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ARTICLE INFO ABSTRACT
Keywords: With its main features of cartilage degeneration, subchondral bone sclerosis and osteophyte formation, osteo-
Magnesium arthritis represents a multifactorial disease with no effective treatment options. As biomechanical shift in the

Subchondral bone

i trabecular network may be a driver for further cartilage degeneration, bone enhancement could possibly delay
n vivo

Gait analysis OA p¥0gression. Magnesiu'm is kn'own to be osteoconductive and already shf)wed pos‘it.ive effects .in OA model‘s.
-computed tomography We aimed to use magnesium cylinders to enhance subchondral bone quality, condition of cartilage and pain
cD271 sensation compared to sole drilling in vivo. After eight weeks of implantation in rabbits, significant increase in
subchondral bone volume and trabecular thickness with constant bone mineral density was found indicating
favored biomechanics. As representative for pain, a higher number of CD271+ vessels were present in control
samples without magnesium. However, this result could not be confirmed by sensitive, objective lameness
evaluation using a pressure sensing mat and no positive effect could be shown on either cartilage degeneration
evaluated by OARSI score nor the presence of regenerative cells in CD271-stained samples. The presented results
show a relevant impact of implanted magnesium on key structures in OA pain with missing clinical relevance
regarding pain. Further studies with shifted focus should examine additional structures as joint capsule or

osteophytes.

Abbreviations
ACLT Anterior cruciate ligament transection d .
BD Bone mineral density 1. Introduction
BV one volume
CD271 Cluster of differentiation 271 Osteoarthritis (OA) is the most common form of joint disease in the
M:C Mesemh}i"‘f"f‘l stem cells Western World today. During the last three decades, the total number of
o Osteoarthritis . patients with OA increased by 132.2 % and is expected to reach around 1
WE Yttrium (W)-rare earths (E) containing alloy . R X
Tr.th. Trabecular thickness billion cases in 2050 [1]. These numbers face the current lack of avail-
uCT p-computed tomography ability of disease-modifying treatments [2], which adds to the high

personal and economic burden; 2.2 % of the total global years lived with
disability (YLD) are attributed to OA [1,3]. Although long-time the
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degradation of the joint cartilage was considered the predominant pa-
thology and driver for OA progression, recently the multifactorial
character of this disease has been identified and moved to the focus of
research including all adjacent structures as subchondral bone, joint
capsule and synovium, menisci, nerves, ligaments and peri-articular
muscles [4]. In 2019, the knee was the most frequently affected joint
accounting for more than 60 % of the total prevalent cases [5]. Due to
the discordance between radiographic findings and pain symptoms in
knee OA [6], it is important to unveil the underlying mechanisms for OA
pain to develop effective treatment options and therewith lower the
patients’ burden. Characteristics of OA are progressive cartilage loss,
subchondral bone remodelling and sclerosis, osteophyte formation and
synovial inflammation, all contributing to pain and increasing disability
[7,8]. The burning pain described by OA patients is characteristic to be
mediated by fine unmyelinated nerve fibres, which are most commonly
perivascular [9]. In dependence of their content of neuropeptides they
can be classified as sensory or sympathetic and the presence of these
nerves has been reported in osteophytes, subchondral bone marrow and
vascular channels leading from subchondral bone into the articular
cartilage of different species supporting the role of subchondral bone
contribution to pain in OA [9].

Magnesium (Mg) and Mg alloys turned up as potential osteosynthesis
materials in the early 2000s and were examined in a plethora of in vitro
and in vivo studies [10]. The rationale for using alloys as e.g. WE43 is the
enhancement of biomechanical properties [11] while corrosion rate is
similar or only slightly elevated in comparison to pure Mg [12].
Although their use as bone fixation devices for long bones could not be
realized so far due to mechanical deficits [13], particularly different
types of screws were successfully tested [14-16] and several entered
routine clinical use. Approved and commercially available implants are
either Mg-Zn-Ca-based (currently Innosys Corp., South Korea, and
Bioretec, Finnland) or WE43 based (currently medical magnesium,
Germany, Biotronik, Switzerland, Syntellix, Germany). On account of
their proven general biocompatibility and their osteoconductive prop-
erties (support of tissue ingrowth, osteoprogenitor cell growth, and
development for bone formation) [17,18] Mg and Mg alloys are subjects
of many different studies until now [19-21]. Apart from its effects on
bone metabolism and fracture healing there is growing evidence of its
possible beneficial role in OA, which is summarized by Kuang et al. [22].
Among others, Mg could induce osteogenic differentiation of mesen-
chymal stem cells (MSCs) [17], osteoblast activity [23] and enhance the
proliferation and re-differentiation of chondrocytes, however with re-
gard to an upper limit for reversion of this effect [24]. Yao et al. could
show a decreasing effect of Mg ions in combination with vitamin C
application on OA in vivo in mice [25]. The aim of a pilot study per-
formed in our research group with rabbits was to use the osteo-
conductive capacity of Mg to increase the subchondral bone quality and
therewith enhance the condition of articular cartilage inside the osteo-
arthritic knee by implanting small Mg cylinders [26]. While a significant
increase in bone volume and trabecular thickness with simultaneous
unchanged bone mineral density resulted from the implanted Mg, there
was no differences between the Mg and the control group regarding
cartilage degeneration of the operated knee and lameness, both evalu-
ated by scores. However, the condition of the cartilage of the contra-
lateral, non-operated knee was significantly worse in the control group
[26]. This led to the hypothesis that the implanted Mg cylinders might
reduce pain on a level that could not be detected by the applied, rather
insensitive score. Furthermore, as it was a pilot study, the number of
animals was relatively low. Therefore, the study presented here aimed to
reassess the results in a larger cohort using the same set up while
deepening the evaluation methods with focus on pain. We hypothesized
that subchondrally implanted small Mg-based cylinders increase the
bone volume and trabecular thickness with constant bone mineral
density compared to sole drilling holes and lead to a better quality of
articular cartilage in both knees also in this larger cohort. To address
pain we implemented an objective lameness evaluation using a pressure
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sensor mat and added immunohistochemical evaluation for the detec-
tion of nerve related structures. As WE43 and WE43 based alloys have
already been approved for clinical use, we included an additional group,
which received WE43 cylinders to assess the influence of the alloying
components.

2. Material and methods
2.1. Cylinder

For the present study, cylindrical implants were made from two
different base materials, pure Mg [26] and a WE43 like Mg alloy. The
pure Mg were produced as described in Ref. [26]. For the WE43 wire
pure magnesium (Mg) (99.985 %, MAGONTEC, Sydney, Australia) was
melted and 4 wt% of Yttrium (Y) (99 %, Stanford Advanced Materials,
Birtcher, USA) and 3 wt% of Gadolinium (Gd) (99.9 %, Dr. Ihme GmbH,
Berlin, Germany) were added in to the molten Mg. This Mg-4Y-3Gd melt
was stirred for 10 min and was casted with the permanent direct chill
casting process. The ingot was machined into cylinders with a diameter
of 49 mm and a length of 150 mm for the direct extrusion process. The
pure Mg was melted without any further additions, cast, and processed
into billet like the WE43. The cast WE43 ingots were solution annealed
for 8 h at 525 °C and quenched in water. Prior to the extrusion at 350 °C
for pure Mg and at 450 °C for WE43, the billets were preheated for 1 h.
The extrusion was carried out at an extrusion speed of 0.11 mm/s for
pure Mg and 0.2 mm/s for WE43 and using a die with four holes of 0.8
mm for pure Mg and @#1.0 mm for WE43 each. Cold wire drawing on
WE43 wire was carried out with a drawing die in steps of 0.92, 0.82,
0.73, 0.65, 0.58, 0.52 and 0.50 mm. The recrystallization annealing was
conducted for 5 min at 400 °C per step until the final diameter of 0.5 mm
was obtained. For pure Mg, the drawing die was used in steps of 0.73,
0.65, 0.58, 0.52 and 0.50 mm with annealing at 350 °C for 5 min. Both
wires were drawn at a speed of 0.25 mmy/s. The final alloy concentration
is shown in Table 1. Fig. 1 displays an exemplary picture of the micro-
structure of WE43 cylinders. An optical microscope (Leica Wild M3Z)
was used to determine the exact metrics of n = 26 cylinders, which had
an average length and diameter of 957.5 + 5.5 and 519.5 + 2.5 pm. The
cylinders were cleaned in an ultrasonic bath with n-hexane (20 min),
acetone (20 min) and 100 % ethanol (3 min) [25]. Subsequently, a first
sterilization was performed in 70 % ethanol. Cleaning was performed
according to an internal standard and is identical to that used in the pilot
study in Ref. [24]. Prior to in vivo implantation, cylinders were sterilized
using gamma-radiation with Cobalt-60 at 32.2 kGy (BBF Steri-
lisationsservice GmbH, Kernen, Germany).

2.2. Housing and Handling

The in vivo experiments were performed according to the German
Animal Welfare act after approval by the LAVES (Lower Saxony State
Office for Consumer Protection and Food Safety under registration
number 33.9-42502-04-18/2774) including 36 female New Zealand
White rabbits (Charles River Laboratories, Research Models and Services
GmbH, Germany) with an average bodyweight of 3760 + 390 g. They
were housed in groups of 12 animals each under constant conditions
(room temperature 18 + 3 °C, humidity 55 + 10 %) allowing free
movement. Enrichment was implemented by different types of hiding
places (wooden or card boxes), providing of platforms, hay (freely and in
balls) and fresh food like carrots, cucumber, lettuce and sweet peppers.

Table 1
Chemical composition of the materials, measured on the bulk material; not
detected (n.d.). wt%: weight percent; ppm: parts per million.

Y [wt%] Gd [wt%] Fe [mg/kg] Cu [mg/kg] Ni [mg/kg]
Mg - - 20+ 2 15+1 13+2
WE43 3.53+0.65 252+010 50+4 5+1 n.d.
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Fig. 1. Micrographs of (a) transversal and (b) longitudinal direction of the
WE43 cylinder. The arrow indicates the process direction of cutting, which was
inverse to the punching direction. The scale bar is valid for both micrographs.
For micrographs of transversal and longitudinal direction of Mg cylinders,
please see Ref. [26].

2.3. Surgery

The surgical intervention for the development of post-traumatic OA
and the subsequent implantation of Mg cylinders are described in detail
by Ref. [26]. In brief, at the age of >24 weeks, the rabbits underwent an
anterior cruciate ligament transection (ACLT) of the right knee,
including an incision of the medial meniscus. For the second surgery
after development of OA 12 weeks later, rabbits were randomly assigned
to three groups (n = 12 each) by weight and grade of lameness, so that
the mean of both was similar in each group. The animals received 20
drill holes, five each in the lateral and medial compartment of the femur
condyles and tibia plateaus. While group 1 and 2 received one Mg or
WEA43 cylinder, respectively, per drill hole (“Mg group” and “WE group™),
animals of group 3 got drill holes only and served as control group
(“Drilling group™). Afterwards, joint instability was fixed by an extrac-
apsular fixation [27]. Anaesthesia, peri- and postsurgical medication
was similar for both surgeries [26]. Eight weeks after the second sur-
gery, animals were euthanized using an intracardially injected pento-
barbital overdose (800-900 mg/animal, Narkodorm®, CP-Pharma)
during deep anaesthesia.

2.4. Clinical assessment

During the eight weeks follow up, weight, general condition, spon-
taneous behaviour and wound healing progress were assessed by a score
scheme ranging from 0 (normal condition/no changes) to 20 (severe
changes). According to the pilot study [26] score was also used to
evaluate pain including analysis during orthopaedic examination
(“passive pain”) and during free motion of the animals in their stable
(“active pain”).

2.5. Gait analysis

For the refinement of lameness analysis and to detect even slight
differences in the gait, load bearing was analyzed using a pressure sensor
mat (model pliance® S2065, Novel GmbH, Munich, Germany). The
detailed set up and calculation is published by von der Ahe et al. [28].
After the establishment of the physiological range preoperatively,
post-operative measurements were performed once a week. On mea-
surement days, small groups of rabbits including two to four animals
were placed in the experimental set up and motivated to move over the
sensor mat individually. Each run was filmed simultaneously using a
web cam. For the calculation, five runs of each rabbit per measurement
day were recorded. The parameter measured was the integral of force
over time during contact by the associated hind paw. A symmetry Index
was calculated (I = (Xright-Xieft)/(Xright 1+ Xleft)) based on Robinson et al.
[29] and the ratio was named ratiof,.. Values < 0 show a higher load
bearing of the left, non-operated limb, while values > 0 show a higher
load bearing of the right, operated limb.
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2.6. Changes in subchondral bone

To detect quantitative changes of the subchondral bone p-computed
tomographic (pCT) scans (XtremeCTII, ScancoMedical AG) were per-
formed immediately after implantation of the cylinders/drilling of holes
as well as four and eight weeks later. Scanning parameters were set to
353 mAS, 42.7 mGy at an integration time of 103 ms. Voxel size was 30
pm. Volume of interest was defined for both femoral condyles, which
included the subchondral bone plate and the underlying trabecular bone
around the cylinders. For evaluation, grey value thresholds were set to
160 (lower threshold) and 255 (upper threshold). Changes over time in
bone volume (BV), trabecular thickness (tr.th.) and bone mineral density
(BD) of both femoral condyles were evaluated using IPL software
(ScancoMedical AG). BD was expressed as milligram hydroxyapatite per
cubic centimeters (mg HA/ccm). For exact evaluation, regular calibra-
tion of the device is performed using five standardized HA rods.
Calculation procedure is described in detail by Ref. [26].

To evaluate the influence of the cylinder on cellular reactions
regarding bone volume, histological samples were prepared and
analyzed. Therefore, following euthanasia and macroscopic evaluation
of the cartilage (see below), condyles were separated using a band saw
and fixed in 4 % neutral buffered formalin for at least one week. Sub-
sequently, the bone parts were embedded in Technovit 9100 New ac-
cording to the manufacturer’s protocol (Kulzer GmbH, Hanau,
Germany). Thin sections of 4 pm were prepared using a hard tissue
rotation microtome (Leica RM2255, Nussloch, Germany) and dried.
Slides were stained for osteoclasts using tartrate-resistant acid phos-
phatase staining. After de-plastisation in Xylol (4 x 5min, Carl Roth,
Karlsruhe, Germany) and (2-Methoxyethyl)-acetat (60 min, Carl Roth,
Karlsruhe, Germany), tissue was re-hydrated in a descending alcohol
series (Carl Roth, Karsruhe, Germany, 2x Isopropanol, 1 x 96 % Prop-
anol, 1 x 70 % Propanol, 1x de-ionized water, 2 min each) and after-
wards treated with 0.2 M Acetate buffer for 20 min. Staining was
performed in staining solution comprising of Acetate buffer, Naphthol
AS-MX Phosphate and Fast red for at least 90 min at 37 °C. After rinsing
in de-ionized water, counter-staining was performed with Haemalum for
1 min followed by 10 min rinsing in running tap water.

The region of interest was defined as the double extend of the cyl-
inder size, resulting in an area of 1000 x 2000 pm (Fig. 2). All regions of
cylinder implantation site or drilling hole, respectively, were taken into
account independent of whether there are two or one regions present. Of
these possible differences between samples was taken account by
calculating the number of osteoclasts per mm? bone (0C/mm?) using
Image J. Osteoclasts were counted by two different independent
examiner, mean values were calculated and compared between the

Fig. 2. Examplary histologic TRAP-stained slice with scheme of the defined
area for evaluation of osteoclast quantity in the region of the magnesium cyl-
inder and drill hole, respectively. *: region evaluated for OC quantity. Distance
1.: 1000 pm. Distance II.: 2000 pm.
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2.7. Degradation of WE43 cylinders

Additionally, degradation rate of WE43 cylinders was evaluated
using the uCT data acquired as described above. Therefore, contours for
each cylinder on the day of implantation were set in the femur condyles
and transferred to the eight week scan. Analogous to the changes in
subchondral bone, volume, density and, additionally, surface area were
calculated using a grey value threshold of 260. Mean values for all three
parameters were calculated per animal and used for further calculation.
Degradation rate was computed as CR = AV/A*t according to Witte
et al. [30] with CR (corrosion rate), AV (change in volume), A (surface
area exposed to corrosion) and t (time of corrosion). Due to the similar
grey value of Mg cylinders and bone, separation between both was not
possible, so that no degradation rate could be calculated for Mg
implants.

2.8. Changes of articular cartilage

After euthanasia, tissue around the knees was carefully removed, the
knee joint of both limbs exposed and cartilage changes and presence of
osteophytes assessed according to Laverty et al. [31] and described by
Ref. [26]. The score for the cartilage evaluation ranged from 0 (“surface
smooth with normal cartilage™) to 4 (“regions of complete cartilage erosion
with subchondral bone exposed™). Osteophytes were rated according to
their presence and severity from O (“absent”) to 4 (“severe”).

Afterwards, tissue samples were prepared, fixed and embedded as
described above. Slides were stained with Safranin O/Fast Green. After
de-plastisation in Xylol (4 x 5min) and (2-Methoxyethyl)-acetat (10
min), tissue was re-hydrated in a descending alcohol series (Carl Roth,
Karlsruhe, Germany, 2x Isopropanol, 1 x 96 % Ethanol, 1 x 70 %
Ethanol, 1x de-ionized water, 2min each). Then, samples were stained in
Safranin O (Merck, Darmstadt, Germany) for 12 min, rinsed shortly in
de-ionized water, followed by staining with Fast Green (Carl Roth,
Karlsruhe, Germany) for 3 min. Slices were de-hydrated again in an
ascending alcohol series and Xylol. Evaluation was carried out by the
application of a semi quantitative score according to Ref. [31] which
included staining intensity of the tissue, structure, chondrocyte density
and cluster formation. The maximum summed score value that could be
reached is 24.

Furthermore, CD271 staining using a low-affinity anti-nerval growth
factor receptor antibody was performed. Therefore, slices were de-
plastified and rehydrated using (2-Methoxyethyl)-acetat, xylol and Iso-
propanol in descending concentrations. All rinsing steps were per-
formed using 0.05 M tris buffered saline. Proteinase K was applied for
demasking of binding sites. As primary and secondary antibodies,
mouse-anti-CD271 and goat-anti-mouse were used, respectively. Strep-
tavidin x Cy3 served as detection system. Slides were covered using Roti-
Mount FluorCare DAPI. See detailed protocol in the supplementary
materials (Table S1).

One representative slice of each sample was used for analysis of the
whole condyle area. A semiquantitive score was used for the evaluation
of the CD271+ cells in the cartilage ranging from 0 (no cells) through 1
(single cells), 2 (multifocal appearance) and 3 (grouped multifocal
appearance) up to 4 (large scale appearance in whole area). Further-
more, stain-positive vessels were counted using the same slices. There-
fore, subchondral bone area was screened and CD271+ vessels were
included in the calculation if they appeared in an area of approximately
200 pm beneath the articular cartilage.

2.9. Statistical evaluation
Statistical analysis was performed using SPSS® version 27 (IBM®

Deutschland GmbH, Ehningen, Germany). Mean values and standard
deviation were determined for all metric parameters and the median for
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ordinal data. Results were tested for normal distribution using
Kolmogorov-Smirnov. Normal distributed, metric data between the
groups were compared with one-way ANOVA, whereas not normal
distributed and ordinal data were tested using Kruskall-Wallis and
Friedman test. For the comparison of left and right knees within each
group, t-test for paired samples were applied. Values of p < 0.05 were
considered significant.

Boxplots were produced using Excel 2016 (Microsoft Corporation,
USA).

3. Results

As long as not stated otherwise, result data included 35 of 36 rabbits.
One rabbit died in an anaesthetic accident during the pCT scan after the
second surgery. In total, Mg and Drilling group included 12 animals
while WE group included 11 animals.

3.1. Clinical assessment

Comparable to the pilot study, none of the animals showed an
impairment of the general condition or the spontaneous behaviour after
neither the first nor the second surgery. The mean weight of all rabbits at
the second surgery was 3891 + 355 g (Mg: 3893 + 458 g, WE43: 3895
+ 270 g, Drilling: 3887 + 343 g). After the second surgery the mean
weight loss tended to be slightly lower in the WE group than in the Mg
and Drilling group. However, the difference was statistically not
significant.

Independent of the group assignment some animals showed mild
problems in wound healing represented by prolonged mild swelling,
redness and secretion most likely as reaction to the suture material.

Level and progression of passive and active pain scores were com-
parable to the pilot study [26]. Both scores showed no differences be-
tween the three groups and therefore those data are not illustrated in a
respective figure. After drilling/implantation of the cylinders, animals
were sensitive to the orthopaedic examination for eight to eleven days.
Active pain score was higher after the second surgery with values up to 3
but again decreased earlier than after ACLT surgery; all animals were
scored for normal load bearing after a maximum of 35 days post im-
plantation surgery.

3.2. Gait analysis

On each measurement day, there were some animals, which did not
reach five successful runs. The most common reason was that they
hopped over or slowed down/stopped on the mat. After several repeti-
tions, the motivation of the animals faded and they just remained sitting
on the floor unwillingly to complete another run. In such situation and
with respect to animal welfare, the minimum number of successful runs
was set to three.

On one day before the second surgery, the pressure sensor mat was
not available due to technical problems, so that 12 animals could not be
evaluated in the week before drilling/implantation of the cylinders.
Therefore, mean values stated are based on n = 24 rabbits. Furthermore,
there were few values for some measurement days, which could not be
evaluated because individual sensors of different paws overlapped
impeding the determination of a specific region of interest.

One week before drilling/implantation of the cylinders, the mean
value of all animals was still slightly under the physiological range
meaning that most animals loaded their non-operated limb slightly more
than their operated limb (Fig. 3). In the first week after the surgery all
groups showed a significant shift of load bearing to the non-operated
side with no significant differences between the groups (Mg: —0.64 +
0.10; WE43: —0.63 + 0.19; Drilling: —0.64 + 0.20). Up to week 3, an-
imals of the WE group seem to recover slightly faster than Mg- and
Drilling animals, approaching the physiological range earlier (week 3:
Mg: —0.53 + 0.14; WE: —0.38 £ 0.21; Drilling: —0.46 + 0.21) (Fig. 3).
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Fig. 3. Course of lameness one week before (grey boxplot) and in week +1, +2,
+3 and + 8 after drilling/drilling and cylinder implantation (coloured box-
plots). Light blue: physiological range of weight levelling between right and left
hind limb (0 represents even distribution of load). Dark blue: Magnesium
group; orange: WE group; green: Drilling group. Number of animals included in
the analysis for week —1: Mg/WE/Drilling n = 8; week +1: Mgn =12, WEn =
10, Drilling n = 11; week +2: Mg n = 12, WE n = 10, Drilling n = 11; week +3:
Mgn =11, WEn = 8, Drilling n = 12; week +8: Mg n = 11, WE n = 11, Drilling
n=11.

However, this difference was not statistically significant. From week 4
onwards, the groups were in a similar range reaching the physiological
range all three of them together in week 8 after implantation (Mg: —0.26
+ 0.13; WE43: —0.26 + 0.12; Drilling: —0.24 + 0.17).

3.3. Changes in subchondral bone

Six animals (one rabbit of the Mg, two rabbits of the WE group and
three rabbits of the Drilling group) are not included in the evaluation
due to different reasons (scan had to be aborted to shorten the anaes-
thetic period, animals moved slightly during scan procedure resulting in
blurred data, bad positioning of the animal inside the scanner).

Significant differences were found for all parameters. During the first
four weeks, increase in BV was higher than in the second four weeks.
Overall after the eight weeks implantation period, BV was more than
twice as high in the Mg group (33.93 % =+ 11.37) und nearly twice as
high in the WE group (30.69 % + 6.04) compared to the Drilling group
(15.84 % + 7.71) (p < 0.001, Fig. 4A).

For tr.th. the results were similar with a higher increase from im-
plantation to week 4. The total percentage increase in tr.th. after eight
weeks of implantation in both cylinders group was higher than in the
drilling group (20.65 + 6.61 %), reaching values of 40.31 + 11.27 %
and 32.25 + 10.65 % for Mg and WE, respectively. This difference was
also highly statistically significant (p < 0.001) (Fig. 4B).

The changes of BD in all groups were in a low range with slight in-
crease in density over the whole implantation period. In the first four
weeks, all three groups showed a slight decrease in density followed by
clear however also small increase in the second four weeks. These
changes sum up to a total of 1.95 % + 1.47, 0.57 + 1.84 and 0.08 % +
1.91 for Mg, WE and Drilling group, respectively. After eight weeks,
highest percentage increase of BD was therewith found in animals of the
Mg group (Fig. 4C).

3.4. Degradation of WE43 cylinders

A total of n = 90 cylinders were included into the calculation
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resulting from n = 9 rabbits.

The mean total cylinder volume at implantation calculated by uCT
was 0.15 & 0.0 mm?, the mean surface area 1.58 + 0.04 mm? and the
mean density 1740.73 + 4.97 mg HA/cm®>. After eight weeks of im-
plantation, the cylinders degraded substantially. The mean volume
decreased by more than half to 0.07 mm>. Also, the loss of surface area
reached considerable 38.19 % to 0.97 mm?. The loss in density was on a
lower level, reaching 22.82 % (1342.79 mg HA/mm?). All results are
depicted in Fig. 4D.

Based on these values, degradation rate was calculated to be 0.33
mm/year.

3.5. Number of osteoclasts in the region of implanted cylinders

The number of samples which met the criteria for inclusion into the
evaluation of OC number were n = 9 (Mg group), n = 7 (WE group) and
n = 7 (Drilling group).

The differences in mean values between the groups were statistically
significant (p = 0.047). While both cylinder groups showed fewer OCs
with no statistically significant results (Mg: 2.64 + 3.35 OC/mm?
WE43: 3.17 + 4.05 OC/mm?) the number of OC in the Drilling group
was significantly higher (7.02 + 2.52 OC/mm?, p(Mg - Drilling) = 0.02;
P(WE43 - Drilling) = 0.047)(Fig. 5).

3.6. Changes in cartilage

3.6.1. Macroscopic changes

Except for one rabbit of the Mg group, which exhibited a very small
arthritic lesion most lateral in the region of the sesamoid bone, all left,
non-operated knees showed no macroscopic changes. The articular
cartilage of the right femur and tibia showed pathological changes in all
animals with no statistical differences between femur and tibia or be-
tween the groups (Fig. 6). The median values of the cartilage score for
femur and tibia, respectively were 3.5 (min/max: 1/4) and 3.5 (min/
max: 1/4) in the Mg group, 2.5 (min/max: 1/4) and 3.0 (min/max: 1/4)
in the WE group and 2.75 (min/max: 1/4) and 2.75 (min/max: 1/4) in
the Drilling group.

Similar to the cartilage results, there were no statistical differences
between the groups regarding osteophyte formation. In all animals, they
were predominantly situated proximal of the actual joint surface lateral
and medial of the patellar sliding plane and reached overall severe
shaping. Results and exemplary pictures are shown in Fig. 6. Median
values (min/max values) for the groups were 3.0 (2/3) for Mg, 3.0 (2/3)
for WE and 2.5 (2/3) for Drilling group, respectively.

3.6.2. Histological changes

Histological evaluation of Safranin-O fast green stained slices could
neither show any differences between right, operated cartilage nor the
left, non-operated one. Although the mean score value for the right
cartilage of the Mg groups (11.25) tend to be higher than these of the WE
(8.25) and Drilling (7.625) group, the differences between the groups
were not statistically significant (Fig. 7A). In contrast, score values for
the left, non-operated cartilage were in a closer range with highest
values in the Drilling group (4.625). Again, the difference to the Mg
(3.75) and WE (4.0) group were not statistically significant. (Fig. 7A).
Exemplary pictures of the Drilling group and Mg group as well as the
contralateral, non-operated left side are also shown in Fig. 7B-D.

CD271 stained slices showed different results regarding number of
positive cells (CD271+) within the cartilage and number of CD271+
vessels in the subchondral bone.

There were no significant differences between the three groups
regarding CD271+ cells in the cartilage of the osteoarthritic knees with a
trend for higher number of cells in the Drilling group (median value of 2
(Mg), 1 (WE) and 3 (Drilling) (Fig. 8). With overall higher values for left,
non-operated knees, the difference to the right sides was significant for
the Mg (median value 4, p = 0.024) and WE (median value 4, p = 0.026)
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Fig. 4. p-Computed tomographical results of bone changes for the three different scanning intervals (A-C) and volume, surface area und density of WE cylinders (D)
at implantation (impl) and euthanazation (euth). Blue: Magnesium group, orange: WE43 group, green: Drilling group, Dark grey: WE cylinders at implantation, light
grey: WE cylinders at euthanazation. * for significant differences with p < 0.05 and ** for significant differences with p < 0.001. E: exemplary segmented pCT image
of the distal part of the femur after implantation of the cylinders. Black arrows: drill holes; red asterisks: osteophytes. F: exemplary segmented pCT image of WE

cylinder at implantation (left) and after eight weeks (right).

group, but not for the Drilling group (median value 4, p = 0.1) (Fig. 8).

In contrast, the number of CD271+ vessels in the subchondral area of
the right, operated femur was significantly higher in the Drilling group
(51.33 + 30.33, p = 0.035) compared to the Mg and WE group (26.43 +
18.77 and 27.13 + 14.83, respectively). The left, non-operated femur
showed overall lower levels (Mg: 21.29 + 16.55, Drilling: 29.67 +
49.54) except for the WE group (39.80 + 55.02), and no significant
differences between the groups (Fig. 9).
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4. Discussion

We evaluated the influence of subchondrally-implanted cylinders of
Mg and WE43 on bone, cartilage and pain in an in vivo OA rabbit model.
Animals, which received only drilling holes, served as control.

uCT evaluation showed an obvious impact of Mg and WE43 on bone.
The volume and tr. th. of the subchondral bone increased significantly
during the eight weeks follow up in both groups with implanted cylin-
ders in comparison to the control group. These results are in accordance
with the pilot study, also exhibiting the same timely dynamic with a
higher increase in the first scanning interval [26]. Evaluation of
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bone-resorbing OC in TRAP-stained tissue slices showed a reduced
number of OC after the implantation of Mg and WE43 cylinders
compared to the sole drilling holes. A recent study on the influence of
intra-articularly injected MgO nanoparticles also showed a reduction of
number and area of OC in the Mg groups [32]. They attributed this in-
hibition of OC formation and function to the supressed phosphorylation
of Akt/protein kinase B [32]. This might also be the case in our study
and therewith contributed to the increase in bone volume. The
well-known osteoconductive property of Mg and its alloys has been re-
ported manifold proposing different possible mechanisms with Mg ions
being in the centre of many of them. According to an equation published
by Witte et al. (2008), Mg ionizes to MgZJr in an anodic reaction [33].
Therefore, Mg?* ions are most likely the reactive part and several studies
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support this hypothesis. In vitro, Mg chloride increased differentiation of
rat bone marrow MSCs and promoted osteogenic differentiation and
mineralization [17]. Another study found, that Mg ions induced signif-
icantly cell viability, alkaline phosphate activity and osteocalcin levels
of human osteoblasts in vitro and promoted the gap junction intercel-
lular communication [23]. In one of the earlier published in vivo studies
using degradable Mg implants in the bony environment, Witte et al.
hypothesized, that the observed increase in mineral apposition rate
could be attributed to an enhanced protein translation for the extra-
cellular matrix such as collagen I due to high concentrations of Mg
subsequently enhancing osteoid deposition around the Mg implants
[30]. Although in our study the overall amount of Mg is rather low due
to the small size of the implanted cylinders, the reactive ions formed
during degradation of the implants are easily able to develop their
pro-osteogenic potential being situated nearby and within the bone
marrow. This is also supported by the highly reactive bone marrow re-
gion seen in Safranin O-fast green stained slices. The desired bone vol-
ume enhancing effect could therefore be achieved by the implantation of
Mg and WE43 cylinders. However, an increase in bone volume alone
could also be a sign for subchondral sclerosis. Li and Aspden [34] re-
ported already 1997 on bone changes in late stage OA samples without
any Mg influence. They evaluated the properties of osteoporotic and
osteoarthritic human bone samples and found an increase in sub-
chondral bone volume of around 60 % for OA bone compared to healthy
control samples [34]. However, they also showed that the density of the
OA bone was decreased by 8.5 % relative to normal bone being equiv-
alent to lower mineralization and mechanical stability. Hunter et al.
[35] did a thorough evaluation of bone samples taken from osteoar-
thritic knees using pCT. They found that samples taken from osteoar-
thritic knees exhibited increased bone volume fraction and tr. th. while
bone mineral density was decreased and concluded that these altered
characteristics may influence the mechanical properties of the sub-
chondral trabecular network [35]. The role of biomechanics of the
subchondral bone is beyond doubt yet not fully understood. As a highly
dynamic structure it adapts to the mechanical forces imposed across the
joint [36]. Altered properties such as stiffening or reduction in pliability
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Fig. 6. Results of the macroscopic semi-quantitative scoring (A) according to Ref. [30] and exemplary pictures of higher score values for femoral cartilage, tibial
cartilage (D) and osteophytes (E). C shows nearly physiologic condition of left side with only very mild beginning osteophyte formation. Black asterisk: osteophytes;
black arrows: deep cartilage lesions; white arrows: softened cartilage; blue arrow: drilling hole.
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Fig. 7. Results of semi-quantitative scoring according to Ref. [31] for Safranin-O fast green stained slices of right, operated cartilage and left, non-operated cartilage
of rabbits eight weeks after treatment of osteoarthritic knees (A). B-D show exemplary pictures of histologic samples of Drilling group (B), Mg group (C) and left,

non-operated side (D). Black arrows: drilling holes.
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Fig. 8. Scoring results of CD271 stained slices of right, operated (R) and left, non-operated (L) cartilage (A) and exemplary histologic pictures for CD271+ cells (B)
and CD271-cells (C). Magnification in B and C show triple filter image (using DAPI-FITC-RITC filter) which show the clear positive boundaries of the chondrocytes in

B and their absence in C. * for significant differences with p < 0.05.

could increase the transmission of loads to the overlying cartilage
contributing to secondary cartilage degeneration [37] which empha-
sizes the importance of bone mineral density. Despite the high increase
in bone volume in our study, the mineral density after eight weeks of
implantation slightly increased in both cylinder groups (1.95 % and 0.57
%) but remained nearly the same in the control group (0.08 %). This
might indicate an improved biomechanical characteristic, which could
prevent further cartilage degeneration. Yamasaki et al. also found an
increase in bone density after implantation of Mg containing specimen
[38]. They examined a functionally graded carbonate apatite containing
magnesium scaffold, called FGMgCO3Ap, in two animal models
including rats and rabbits and compared these scaffolds to homogenous
apatite containing carbonate without Mg. There was a slight increase in
thickness of the cranii bone in rats as well as a higher bone formation in
femurs of rabbits. Also, the non-magnesium containing scaffold induced
bone formation, however bone density was significantly higher in ani-
mals that received FGMgCO3Ap [38]. They discussed that Mg?* ions
may be integrated into apatite crystals and therewith accelerate
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osteoblast adhesion promoting bone formation [38]. The positive results
on subchondral bone volume and bone mineral density in our study
leads to the expectation of a likewise positive impact on cartilage con-
dition. But, contrary to the clear influence of the implanted cylinders on
bone, there were no significant differences between the groups
regarding the condition of the cartilage after eight weeks of implanta-
tion. Macroscopically, all groups showed scores around 3 with no dif-
ferences between femur and tibia. In the Mg group, changes appeared to
be significantly more severe than in the pilot study, were median values
for femur and tibia were 1 and 2.5, respectively [26]. While minimum
values of 1 occurred in Mg and Drilling group in this study, lowest score
in the pilot study was 0 equivalent to the presence of single animals with
intact cartilage. However, since the maximum value for both studies was
four, the difference in median values could be attributed either to the
higher number of individuals or just coincidence. Results of Safranin
O/fast green stained slices were in conformity with the macroscopic
findings. There were neither significant differences between the groups
regarding right, operated knees nor left, non-operated ones. OARSI score
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Fig. 9. Counting results of CD271+ vessels in right, operated and left, non-operated histological samples (A) and exemplary histologic pictures for CD271+ vessels in
a sample of the drilling group (B, C). B shows RITC-filter image with magnification of one of the CD271+ vessels. C shows the same field of view as triple filter image
(using DAPI-FITC-RITC filter). White asterisk: CD271+ vessels. * for significant differences with p < 0.05.

is well established and recommended to evaluate cartilage changes in
different species like mice [39], rats [40], guinea pigs [41], rabbits [31],
as well as sheep and goats [42]. Paglia et al. evaluated the influence of
two orally administered drugs on cartilage in a rat model of OA [43].
They found significantly elevated OARSI scores for the treated, medial
parts of the tibia seven weeks after OA induction by destabilization of
the medial meniscus (DMM) [43]. Notably, they also found distinctly
higher scores in the sham operated knees where no DMM was performed
five weeks after surgery. While they did not discuss the differences be-
tween DMM and sham operated groups, influence of increased loading
of the non-affected limb due to pain-related unloading of the OA limb is
known and subject of different studies [44-46]. Radiographic [45] and
histological [44] features of early OA were present in contralateral sides
of OA joints. Zhou et al. specifically examined the influence of joint
immobilization for OA induction on the contralateral mobile joint in
rabbits [46]. They showed OARSI scores of around 10 in the contralat-
eral joint eight weeks after immobilization of the other limb and
mention abnormal mechanical loads and peri-articular soft tissue
changes as decrease in muscle mass or muscle hypertrophy as possible
reasons [46].

In our study, also increased values of the non-operated, left knees
were found eight weeks after second surgery indicating onset of OA with
no differences between the groups. Also, CD271 staining showed no
positive influence of Mg or WE43 implantation on cartilage compared to
sole drilling. CD271, which in the literature is also referred to as p75, is
present in sensory and sympathetic nerve fibres, that are most often
situated close to blood vessels, as well as in cells within the articular
cartilage [47,48]. It is a low-affinity neurotrophin receptor [49]. Neu-
rotrophins are known to have essential effects for the nervous system
[50] and chondrocytes [51]. Grimsholm et al. found significantly
decreased numbers of p75+ cells in the cartilage of severely arthritic
mice [49]. In combination with an often observed reduction in the total
amount of lining cartilage they concluded that arthritis leads to
decreased effects of neurotrophins at the level of cartilage lining the
joint cavity [49]. We also found by trend reduced numbers of
p75+/CD271+ cells in the articular cartilage of rabbits after implanta-
tion of Mg and WE43 compared to sole drilling indicating the clear
osteoarthritic condition.

During the pilot study, contralateral knees of Mg treated rabbits
showed better condition of articular cartilage than in the control group
[26]. That led to the hypothesis that Mg implants might have resulted in
less pain compared to sole drilling which could not be detected by
scoring of lameness. Therefore, we led special focus on the evaluation of
certain pain indicators. Although CD271 staining could not show a
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positive influence of Mg and WE43 on the regenerative capacity of the
cartilage, it could unveil an impact on CD271+ vessels. As mentioned
above, CD271 is present in sensory and sympathetic nerve fibres around
vessels [47]. Pain in OA is the main symptom and predominant factor for
its crucial economic role and numerous structures are involved as for
example synovitis, subchondral bone marrow lesions, sprouting of nerve
fibres and osteophyte formation [7,9,47]. Pain mechanisms are not yet
clarified which impedes the development of successful treatment op-
tions and recent reviews on OA emphasize the importance of under-
standing pain [52,53]. According to a review by O’Neill and Felson,
bone marrow lesions (BML) and inflammatory cytokines may play an
important role [54]. Noxious stimuli that trigger OA nociceptors could
be physical/mechanical or chemical. Overall, inflammation/synovitis is
often referred to as a major cause of pain in OA [55-57]. While Perry
et al. found no association between BML volume and knee pain, they
showed that synovial tissue volume as sign for synovitis/inflammatory
condition of the knee and pain was positively correlated [58]. Inflamed
synovial tissue secretes a number of cytokines including mediators like
tumor necrosis factor (TNF)-a, interleukin (IL)1-, IL-6, or bradykinin,
prostaglandin E2 [54,57] which could initiate action potentials at the
terminal endings of peripheral nerves [59]. Transmission of these po-
tentials by unmyelinated C nerve fibres leads to the burning pain which
is typically described by OA patients. Such nerve fibers, which accom-
pany new sprouted vessels in OA, are suggested to be a source of pain in
OA [9]. Also, Del Rey showed that perivascular CD271+ stromal cells
were extended in OA and RA (rheumatoid arthritis) and exhibited
elevated pro-inflammatory properties [60]. While Mizuno et al. classi-
fied the specific role of CD271+ in the perivascular region as unknown,
they also emphasize their possible role in the pathophysiological
response of vessels and neurogenesis during active synovitis of OA [61].
The lower number of CD271+ vessels in Mg and WE43 implanted ani-
mals in our investigation might indicate a reduced pain perception and
gives reason to expect a lower grade or shorter lasting lameness of
rabbits after implantation of Mg and WE43. Also, Mapp et al. showed a
clear correlation of the number of vessels and pain in an in vivo rat model
of OA [62]. After initiation of OA by medial meniscal transection and
treatment with different doses of metallo matrixproteinase inhibitor
they evaluated the number of vessels at the osteochondrale junction in
toluidine blue stained slices and weight-bearing asymmetry by incapa-
citance up to 35 days after surgery. They found significant reduced pain
in animals with significant lower quantities of vessels. However, they
did not perform a specific staining regarding nerval structures within the
vessel walls [62]. In our study, the expected impact of reduced CD271+
vessels could neither be seen in the pain score nor in the gait analysis.
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According to the mean score values, animals showed obvious, moderate
lameness one week after implantation which already improved until the
next week. Normal motion in all animals was shown in week five after
implantation. None of these results differed between the groups, which
was comparable to the pilot study [26]. As intended, implementation of
the higher sensitive sensor mat enabled closer consideration of the
course of lameness. However, also this more sensitive evaluation could
not show any differences between the groups. As seen in the active pain
score, all animals showed a distinct unloading of the operated hind limb
one week after implantation. Differently to the score, it seemed that
animals of the WE43 recovered slightly faster than the others, although
on no statistically significant level. After eight weeks, a shift of load
bearing to the non-operated side could still be detected in all groups. In
contrast to our results, Yao et al. could show a decreasing effect of Mg
ions in combination with vitamin C application on pain expressed by
enhanced gait pattern as shown in catwalk analyses [25]. However,
most distinct effects could be seen in the earlier time points. Further-
more, it has to be kept in mind that they started their treatment at week
2 post surgery and classified their model as early stage which might
contribute to the positive results. The effect of enhanced gait pattern was
consistent with their results regarding inhibition of osteophyte forma-
tion and production of pain related neuropeptides. In our study, all
animals exhibited distinct osteophyte formation with no significant
differences between the groups. Therefore, it may be possible that
osteophyte related pain stimuli may obscure the positive effect of
reduced CD271+ vessels quantity. More specific evaluation should
consider these thoughts in future studies. An additional positive result of
Yao et al. was the promotion of M2 polarization of synovial macro-
phages [25], which additionally places emphasis on the impact of in-
flammatory condition. A very recent study by members of the same
group, already referenced above, also showed a positive influence of
Mg%" on pain in an in vivo OA rat model [32]. They administered the
MgO-nanoparticles during the surgery of OA onset by transection of the
lateral ligament and meniscectomy. Therefore, their approach has to be
classified as protective rather than treating clinically manifest OA.
However, they showed a distinct protective influence of the nano-
particles with significantly increased pain threshold in Von Frey pain
test and decreased spatial symmetry using calculations of step length
and stride length [32]. They also showed a clear chondroprotective in-
fluence in vitro with enhanced chondrogenic differentiation and inhibi-
tion of chondrocyte apoptosis [32]. Although they did not perform gait
analysis or similar pain related evaluation, also Yao et al. showed a clear
anti-osteoarthritic effect in vivo [55]. They used MgCl, injections to treat
experimental PTOA in rats and found alleviation of cartilage degener-
ation and synovitis.

Why the positive results of implanted Mg and WE43 cylinders on
subchondral bone and CD271+ vessels did lead to neither enhanced
quality of articular cartilage nor pain sensation in our study in rabbits
could not be clearly answered yet. Possibly, the amount of Mg?* ions
available for impacting cartilage as in Ref. [25] was not high enough
triggering only bony reactions. Alternatively, the distance from inside
the subchondral bone to the joint was too far as the positive influence of
Mgt ions in mice by Yao et al. was induced after intraarticular injection
and therewith in direct contact to the chondrocytes. Furthermore, rab-
bits in our study exhibited distinct osteophyte formation, which — as
known as one major pain inductor — may obscure possible effects on
pain. Another factor, which might influence pain sensation is the
extracapsular fixation of the joint instability during the second surgery.
While there are no pain related studies in rabbits after application of this
technique dogs have been evaluated as species with high prevalence of
anterior cruciate ligament ruptures. Au et al. examined two different
treatment options for cranial ligament disease in dogs [63]. They used a
pressure plate to measure peak vertical forces (PVF) in gait analysis and
showed continued increase in PVF in the two years follow-up. While
values were significantly below the preoperative/pathological levels
three weeks after surgery, they clearly exceeded these values five weeks
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post-surgery indicating the effectiveness of the treatment [63]. How-
ever, also OA scores evaluated by radiographs increased during the two
years follow-up. This might be indicative of an insufficient restoration of
the healthy biomechanical situation of the knee joint. On the other hand,
Del Carpio et al. performed three-dimensional kinematic examinations
of knee joints fixed by lateral suture stabilization in vitro. They showed
that the physiological 3D-kinematics were successfully restored using
LLS and suggested that biomechanical insufficiency is not mainly caus-
ative for suboptimal clinical outcomes [64]. Independent of the fact that
the fixation technique used in our study might have an influence on pain
or OA progression, this impact is present in all groups equally and should
therefore not compromise the assessment of group-dependant differ-
ences. Lastly, different evaluation periods should be considered, not
only for establishment of OA (early — mid - late stage OA) but also for
follow-up period which might involve later evaluation points.

5. Conclusions

In vivo implantation of Mg and WE43 cylinder into the subchondral
bone of osteoarthritic rabbits for eight weeks led to more than 30 %
increase in bone volume and trabecular thickness while bone mineral
density also slightly increased. As representative for pain, a higher
number of CD271+ vessels were present in control samples without
magnesium. These results indicate favored biomechanical properties of
the trabecular network beneath the joint cartilage and gave reason to
expect a positive effect on pain sensation. However, no impact could be
found on the further progression of cartilage degeneration and grade of
lameness. Therewith, although relevant structures for OA progression
and pain sensation could be positively influenced by implanted cylinders
of Mg and WEA43, this treatment failed to achieve clinical relevance,
especially regarding pain. Possible reasons might be an insufficient
amount of magnesium to impact not only bone but also cartilage, an
excessive distance between implanted cylinders and cartilage or an
insufficient time interval to allow the positive changes in structure to
affect also the cartilage. Furthermore, rabbits in our study exhibited
distinct osteophyte formation, which - as known as one major pain
inductor — may obscure possible effects on pain. Therefore, subsequent
studies should further deepen evaluation methods regarding pain
mechanisms including amongst others the synovial membrane, osteo-
phytes and bone marrow lesions as well as lay focus on additional
possibilities to deliver magnesium in adequate quantity to all relevant
locations and consider prolonged follow-up periods. Changes in pain
relevant structures should be monitored more thoroughly including
thickness and cell composition of synovial tissue samples, evaluation of
inflammatory markers and differentiation of nerve structures and pain
mediators using more specific markers.
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