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Abstract

Background Joint contractures are a major complication in patients with spinal cord injuries.
Positioning, stretching, and physical therapy are advocated to prevent and treat contractures;
however, many patients still develop them. Joint motion (exercise) is crucial to correct
contractures. Transcutaneous carbon dioxide (CO.) therapy was developed recently, and its
effect is similar to that of exercise. This therapy may be an alternative or complementary

approach to exercise.

Question/purposes Using an established model of spinal cord injury in rats with knee flexion
contractures, we sought to clarify whether transcutaneous CO; altered (1) contracture, as
measured by ROM; (2) muscular and articular factors contributing to the loss of ROM; (3)
fibrosis and fibrosis-related gene expression in muscle; and (4) the morphology of and

fibrosis-related protein expression in the joint capsule.

Methods Thirty-six Wistar rats were divided into three equal groups: caged control, those
untreated after spinal cord injury, and those treated with CO; after spinal cord injury. The rats
were treated with CO> from either the first day (prevention) or 15th day (treatment) after
spinal cord injury for 2 or 4 weeks. The hindlimbs of rats in the treated group were exposed
to CO; gas for 20 minutes once daily. Knee extension ROM was measured with a goniometer
and was measured again after myotomy. We calculated the muscular and articular factors
responsible for contractures by subtracting the post-myotomy ROM from that before
myotomy. We also quantified histologic muscle fibrosis and evaluated fibrosis-related genes
(collagen Type 1, al and transforming growth factor beta) in the biceps femoris muscle with
real-time polymerase chain reaction. The synovial intima’s length was measured, and the
distribution of fibrosis-related proteins (Type I collagen and transforming growth factor beta)
in the joint capsule was observed with immunohistochemistry. Knee flexion contractures

developed in rats after spinal cord injuries at all timepoints.
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Results CO; therapy improved limited-extension ROM in the prevention group at 2 weeks
(22° = 2°) and 4 weeks (29° + 1°) and in the treatment group at 2 weeks (31° + 1°) compared
with untreated rats after spinal cord injuries (35° £ 2°, mean difference, 13°; 39° £ 1°, mean
difference, 9°; and 38° + 1°, mean difference, 7°, respectively) (95% CI, 10.50-14.86, 8.10-
10.19, and 4.73-9.01, respectively; all p < 0.001). Muscular factors decreased in treated rats
in the prevention group at 2 weeks (8° = 2°) and 4 weeks (14 °+ 1°) and in the treatment
group at 2 weeks (14 * 1°) compared with untreated rats (15° + 1°, 4.85-9.42; 16° £ 1°, 1.24-
3.86; and 17° £+ 2°, 1.16-5.34, respectively; all p < 0.05). The therapy improved articular
factors in the prevention group at 2 weeks (4° = 1°) and 4 weeks (6° £ 1°) and in the
treatment group at 2 weeks (8° £ 1°) compared with untreated rats (10° + 1°, 4.05-7.05; 12° £
1°,5.18-8.02; and 11° + 2°, 1.73-5.50, respectively; all p < 0.05). CO> therapy decreased
muscle fibrosis in the prevention group at 2 weeks (p < 0.001). The expression of collagen
Type 1, a1 mMRNA in the biceps femoris decreased in treated rats in the prevention group at 2
and 4 weeks compared with untreated rat (p = 0.002 and p = 0.008, respectively), although
there was little difference in the expression of transforming growth factor beta (p > 0.05).
COs- therapy did not improve the shortening of synovial intima at all time-points (all p >
0.05). CO> therapy decreased transforming growth factor beta immunolabeling in joint
capsules in the rats in the prevention group at 2 weeks. The staining intensity and Type I

collagen pattern showed no differences among all groups at all timepoints.

Conclusion CO> therapy may be useful in preventing and treating contractures after spinal
cord injuries. CO therapy particularly appears to be more effective as a prevention and
treatment strategy in early-stage contractures before irreversible degeneration occurs in a rat

model.

Clinical Relevance Our findings support the idea that CO, therapy may be able to improve

the loss of ROM after spinal cord injury.
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Introduction

Joint contractures are a major complication in patients with central nervous system injuries
[7, 8, 10]. They may result in decreased quality of life and ability to perform activities of
daily living in patients with neurologic disorders. Contracture is characterized by limitations
in passive ROM that result from structural changes in the periarticular soft tissues.
Positioning, stretching, and physical therapy are advocated to prevent and treat contractures.
The usefulness of these approaches has been validated in many clinical [16, 24] and animal
studies [21, 32, 44] that determined their therapeutic efficacy. Nevertheless, we often see
patients who have joints with contractures and no functional use of their limbs. Therefore,

novel treatment strategies are needed to prevent and treat contractures.

Recently, transcutaneous carbon dioxide (CO.) therapy has been developed, and it has been
used in humans and a variety of animal models to evaluate its potential use as a treatment for
a number of conditions. It can accelerate fracture healing [26], muscle injury repair [1], and
tumor regression [38] in animals and improve lower-limb arteriopathy [40] and skin
irregularities [6] in humans. Additionally, transcutaneous CO2 may be therapeutic for
recovery of muscular strength and improvement in muscle endurance [37]. It also generates
muscle fiber type switching, leading to increased mitochondria and angiogenesis in the
muscles of rats [37]. These effects are similar to that of exercise [20]; therefore,
transcutaneous CO; therapy may be a suitable alternative or complementary approach to

exercise in treating patients with contractures after spinal cord injuries.

We previously established a rat model of contracture after spinal cord injury as an animal
model of central nervous system injury [31, 33-36] and showed that joint motion is crucial to
prevent and treat contractures [21, 32]. Based on the findings of studies about the potential
use of CO- as a treatment [1, 6, 26, 37, 38, 40], we believe that transcutaneous CO; therapy

may be an alternative therapeutic strategy in patients with contractures, but to our knowledge,
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this has not been evaluated. We therefore sought to evaluate the use of transcutaneous CO; to

prevent and treat contractures after spinal cord injury in rats.

Using an established model of spinal cord injury in rats with knee flexion contractures, we
sought to clarify whether transcutaneous CO> altered (1) contracture, as measured by ROM;
(2) muscular and articular factors contributing to the loss of ROM; (3) fibrosis and fibrosis-
related gene expression in muscle; and (4) the morphology of and fibrosis-related protein

expression in the joint capsule.
Materials and Methods
Experimental Design

All experimental procedures were approved by our institutional animal care and use
committee and performed according to the Kobe University Animal Experimentation
Regulations (approval number: P160506). Thirty-six 10-week-old male Wistar rats weighing

320 to 340 g (Japan SLC Inc., Shizuoka, Japan) were used in this study.

The rats were randomly divided into the following three groups: normal caged rat group
(control group, n = four rats per timepoint), those that were untreated after spinal cord injury
(spinal cord injury group, n = three rats per timepoint), and those that were treated with CO>
after spinal cord injury (CO2 group, n = three rats per timepoint) (Fig. 1). The rats were
evaluated at 2 or 4 weeks after the start of the experiment. As a preventive intervention, rats
in the CO2 group were treated with CO2 from the first postoperative day. We previously
reported that knee flexion contractures developed in rats with spinal cord injuries for the first
2 weeks after injury [35]. Therefore, as a treatment intervention, rats in the CO group were
treated with CO. from the 15th day postoperatively. The right and left knee joints of all rats
in each group served as different samples (the control group, n = eight limbs per timepoint,

the spinal cord injury and CO> groups, n = six limbs per timepoint). The samples of the
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control group in the prevention group at 4 weeks and treatment group at 2 weeks were
obtained from the same animals (n = four rats). The subgroup sample sizes were calculated
with a power analysis based on pilot results detecting a 10° difference in ROM 19 of 20 times
[21, 32]. Knee flexion contractures developed in rats after spinal cord injury at all timepoints.
The animals were housed in polycarbonate cages with bedding and were maintained under
artificial conditions at 22° + 1 °C, with constant humidity of 55% + 5% and a 12-hour light-

and-dark cycle. They were allowed free access to standard food and water 24 hours a day.
Surgical Procedure and Postoperative Care

Surgical procedures and postoperative care conformed to the protocol used in our previous
studies [33-36]. The 24 rats in the spinal cord injury and CO2 groups were administered
NARCOBIT-EII-type isoflurane (Natsume Seisakusyo Inc., Tokyo, Japan). After the spinal
cord was exposed by laminectomy of the T8 vertebra, it was completely transected at the
level of T8. This procedure leads to the development of a knee joint flexion contracture,
although the knee joint is not violated, as we have demonstrated previously [31]. After
surgery, the rats received subcutaneous buprenorphine 0.02 mg/kg as an analgesic every 12
hours for 3 days after spinal cord injury. In addition, the bladders of all rats with spinal cord
injuries were compressed manually twice daily throughout the experimental period. All
animals were monitored for decubitus ulcers and self-injury every day throughout the

experimental period.
CO2 Therapy Protocol

Transcutaneous CO> absorption-enhancing hydrogel was provided by NeoChemir Inc. (Kobe,
Japan) as previously described [39]. Briefly, the bilateral hindlimbs of the rats in the CO>
groups after the 15th day were shaved and hydrogel was applied, which promoted absorption

of CO: into the hindlimbs. A CO. adaptor was attached to the limbs and sealed, and the entire
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limb was exposed to diluted 100% CO- gas that was absorbed percutaneously (Fig. 2). This
therapy was applied daily for 20 minutes as described previously [43]. We took care to ensure
that the rats’ knee joints were not moved during the therapy. CO2 gas was flowed in through
the CO. adaptor to absorb it sufficiently, and the hair on the hindlimb was shaved once a
week. In the rats in the spinal cord injury group, as a sham intervention, we applied only the

hydrogel sealed with the CO, adaptor.
ROM Measurements and Determination of Muscular and Articular Factors

At the end of the experimental period, knee motion was measured as described in our
previous studies [35, 36]. Briefly, knee motion in extension was measured with a goniometer,
and we applied a standardized torque (0.06 Nm) with the rats under anesthesia with
isoflurane. Earlier, we reported that the normal extension ROM of healthy rats is
approximately 15° [35]. Two examiners (RS, NS) measured each limb five times, and the
average of the 10 measurements was calculated. After ROM was measured, the animals were
euthanized and exsanguinated while they were under anesthesia. Myotomy of the
transarticular muscles was then performed and ROM was measured again. After myotomy,
measurements were made within 15 minutes of the animals’ deaths to minimize the
possibility of postmortem rigidity. The muscular factor that contributes to contractures was
defined as limited ROM in the tendons and fascia, and the articular factor was defined as
limited ROM in the articular components (bone, cartilage, synovium, capsules, and
ligaments). Per our previous method [32], we measured ROM before and after myotomy
using the following formulas, which allowed us to isolate the muscular and articular factors
that contribute to contractures: muscular factor = ROM without myotomy — ROM after
myotomy (within each group); articular factor = ROM after myotomy in each group — ROM

after myotomy in the control group.

Quantification of Fibrosis in Muscle Tissue
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After ROM was measured, the biceps femoris of all animals was harvested, and the ratio of
skeletal muscle weight to whole-body weight was calculated. The muscles were quickly
frozen in isopentane at -75 °C and stored at -80 °C until they were analyzed. Cross-sections
of 10 um (three sections per sample) were prepared from frozen muscle samples with a
cryostat (CM1860; Leica, Hessen, Germany). Six sections were randomly selected from each
group at each timepoint. The sections were stained with picrosirius red. We quantified
fibrosis in muscle tissue by slightly modifying the method of Hadi et al. [14]. We quantified
fibrosis by identifying the yellow color of muscle cells and the red color of connective tissue
using the threshold color plugin in ImageTool software (Image J 1.50b; National Institutes of
Health, Bethesda, MD, USA). The area of each color was measured separately. We calculated
the percentage of connective tissue area in the muscle tissue by dividing the connective tissue
area by the total area, manually excluding the blood vessels and voids. Measurements were

done by one investigator (SI) and the results were confirmed by a blinded observer (HM).
Real-time Polymerase Chain Reaction

We evaluated the mRNA expression levels of Type I collagen and transforming growth factor
(TGF)-B1, a marker of fibrosis and tissue stiffness, in the biceps femoris. Six samples were
randomly selected from each group at each timepoint. Total RNA of the frozen tissue was
isolated with the RNeasy Plus Universal Mini kit (Quiagen, Hilden, Germany) according to
the manufacturer’s protocol. The purity and concentration of the isolated total RNA were
measured with BioPhotometer D30 (Eppendorf, Hamburg, Germany). Reverse transcription
was performed using total RNA and the TagMan™ Fast Virus 1-Step Master Mix (Thermo
Fisher Scientific Inc., Waltham, MA, USA). mRNA was quantitatively analyzed with the
StepOne real-time polymerase chain reaction system (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) with TagMan gene expression assays (Applied Biosystems, Foster

City, CA, USA) for collagen Type I a 1 ([COL1A1]; Rn01463848_m1) mRNA, TGF-B1
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(Rn00572010_m1) mRNA, and ribosomal protein S18 rRNA (Rn01428913 gH). All mMRNA
levels were calculated as ratios of the quantity of ribosomal protein S18 rRNA in the same

cDNA sample.
Measurements of the Synovial Intima Length

The periarticular muscles were harvested to avoid damaging the soft tissue around the knee.
The knee sections were prepared according to the protocols established by Kawamoto [25].
The entire knee from the distal femur to the proximal tibia was excised, frozen, and
embedded with the SCEM embedding agent (8091140, Leica, Hessen, Germany) in
isopentane at -75 °C. Cross-sections of 5 um (four sections per sample) at the medial
meniscus level in the sagittal plane were prepared from non-demineralized frozen samples
using a cryostat. Six sections were randomly selected from each group at each timepoint. We
measured the posterior synovial intima’s length to quantify adhesions to and atrophy in the
joint capsule according to Ando et al.’s method [2]. The synovial lining’s contour was traced
on the histologic sections stained with hematoxylin and eosin, and its length was measured
with ImageTool software (Image J; 1.50i; National Institutes of Health, Bethesda, MD,
USA). The length of the superior and inferior subdivisions of the synovial intima in the
posterior joint capsule were summed to provide the total length of the synovial intima.
Measurements were done by one investigator (SI) and the results were confirmed by a

blinded observer (HM).
Immunohistochemistry Analysis

We qualitatively observed the distribution of Type I collagen and TGF-B1 in the knee joint
capsules. Three sections were randomly selected from each group at each timepoint. The
frozen sections of the knee joints were air-dried for 30 seconds, fixed in 100% ethanol for 2

minutes and 4% paraformaldehyde/0.01 M phosphate-buffered saline ([PBS], pH 7.4) for 2
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minutes, and rehydrated in PBS for 5 minutes. The sections were treated with 0.5%
hyaluronidase in PBS for 60 minutes as an antigenicity activation treatment. After rinsing the
sections twice in PBS for 5 minutes each time, we inactivated endogenous peroxidase by
incubating the sections in methanol containing 0.3% H.O> for 20 minutes. We blocked
nonspecific reactions by treating the sections with 1% normal horse serum (VEC S-2000,
Vector Laboratories, Burlingame, CA, USA) for 60 minutes. After removing the blocking
solution, we incubated the sections with mouse monoclonal anti-Type I collagen (diluted
1:4000; C2456, Sigma-Aldrich, St. Louis, MO, USA) and anti-TGF-f (diluted 1: 50;
ab64715, Abcam, Cambridge, UK) antibodies at 4 °C overnight. The sections were rinsed in
PBS and incubated with horse biotinylated anti-mouse immunoglobulin G (diluted 1:250;
BA-2001, Vector Laboratories, Burlingame, CA, USA) for 60 minutes at room temperature
(22 °C). A subsequent reaction was made with the streptavidin-biotin-peroxidase complex
technique using the Elite ABC kit (diluted 1:50; PK-6100; Vector Laboratories) for 30
minutes. Immunoreactivity was observed using 3,30-diaminobenzidine tetrahydrochloride
(K3466; Dako Japan, Tokyo, Japan). Finally, we counterstained the sections with
hematoxylin. One investigator (SI) was blinded to the observations and performed them in

random order.
Outcomes of Interest

Our primary study outcome was the use of transcutaneous CO; to prevent and treat
contractures after spinal cord injury in rats, which we measured with ROM. Our secondary
study outcomes were its use in improving alterations in muscle and the joint capsule that
contribute to contractures, which we measured with biomechanical, histomorphometric,

biochemical, and immunohistochemical analyses.

Statistical Analysis
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ROM results, the percentage of connective tissue area in the muscle tissue, synovial intima
length, and the expression levels of Type I collagen and TGF-B1 mRNAs were analyzed
statistically with EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan),
which is a graphical user interface for R (The R Foundation for Statistical Computing,
Vienna, Austria) [23]. All results were checked for normality with the Shapiro-Wilk test.
Normality was observed in all analyses; thus, the results were compared among all groups
using ANOVA followed by Tukey’s honestly significant difference test. An a value less than
0.05 was considered significant. Muscular and articular factors in rats with contractures were
statistically analyzed with Microsoft Excel 2010 (Microsoft Corp., Redmond, WA, USA).

We calculated the SD and mean difference among the groups, and 95% Cls were estimated.
Results
Animals

All animals survived throughout the experimental period and appeared to be healthy, except

for spinal cord-injured rats with functional deficits in the hindlimbs.
Limitation to ROM

Extension ROM decreased in rats treated with CO> in the prevention group at 2 weeks (22° £
2°) and 4 weeks (29° + 1°) and in the treatment group at 2 weeks (31° + 1°) compared with
rats in the spinal cord injury group at each timepoint (35° £ 2°, 39° £ 1°, and 38° + 1°,
respectively) (95% CI, 10.50-14.86, 8.10-10.19, and 4.73-9.01, respectively; all p < 0.001)
(Fig. 3A). However, extension ROM in all CO: groups did not recover to the same range as
that in the control group (control group versus CO> prevention group: 16° + 1° versus 22° +
2° at 2 weeks; 16° £ 1° versus 29° £ 1° at 4 weeks; control group versus CO; treatment
group; 16° £ 1° versus 31° + 1° at 2 weeks; 16° £ 1° versus 37° + 1° at 4 weeks) (95% ClI,

4.31-8.38, 12.62-14.57, 13.42-17.43, and 19.98-22.43, respectively; all p < 0.001).
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Muscular and Articular Factors

Muscular factors decreased in rats treated with CO; in the prevention group at 2 weeks (8°
2°) and 4 weeks (14° = 1°) and in the treatment group at 2 weeks (14° + 1°) compared with
rats in the spinal cord injury group at each timepoint (15° £ 1°, 16° £ 1°, and 17° + 2°,
respectively; p < 0.05), except for treatment at 4 weeks (CO- group, 16° * 1°; spinal cord
injury group, 15° + 2°) (95% ClI, 4.85-9.42, 1.24-3.86, 1.16-5.34, and -3.09 to 1.39,

respectively) (Fig. 3B).

For the articular factors, the CO2 groups in the prevention group at 2 weeks (4° = 1°) and 4
weeks (6° + 1°) and in the treatment group at 2 weeks (8° = 1°) were smaller than those in the
spinal cord injury group (10° + 1°, 12° + 2°, and 11° £ 2°, respectively; p < 0.05), except for
the treatment group at 4 weeks (CO group, 11° + 1°; spinal cord injury group, 11° + 1°)

(95% ClI, 4.05-7.05, 5.18-8.02, 1.73-5.50, and -1.96 to 1.26, respectively) (Fig. 3C).
Changes in Fibrosis and Fibrosis-related Gene Expression in Muscle

CO- therapy did not diminish the decrease in the ratio of the muscle wet weight to whole-
body weight after spinal cord injury (Table 1). The percentage of muscular fibrosis was
higher after spinal cord injury than it was before therapy. CO> therapy decreased muscular
fibrosis after spinal cord injury based on a histological quantification of fibrosis in the biceps
femoris when the untreated rats in the prevention group at 2 weeks (20% + 2%) were
compared with the CO.-treated rats in the prevention group at 2 weeks (12% = 3%; 95% ClI,
4.07-12.62; p < 0.001) but not at 4 weeks (untreated, 22% + 3% versus treated, 15% = 6%;
95% Cl, -0.14 to 12.66; p = 0.06), with the numbers available. With the numbers available,
there was no change in the treatment group at either 2 weeks or 4 weeks (untreated versus
treated: 16% + 5% versus 17% = 3%, 95% CI -1.10 to 4.53; p = 0.87 at 2 weeks; 20% + 5%

versus 16% + 1%, 95% CI -0.92 to 9.26; p = 0.11 at 4 weeks) (Fig. 4A).
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The expression of COL1A1 mRNA in the spinal cord injury groups was increased at 2 weeks
(1.9 £ 0.4-fold compared with controls) and 4 weeks (2.0 £ 1.0-fold) after injury compared
with the control group (all p = 0.04). Additionally, its expression was decreased in the CO-
prevention group at 2 weeks (0.6 £ 0.2-fold; p = 0.002) and 4 weeks (0.8 £ 0.3-fold; p =
0.008) compared with that in the spinal cord injury group, but no differences were found
between the CO> and spinal cord injury groups in treatment at 2 and 4 weeks (untreated
versus treated: 2.0 £ 1.0-fold versus 1.5 £ 0.3-fold; p = 0.48 at 2 weeks; 0.7 + 0.1-fold versus
1.0 £ 0.7-fold; p = 0.95 at 4 weeks) (Fig. 4B). The expression of TGF-p1 mRNA was
decreased only after spinal cord injury in the treatment group at 4 weeks (0.7 + 0.1-fold less

than in control; p = 0.003) compared with the control group (Fig. 4C).
Changes in Morphology and Fibrosis-related Protein Expression in the Joint Capsule

COs- therapy did not alter shortening of the synovial membrane after spinal cord injury based
on the measurement of the synovial intima’s length when the untreated rats in the prevention
group at 2 weeks (5.6 £ 2.2 mm) and 4 weeks (4.9 £ 2.2 mm) were compared with the CO»-
treated rats in the prevention group at 2 weeks (5.4 £ 1.9 mm) and 4 weeks (7.5 £ 1.8 mm)
(95% ClI, -2.44 t0 2.78; p = 0.98 and 95% ClI, -4.67 to 0.35; p = 0.11, respectively). The
synovial intima’s length in the CO2 group (6.8 + 1.8 mm) was shorter than that in the control
group with treatment for 2 weeks (9.5 £ 0.6 mm) (95% CI, 0.56-4.94; p = 0.01), whereas no

differences were found among the other groups (Fig. 5).

Immunolabeling of Type I collagen was qualitatively seen in all knee joint capsules and was
uniformly distributed in them. The staining intensity of Type I collagen showed no

differences among the groups at all timepoints (Fig. 6A-L).

Immunolabeling of TGF-B1 was seen in all observed knee joint capsules and was strongly

distributed in the surface of the synovial intima. TGF-f1 immunostaining of the spinal cord
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injury prevention group at 2 weeks was stronger than that of the control group (Fig. 7A and
B). TGF-B1 immunolabeling of the CO2 group in the prevention group at 2 weeks (Fig. 7C)
was less than that in the spinal cord injury group. In the prevention group at 4 weeks (Fig.
7D-F) and in the treatment group at 2 weeks (Fig. G-1) and 4 weeks (Fig. 7J-L),
immunolabeling of the spinal cord injury group was stronger than that of the control group,

but did not differ from that of the CO- group.
Discussion

Contractures are a major complication in patients with spinal cord injuries. Transcutaneous
CO- therapy has been used in humans and a variety of animal models to evaluate its potential
use as a treatment for a number of conditions; however, the use of CO, therapy to prevent and
treat contractures after spinal cord injury has not been evaluated. Using either a prevention or
treatment approach, we found in a rat model that transcutaneous CO can improve knee
extension ROM and both muscular and articular factors that lead to joint contractures,
although the knee joint was left untouched. CO> therapy for prevention (2 and 4 weeks) and
treatment (2 weeks) improved limitations to ROM after spinal cord injury in rats. On the
other hand, the therapy did not improve limitations to ROM at the 4-week timepoint in the
treatment group; this may be because of irreversible degeneration after spinal cord injury that
cannot be restored by CO> therapy. Furthermore, based on the histologic and biochemical
analyses, CO> therapy appeared to effectively prevent fibrosis in both the muscle and joint

capsule after spinal cord injury.

This study had several limitations. First, and most importantly, we used a small animal
model. The adolescent male Wistar rats used this study cannot fully reflect the variability
found in humans (such as variations in age, race, sex, genetic variation, and lifestyle);
therefore, it is unlikely that our results can be directly translated to patients with spinal cord

injuries. However, small animal models are preferred for preliminary screening, and the
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model of rats with spinal cord injury appears to closely reflect the outcome in humans in
terms of histopathology and function [27]. In addition, our primary outcome in the spinal
cord injury group demonstrated similar results to those of our previous study in rats [36],
although sensitivity to neuropathic pain in rats differs between males and females [11]. A
second limitation is that the question remains as to what contributes to the improvement in
muscular and articular factors responsible for contractures because of CO> therapy. CO>
therapy increases blood flow by inducing vasodilation and oxygen tension (Bohr effect) in
peripheral tissues as reported in humans and rats [22, 30, 39], and the cause and effect of CO-
needs further investigation. In addition, rats were exposed to CO- for a limited time (20
minutes per day) and duration (2 and 4 weeks). Ueha et al. [43] reported that the anti-tumor
effects of CO> application show dose dependency, and its optimal treatment time was 20
minutes. We may need to determine the optimal conditions for treating contractures. Finally,
we used the right and the left knees as different samples. The use of both joints has the
advantages of minimizing the number of experimental animals needed and providing
equivalent sample sizes for statistical purposes. However, its use cannot preclude chance

findings attributable to intra-animal and inter-animal variation.

Central nervous system injuries, including spinal cord injuries, cause various types of muscle
degeneration, including atrophy of skeletal muscle and increases in connective and adipose
tissue [4, 9, 13]. In our study, atrophy of the biceps femoris was observed after spinal cord
injury; however, CO> therapy did not improve it (Table 1). A recent report [37] has shown
that CO> exposure tends to induce muscle hypertrophy in the tibial anterior muscles of
healthy rats. Unlike in the normal rat, in rats with hypertrophy, CO> therapy might not be
sufficient to slow the progression of muscle atrophy after spinal cord injury. In our study, we
observed muscular fibrosis after spinal cord injury, and CO- therapy in the prevention group

at 2 weeks improved fibrosis. Muscle extensibility is defined by the fascia and muscle fiber,
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and the fascia is strongly associated with contractures [12, 46]. A decrease in fascia
extensibility is caused by fibrosis with elevated collagen content, and Type | collagen is
especially associated with stiffness and marked increases in fibrotic tissue [4, 17]. Similarly,
in the current study, the mRNA expression of Type I collagen increased at 2 and 4 weeks
after spinal cord injury when muscle fibrosis developed, and CO- therapy in the prevention
group decreased its expression. These results suggest that CO2> may improve muscular
fibrosis because of the reduced gene expression of Type I collagen, thereby improving the
muscular factor. However, muscular fibrosis occurring after contractures develop did not
improve with CO> therapy in the treatment group. In a rat model of immobilization-induced
contractures, the mRNA expression of Type I collagen increased during the first week of the
early stage of contracture development [19]. Type I collagen is deposited during this period,
and in our study, CO> therapy in the treatment group may have been unable to inhibit
muscular fibrosis. In addition, TGF-B1 increases in the early stage of muscular fibrosis and
promotes the production of collagen [3], and the mRNA levels of Type I collagen and TGF-
B1 increased in a rat soleus after immobilization [19]. Per our results, TGF-B1 did not
increase but rather decreased at the 4-week timepoint in the spinal cord injury groups in the
treatment group, although the mRNA levels of Type I collagen increase in the prevention
group at 2 and 4 weeks and in the treatment group at 2 weeks. In the spinal cord injury
groups, muscular contractions related to spasticity (involuntary movements) that were
different from the movements of intact muscles allowed voluntary isometric contractions to
occur in the immobilized joints. Therefore, muscular fibrosis in contractures may develop

after spinal cord injury without increasing the levels of TGF-B1.

Based on the results of our histologic analysis, the posterior synovial intima’s length was
shorter after spinal cord injury, and CO- therapy did not lengthen the posterior synovial

intima. We reported that joint motion is essential to prevent shortening of the synovial intima
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[32]. Shortening of the synovial membrane is caused by adhesion between the synovial fold
and synovial membrane because of joint immobility [42]. Joint motion stretches the synovial
membrane and may prevent adhesion by releasing the synovial fold. In CO; therapy, because

the knee joint was left untouched, this therapy did not affect synovial intima shortening.

Contrary to the results regarding the synovial intima’s length, CO> therapy improved the
articular factor in rats with contractures, except for the treatment group at 4 weeks. This may
be related to fibrosis of the joint capsules. The joint capsules are lined with the synovial
membrane and consist of Types I and III collagen. Joint immobilization leads to distortion of
the collagen sequence and increased collagen density; therefore, the elasticity of the synovial
membrane is decreased [45]. There were qualitatively no differences in the staining intensity
and pattern of Type I collagen among the groups at all timepoints in our study. Thus, changes
in the articular factor may be independent of the composition of Type I collagen in the joint
capsule. In addition, these results in the joint capsule are different from the relationship
between Type I collagen and fibrosis in muscle, as mentioned above. Although it is well-
accepted that Type I collagen increases in fibrotic muscles [29, 41], after joint
immobilization, the changes in Type I collagen in the joint capsule are still controversial. The
underlying pathogenesis of fibrosis after spinal cord injury may differ between muscles and
joint capsules. However, TGF-B1 is associated with tissue fibrosis [5, 28], and its protein
level was found to increase in the joint capsule of rats with immobilized knees [15, 18]. We
found that TGF-B1 protein in the joint capsule increased after spinal cord injury, and CO>
therapy reduced this protein, but only in the prevention group at 2 weeks. In another study,
TGF-B1 in the synovial membrane increased from 3 days to 2 weeks after immobilization,
and its staining intensity increased at the first 2 weeks and was stronger from 4 to 16 weeks
[15]. Thus, in our study, CO. therapy in the prevention group at 2 weeks may have improved

fibrosis in the joint capsules after spinal cord injury by suppressing the production of TGF-
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B1. Additionally, the TGF-B1 protein did not change with CO> therapy at 4 weeks after spinal
cord injury; this is likely because the increase of TGF-f1 exceeded the efficacy of CO»
therapy. These results suggest that CO therapy improves fibrosis in the joint capsules in the
early stage of contracture development; therefore, the articular factor of contractures is

restored.

Our findings indicate that CO> therapy may be useful in preventing and treating contractures
after spinal cord injury in rats by improving knee extension ROM and both the muscular and
articular factors that are responsible for contractures. CO> therapy particularly appears to be
more effective as a preventive and treatment strategy in the early stage of contractures before
irreversible degeneration occurs. Surprisingly, although CO> therapy is an external treatment
absorbed through the rat’s skin, it improved the articular factors, which are located in the
deep tissue. We speculate that that CO therapy, combined with conventional treatments such
as positioning, stretching, and physical therapy, may be a better therapeutic strategy in the
early stage of contracture development after spinal cord injury; future studies should explore

this approach.
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Legends

Fig. 1 A diagram of the experimental design is shown. The rats were randomly divided into
the control group (n = four rats per timepoint), spinal cord injury group (n = three rats per
timepoint), and CO> group (n = three rats per timepoint). The samples of the control group in
the prevention at 4 weeks group and the treatment at 2 weeks groups were obtained from the
same animals (n = four rats). The right and left knees of all rats in each group were regarded
as different samples (the control group, n = eight limbs per timepoint; the spinal cord injury

and CO. groups, n = six limbs per timepoint).
Fig. 2 CO2 therapy for the hindlimbs of rats is shown.

Fig. 3 The graphs show (A) knee motion and (B) muscular and (C) articular factors
responsible for contractures that were measured for extension with a goniometer. Two
approaches to CO; therapy were evaluated: in the prevention approach, CO> therapy was
provided beginning on the first day postoperatively, and in the treatment approach, CO:
therapy was given on the 15th day postoperatively. Data are presented as the mean + SD. *
Indicates a difference among the groups at the p < 0.05 level. Eight limbs from control group

and six limbs from spinal cord injury and CO2 group were evaluated at each timepoint.

Fig. 4 The graphs show (A) quantification of muscular fibrosis in the biceps femoris and the
relative expression of (B) COL1A1 and (C) TGF-B1 in the biceps femoris of rats in each
group. Data are shown as the mean + SD. *p < 0.05; **p < 0.01. Six samples from each

group were evaluated at each timepoint.

Fig. 5 The graph shows the posterior synovial intima’s length in rats in each group. Data are
presented as the mean + SD. *p < 0.05; **p < 0.01. Six samples from each group were

evaluated at each timepoint.
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Fig. 6 Representative photomicrographs show the distribution of Type I collagen in the
posterior joint capsule of the (A) control, (B) spinal cord injury, and (C) CO2 groups at 2
weeks in the prevention test condition; the (D) control, (E) spinal cord injury, and (F) CO-
groups in the prevention test condition at 4 weeks; the (G) control, (H) spinal cord injury, and
(I) CO2 groups in the treatment test condition at 2 weeks; and the (J) control, (K) spinal cord

injury, and (L) CO2 groups in the treatment test condition at 4 weeks. Scale bars = 100 pm.

Fig. 7 Representative photomicrographs of the distribution of TGF-B1 in the posterior joint
capsule of the (A) control, (B) spinal cord injury, and (C) COz groups in the prevention test
condition at 2 weeks; the (D) control, (E) spinal cord injury, and (F) CO groups in the
prevention test condition at 4 weeks; the (G) control, (H) spinal cord injury, and (1) CO>
groups in the treatment test condition at 2 weeks; and the (J) control, (K) spinal cord injury,
and (L) COz groups in the treatment test condition at 4 weeks are shown. The
immunolabeling to TGF-B1 is qualitatively stronger in the spinal cord injury group of the
prevention condition at 2 weeks than that in the control group; however, the immunolabeling

of the CO2 group appears weaker than that of the spinal cord injury group. Scale bars = 100

pm.
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Table 1. Ratios of biceps femoris weight to rat body weight

Control | Spinal cord injury Carbon dioxide
Mean Mean Mean difference | p Mean Mean difference | p
(SD) (SD) compared with (SD) compared with
control control
(95 CI) (95 CI)
Prevention
2weeks | 82+08 |[6.8+0.8 |-14(-24,-04) |0.007 |74+£06 |-08(-19,0.2) |0.13
4 weeks [81+0.6 |69+09 |-1.2(-2.2,-0.3) |[0.009 |6.8+0.5 |-1.3(-2.3,-0.4) | 0.005
Treatment
2weeks | 8.1+06 |7.2+0.6 |-09(-1.8,-0.1) |0.02 6.9+0.6 |-1.2(-2.0,-0.4) | 0.005
4weeks [81+04 |64+02 |-1.7(-23,-12) |< 6.6+£0.5 |-1.5(-2.0,-0.9) | <0.001
0.001

Displacement values are given as the mean £ SD mg/g.




