micro-bleeds” group. In addition to this primary outcome,
additional predefined secondary questions (cartilage pro-
teoglycan synthesis, release and retention of newly formed
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proteoglycans as well as synovial inflammation) were sta-
tistically tested. Paired Student’s ¢ test was used to com-
pare data of the experimental and contralateral control
joints within each group to answer the question whether
“acute bleeds” or “micro-bleeds” have any effect. All
changes pointed to the same direction as the primary out-
come; there were no contradictory changes. Thus the sec-
ondary outcomes supported the results of the primary
outcome (although not always statistically significant).
This allowed multiple ¢ testing. Data were analyzed using
SPSS 15.0 software and differences were considered statis-
tically significant when P < 0.05.

Results

Acute Joint Bleeds Cause Cartilage Degradation

Macroscopic cartilage damage was still minimal after blood
exposure according to the OARSI criteria of canine carti-
lage damage and did not increase because of an acute joint
bleed (control 0.34 + 1.00, experimental 0.59 + 0.11, P =
0.18) or because of a micro-bleed (control 0.44 + 1.00,
experimental 0.36 + 0.10, P = 0.66). The differences of the
control and experimental joints between the acute bleed and
micro-bleed group were also not statistically significantly
different (P = 0.68 and P = 0.40, respectively).

Changes in proteoglycan turnover, a much more sensi-
tive measurement, revealed a cartilage degenerative pro-
cess. Blood injections according to the acute bleeds injection
scheme, as well as the micro-bleeds scheme, caused an
increase in proteoglycan synthesis rate compared with the
contralateral control joint (Fig. 2A; P = 0.01 and P = 0.02,
respectively). This effect appeared to be slightly more out-
spoken for the acute joint bleeds than for the micro-bleeds
(24% vs. 18% increase; right panel Fig. 2A), although this
difference was not statistically significant.

An increased proteoglycan synthesis rate is the expres-
sion of initiated (ineffective) repair activity characteristic of
early degenerative (osteoarthritic) cartilage.”’ This increased
proteoglycan synthesis rate was indeed ineffective, but only
in the knees exposed to acute joint bleeds, since the release
of newly formed GAGs (indicating a decreased retention of
newly formed proteoglycans) was only statistically signifi-
cantly increased after acute bleeds (Fig. 2B; 9%, P = 0.04).
After micro-bleeds, change of 2% was observed (not sig-
nificant, ns). The total release of proteoglycans, primarily
resident proteoglycans in addition to newly formed proteo-
glycans, was increased with 16% in case of an acute bleed
(Fig. 2C; P = 0.01), but only with 6% in case of micro-
bleeds (ns).

Ineffective synthesis and enhanced release led to a statis-
tically significant decrease in proteoglycan content (the pri-
mary outcome parameter) in case of acute joint bleeds
(Fig. 2D; P =0.01) and not in case of micro-bleeds. There

was even a slight increase of 2% in proteoglycan content
compared to contralateral control joints in the micro-bleeds-
exposed joints, whereas there was a clear decrease of 6% in
the joints exposed to acute joint bleeds when compared with
contralateral control joints. This difference between both
groups was statistically significant (right panel, Fig. 2D;
P =0.001). Importantly, the results of the 3 cellular param-
eters (synthesis, release, and retention) all supported the
primary outcome on cartilage tissue structure, namely pro-
teoglycan loss.

Synovial Inflammation due to Acute Bleeds and
Micro-Bleeds

Mild synovial inflammation was observed due to acute
bleeds and micro-bleeds when compared with the control
knee (an increase of 1.2 vs. 1.1 points on the OARSI scale,
respectively, on a total scale of 5), statistically significant
for both (Fig. 3E; both P < 0.0001). There was no differ-
ence in synovial inflammation between both groups.
Representative photographs demonstrate this slight increase
in inflammation, which is similar for both groups (Fig.
3A-D). This absence of a difference confirms that the dis-
crepancy in cartilage damage between both groups is
because of direct effects of blood on cartilage largely inde-
pendent of synovial inflammation.

Intra-Articular (Saline) Injections Do Not Cause
Joint Damage

There was no clear difference in cartilage and synovial
tissue parameters between the control joints of both
groups (Figs. 2A-D and 3E). Although groups were small
for unpaired statistical comparison with significant inter-
animal variations, there was no sign of a systematic dif-
ference between the saline-injected joints and the
untouched joints of both groups. As such, it may be con-
cluded that the repeated injections in the knee joint with
saline did not cause alteration of cartilage biochemistry or
synovial inflammation compared to knees that were not
injected at all.

Discussion

The present study demonstrates that exposure to blood for
at least 4 days twice in 4 weeks, representing 2 clinically
evident acute joint bleeds, leads to long-lasting cartilage
damage. In contrast, a similar blood load applied intermit-
tently over the same time span, representing subclinical
micro-bleeds, does not result in long-term cartilage dam-
age. Blood exposure, both by acute bleeds and micro-
bleeds, results in equal synovial inflammation, which on its
own does not induce long-lasting cartilage damage in this
model.
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Figure 2. Parameters of cartilage damage on acute and micro-bleeds. Proteoglycan synthesis rate (A), newly formed proteoglycan
release (B), total proteoglycan release (C), and proteoglycan content (D) were measured |10 weeks after the last acute joint bleed

(n = 7) or after the last micro-bleed (n = 7). All these parameters are also expressed as change compared to control leg (right panel of
each graph) with bars representing means + standard error of the mean. Contr = control; exp = experimental, that is, blood-injected;
acute = acute joint bleeds (white bar); micro = micro-bleeds (gray bar). P values are given in case they are less than 0.05, otherwise

differences were not statistically significant.

Several animal models with different outcomes are used
to investigate blood-induced joint damage. A single intra-
articular injection with freshly collected autologous blood
in rabbit ankle or knee joints does not lead to persistent car-
tilage damage or loss of joint function.'**' A single intra-
articular blood injection in a rat knee results in joint damage,
although not permanent.” In contrast, in joints of dogs that
are exposed to high levels of blood (6 intra-articular injec-
tions per week during 12-18 weeks) cartilage changes are

observed.” Also a canine model using high-pressure hem-
arthrosis causes cartilage damage up to 8 weeks postopera-
tively.”* Indirectly, it is shown that blood has harmful
effects in the joint of a canine model using anterior cruciate
ligament transection to induce osteoarthritis. When joint
bleeds are prevented during surgery, less synovitis, iron
deposits, and cartilage degeneration are found.”
Additionally, several hemophilic animal models have
been developed to investigate joint damage due to bleeds.
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Figure 3. Macroscopic changes of the synovial tissue as a result of acute and micro-bleeds. Beagle left knee joints were injected
according to the acute bleeds protocol (A and B; n = 7) or the micro-bleeds protocol (C and D; n = 7). Representative pictures of
control (A and C) and experimental (blood-injected) synovial tissue (B and D) 10 weeks after the last injection are shown. Acute
joint bleeds and micro-bleeds caused synovial inflammation according to the modified OARSI score (scale 0-5) (E). Macroscopy was
scored by 3 blinded observers and averaged. Contr = control; exp = experimental, that is, blood-injected; OARSI = OsteoArthritis

Research Society International.

Hemophilic mice possess a relatively mild bleed pheno-
type; they mostly only bleed after trauma. A joint bleed
evoked by a blunt trauma results in joint swelling because
of the bleed and inflammation.”® In a more sophisticated
model, a single knee puncture causes a joint bleed and even-
tually results in cartilage degradation in the knee joint.”’
Hemophilic dogs®® and sheep” tend to bleed spontaneously,
which leads to symptoms more closely mimicking humans
with severe hemophilic arthropathy. However, these mod-
els are unpredictable regarding timing and total blood load.

In our model, we injected coagulating blood intra-
articularly. This represents a joint bleed due to trauma rather
than a joint bleed of a hemophilia patient. However, in
developed countries, many hemophilia patients receive
clotting factor replacement therapy and as such this model
can also represent these types of joint bleeds. Nevertheless,
compared with noncoagulating blood this damage might be
a bit overestimated, since blood coagulation aggravates
blood-induced joint damage.®

It is advantageous to provoke controlled blood-induced
joint damage models in larger animals because they allow
us to investigate the pathology of blood-induced joint dam-
age in more detail under controlled conditions. Furthermore,
biochemical properties of cartilage can be evaluated more
easily in larger animal models, since there is more cartilage
tissue available to analyze. A reason to choose for a canine

model is that canine cartilage is clearly more similar to
human cartilage with respect to cartilage thickness, number
of chondrocytes compared with the extracellular matrix,
and the anatomy of the knee when compared to smaller
rodent models.*'*

Our canine blood-induced cartilage damage model
shows that clinically evident acute joint bleeds and subclin-
ical micro-bleeds result in equal synovial inflammation.
This confirms that the difference in cartilage damage
between both models is due to direct effects of blood on
cartilage, independent of synovial inflammation. Despite
the direct effects of blood on cartilage, it is known that
inflammation of synovial tissue also plays a major role in
blood-induced arthropathy. Deposition of iron in the syno-
vial tissue ultimately causes proliferation, hypertrophy,
fibrosis, and neovascularization.>® As such, inflamed syno-
vial inflammation contributes to cartilage damage at a later
stage.*” Because of that, micro-bleeds can also deteriorate
cartilage of an affected joint, but probably only over a pro-
longed period of time.

Cartilage damage present after 2 successive acute joint
bleeds in vivo is still mild compared to the irreversible in
vitro damage after exposure to 50% whole blood for 4
days."® A possible explanation for this discrepancy could be
that cubic cartilage explants cultured in vitro are exposed to
blood at all 6 sides, compared with only the articular side
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that is exposed to blood in vivo. The superficial layer of
cartilage has a lower permeability when compared to the
deeper layers because of higher collagen content.*’
Furthermore, the articular surface is covered with a thin
anionic protein layer representing a charge and size bar-
rier.*® This provides protection under healthy conditions to
articular cartilage. Blood exposure to cartilage that is not
protected by its superficial layer is probably the reason of
more cartilage damage in vitro than in vivo. In addition,
synovial tissue, which is not present in the in vitro culture
system, could possibly produce neutralizing factors
(e.g., transforming growth factor-p1, interleukin-10, and
interleukin-1 receptor antagonist’’ %) that could limit carti-
lage damage after exposure to blood. These conditions are
restricted during in vitro circumstances.

In conclusion, this study confirms that in a canine in vivo
model, 2 clinically evident acute joint bleeds within 4 weeks
lead to direct cartilage damage, being a process independent
of inflammation early in the degenerative process.
Furthermore, this model suggests that subclinical micro-
bleeds do not cause this direct cartilage degeneration but
add to joint degeneration by inflammation in the long term.
The direct devastating effects of clinical acute bleeds in
contrast to subclinical micro-bleeds may need special atten-
tion regarding treatment of these specific bleeds (e.g., direct
evacuation of blood from the joint).
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