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Abstract: Decellularized whole muscle constructs represent an ideal scaffold for muscle tissue engi-
neering means as they retain the network and proteins of the extracellular matrix of skeletal muscle
tissue. The presence of a vascular pedicle enables a more efficient perfusion-based decellularization
protocol and allows for subsequent recellularization and transplantation of the muscle construct
in vivo. The goal of this study was to create a baseline for transplantation of decellularized whole
muscle constructs by establishing an animal model for investigating a complete native muscle isolated
on its pedicle in terms of vascularization and functionality. The left medial gastrocnemius muscles
of 5 male Lewis rats were prepared and raised from their beds for in situ muscle stimulation. The
stimulation protocol included twitches, tetanic stimulation, fatigue testing, and stretching of the
muscles. Peak force, maximum rate of contraction and relaxation, time to maximum contraction and
relaxation, and maximum contraction and relaxation rate were determined. Afterwards, muscles were
explanted and transplanted heterotopically in syngeneic rats in an isolation chamber by microvascular
anastomosis. After 2 weeks, transplanted gastrocnemius muscles were exposed and stimulated again
followed by intravascular perfusion with a contrast agent for uCT analysis. Muscle constructs were
then paraffin embedded for immunohistological staining. Peak twitch and tetanic force values all
decreased significantly after muscle transplantation while fatigue index and passive stretch properties
did not differ between the two groups. Vascular analysis revealed retained perfused vessels most
of which were in a smaller radius range of up to 20 um and 45 pum. In this study, a novel rat model
of heterotopic microvascular muscle transplantation in an isolation chamber was established. With
the assessment of in situ muscle contraction properties as well as vessel distribution after 2 weeks
of transplantation, this model serves as a base for future studies including the transplantation of
perfusion-decellularized muscle constructs.

Keywords: muscle transplantation; rat gastrocnemius; in situ stimulation; muscle contraction;
perfusion-decellularization
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1. Introduction

Tissue engineering of skeletal muscle holds great promise for the treatment of volu-
metric muscle loss. It can help to circumvent substantial donor site morbidity, resulting
from donor tissue transfer, including free autologous muscle flaps [1-3]. Common tissue
engineering approaches have attempted to create three-dimensional (3D) constructs by
combining scaffolds with stem cells and growth factors [3,4]. However, the production of
biocompatible and stable scaffolds can be time consuming and expensive and cell adher-
ence, invasion, and differentiation can be demanding in this synthetic 3D environment [5,6].

Decellularized extracellular matrix scaffolds have been a popular platform for re-
generating skeletal muscle, as they contain structural proteins and molecules of skeletal
muscle tissue, which is difficult to mimic by artificial means [6,7]. Established protocols
have mostly applied diffusion techniques on skeletal muscle so far, although perfusion-
decellularization through a vascular pedicle seems more beneficial by retaining the complex
3D architecture of the native tissue while effectively removing all cells [8]. The presence of
a vascular pedicle enables subsequent transplantation of the decellularized and possibly
recellularized construct in vivo.

Critical size defects necessitate volumetric tissue constructs for reconstruction, which
on the other hand depend on adequate blood supply for survival [9]. Thus, a functional
blood vessel network is a prerequisite for the growth of tissues and organs in vivo. The
arteriovenous (AV) loop model contains a vein graft anastomosed to an artery and a vein,
creating a loop that is transferred to an enclosed implantation chamber [10]. This creates an
isolated microenvironment, which is connected to the living organism only by means of
the vascular axis. Any disturbing influences from the surroundings are shielded off and
the tissue with its vascularization can be analyzed in the controlled environment.

Perfusion-decellularization of a whole muscle via its main vascular pedicle, subsequent
recellularization of the skeletal muscle matrix, and transplantation of the whole construct
in vivo have the potential to generate new functional muscle tissue. An isolation chamber
allows for analysis of the newly generated and vascularized tissue independent of external
factors similar to the AV-loop model. Prior to establishing such a model, baseline values con-
cerning vascularization and functionality of such transplanted muscle constructs are needed.

The principal contribution of this work is a novel in vivo animal model for investigat-
ing a transplanted complete native muscle isolated on its pedicle in terms of vascularization
and functionality.

2. Methods
2.1. Experimental Animals

Animal experiments were carried out following the German regulations for the care
of laboratory animals at all times. Experiments were approved by the local Animal Care
Committee (approval number RUF 55.2.2-2532.2-658-48).

Gastrocnemius muscles were taken from the left hindlimb of 5 male Lewis donor rats
(Charles River Laboratories, Sulzfeld, Germany) and transplanted into the left hindlimb of
5 syngenic recipient rats.

All animals were anesthetized during the surgical procedures through the admin-
istration of gaseous isoflurane (op-pharma, Burgdorf, Germany) at concentrations be-
tween 1.5-5% under spontaneous breathing. For analgesia, animals received intravenous
meloxicam (2 mg/kg) and butorphanol (1.5 mg/kg), whereas butorphanol was substituted
every 2 h.

2.2. Muscle Preparation

Donor animals were placed in the supine position on a heating plate. Dissection
through the adductor muscles of the left hind limb was carried out under aseptic conditions
until the medial gastrocnemius muscle was reached and freed from all muscular and tendon
attachments. All vessels branching off the muscle except for the popliteal artery and vein,
representing the main pedicle, were ligated. Popliteal vessels were tracked proximally up to
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their origin from the femoral vessels until the gastrocnemius muscle was solely attached in
situ via its vascular pedicle and the tibial nerve (Figure 1). The distal tendon was then tied
with a 4-0 Vicryl suture (Ethicon, Somerville, NJ, USA) and connected to a servomotor lever
arm (model 305C Dual-Mode Lever Arm System; Aurora Scientific Inc, Aurora, Ontario,
Canada), while the proximal tendon was fixed in a clamp on a self-constructed metal frame,
placed under the heating plate (Figure 2). After stimulation of the gastrocnemius, the rat
receiving the gastrocnemius muscle as a transplant was surgically prepared (see Section 2.4
for details).

Figure 1. After surgical preparation, the gastrocnemius muscle was attached in situ via its vascular
pedicle (arrow) and the tibial nerve (white arrowhead).

Figure 2. For electrical stimulation, the muscle was connected to a servomotor lever arm distally and
fixed with a clamp proximally. Electrodes ware placed near the entry of the tibial nerve.

2.3. Muscle Stimulation

Prior to transplantation and perfusion, the gastrocnemius muscle was stimulated
via electrodes placed into the muscle close to where the tibial nerve enters the mus-
cle. A stimulation and recording system (150 A and 615A Dynamic Muscle Control and
High-Throughput Analysis software suite; Aurora Scientific Inc., Aurora, ON, Canada),
was used to stimulate the muscle after optimal length was determined as described by
Tamayo et al. [11]. For twitches, the muscle was stimulated every 3 s with 1 ms pulses
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for 10 repetitions. The maximum force (i.e., peak force), maximum rate of contraction and
relaxation, time to maximum contraction and relaxation, and maximum contraction and
relaxation rate were measured. This was followed by 80 Hz, 100 Hz, and 120 Hz tetanic
stimulation. Peak force, maximum contraction rate, and time to maximum contraction
were assessed. For fatigue testing, a 150 Hz burst of stimulation was applied to the muscle
every 3 s for 7.5 min. The fatigue index was determined as the ratio between the maximum
and minimum force difference and the maximum force. A break of at least 1 min was taken
between each measurement. For passive tension properties, the muscle was stretched to
110% of its original length in 1% steps. During each stretch, contractile forces to gain the
length of the muscle were measured.

2.4. Muscle Transplantation

After stimulation of the donor rat muscle, a second rat was prepared for surgery in the
supine position. The left hind limb was incised and the saphenous artery and superficial
inferior epigastric vein were dissected and prepared for vascular anastomosis.

The dissected gastrocnemius muscle was harvested from the donor animal by cut-
ting the femoral vessels. The muscle was flushed with heparine (50 1.U.) via the femoral
artery until a clear heparine solution came out of the femoral vein. The wet weight of the
muscle was determined. The donor rat was sacrificed and the gastrocnemius muscle was
transplanted into the recipient rat by anastomosing the femoral artery to the saphenous
artery and femoral vein to the superficial inferior epigastric vein (SIEV) with 11-0 inter-
rupted sutures (Figure 3). The patency of anastomoses was confirmed via the milking
patency test [12]. The revascularized muscle was placed into an isolation chamber made
out of polylactide via 3D printing by fused deposition modeling (FDM) using an Ulti-
mater 2+ (Ultimaker B.V., Utrecht, The Netherlands). The isolation chamber consisted
of two parts: one bottom part, which was sutured to the anterior muscle of the hind leg
(Figure 4A,C), and a lid that enclosed the transplanted muscle while avoiding squeezing
of the muscle (Figure 4B,D). Anastomoses were fixed with fibrin glue to avoid kinking of
the vessels. The skin was closed in 2 layers. Antibiotics (7.5 mg/kg enrofloxacin) were
administered perioperatively intravenously and continued subcutaneously for 5 days.
Animals received 10 mg/kg low molecular weight heparin and meloxicam (2 mg/kg)
subcutaneously for 5 days.

Figure 3. Gastrocnemius muscle was transplanted via anastomosis of the femoral artery to the
saphenous artery and femoral vein to the superficial inferior epigastric vein.
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Figure 4. Different perspectives showing transplanted gastrocnemius muscle placed onto bottom
part of isolation chamber (A,C) and into isolation chamber with lid on top (B,D). Note the opening of
the chamber for the vascular pedicle (asterisk).

2.5. Perfusion and Explantation of Constructs

After two weeks of implantation, rats were again anesthetized as described above
and placed in the supine position. The left hind limb was dissected and the isolation
chamber was opened to expose the transplanted gastrocnemius muscle (Figure 5A). The
muscles were taken out of the chamber and stimulation was carried out as described
above. After that, muscles were perfused with the contrast agent Microfil® as described
previously [13]. Briefly, laparotomy incision was performed and animals were perfused
by flushing the aorta with 150 mL of heparine solution and afterward with 20 mL yellow
Microfil® (MV-122) containing 2.5% of MV Curing Agent (both Flowtech, Carver, MA, USA)
(Figure 5B). Finally, the aorta and inferior vena cava were ligated, and the rats were placed
at 7 °C for 24 h. Constructs were explanted in toto and fixed in 3.5% formalin solution
overnight and placed in PBS solution for microtomography (uCT) analysis.

2.6. Micro-Computed Tomography

High-resolution pCT scans were performed using Skyscan 1172 with an 11-MP detector
and a tungsten tube at a voltage of 80 kV and a current of 100 mA (Skyscan B.V., Leuven,
Belgium) as described previously [14]. Briefly, after scanning at 180° with a rotation step of
0.25° and a resolution of 4.47 um /voxel, the data were reconstructed with Radeon back
Transformation using the tomographic reconstruction software (NRecon Client and Server
1.7.42 with GPU support; Skyscan Leuven, Belgium) while adjusting the X/Y shift and
alignment during measurement. The visualization and vessel radius evaluation was carried
out by imaging software (Amira 2021.1; Thermo Fisher Scientific, Berlin, Germany).
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Figure 5. After 2 weeks of implantation, the gastrocnemius muscle has shrunken to approximately
half its original size (A). After electrical stimulation, the muscle was perfused with a contrast agent
(Microfil® = yellow) (B).

2.7. Immunohistochemical Analysis

After uCT analysis, constructs were processed for paraffin embedding. The feasibility
of histologic analysis after Microfil® perfusion has been demonstrated before [14-16].
Three-micrometer cross-sections were obtained from the middle of the gastrocnemius
muscles perpendicular to the main vascular axis with a microtome (Leica Microsystems,
Wetzlar, Germany). Hematoxylin and eosin (HE) were performed according to standard
protocols. For myosin heavy chain (MHC) staining, sections were blocked with 10% goat
serum (Vector Laboratories, Burlingame, CA, USA) and incubated with anti-fast myosin
skeletal heavy chain (MHC) antibody (ab91506, Abcam, Cambridge, UK) at a concentration
of 5 ug/mL overnight at 4 °C. After washing with TBS-T (1 mL Tween20 per 1 L of
100 mM Tris and NaCl in HyO, pH 7.4), Alexa Fluor 647 goat anti-rabbit IgG (H + L)
cross-adsorbed secondary antibody (A-21244) was used at a concentration of 4 ng/mL for
30 min at room temperature. Probes were counterstained with DAPI 1 pg/mL (diamidine-
phenylindole-dihydrochloride, Thermo Fisher Scientific Inc.) for 5 min. For visualizing
neuromuscular junctions, deparaffinized sections were stained with recombinant anti-
Synaptophysin antibody [YE269] (ab32127, Abcam) at a concentration of 0.5 ug/mL and
incubated overnight. Afterwards, sections were incubated with Alexa Fluor 488 anti-
rabbit (A11008, Thermofisher Scientific Inc.) at a concentration of 4 ug/mL for 30 min
followed by a-Bungarotoxin, Alexa Fluor 647 conjugated (B35450, Thermo Fisher Scientific
Inc., Waltham, MA, USA) for 1 h and counterstaining with DAPI as described above. For
macrophage detection, CD68 staining was performed with anti-CD68 antibody (BIO-RAD,
Hercules, CA, USA) in a dilution of 1:300 overnight on deparaffinized and blocked sections.
For enzymatic detection, an alkaline phosphate-labeled anti-mouse-antibody and Fast Red
TR/Naphthol AS (Sigma-Aldrich, Missouri, USA) were applied. Haemalaun was used
for counterstaining.

2.8. Vessel Quantification

Reconstructed two-dimensional cross-sections from pCT scans were exported as
256 grey value level images and used for segmentation of the vessels, as previously de-
scribed [14]. Additional shrink and grow image calculation operations were carried out to
ensure filled blood vessels for analysis to prevent misleading results from e.g., bubbles in
the Microfil®. Accumulated vessel lengths were calculated for each vessel radius starting
from 5 pm at histogram class widths of 10 um. To exclude material that did not belong
to the muscle, the cut-off was set at 335 pum. This agrees with the maximum diameter of



J. Pers. Med. 2022, 12, 442

7 of 16

500-600 pm of the vascular pedicle of the gastrocnemius muscle. Values are summarized
for every radius range of 40 um, e.g., 5-45 pm.

HE stained sections were used for vessel counting in Image] 1.53e (National Institutes
of Health, Bethesda, MD, USA). After setting a scale, the lumen of all vessels with a clearly
visible lumen or lumen filled with Microfil® was outlined using the freehand tool in the
ROI manager. The radius was calculated using the resulting area of the vessel lumen, and
the number of radius ranges of 20 pm, e.g., 0.1-20 um, 20.1-40 pm was depicted.

2.9. Statistical Analysis

Data are expressed as the mean + standard deviation (SD). Data normality of force
values was verified by the Shapiro-Wilk test. Pairwise comparisons between muscles
before and after transplantation were carried out using paired t-test or Mann—-Whitney
test, as appropriate. Statistical analysis was performed using GraphPad Prism version 8.3,
LaJolla, CA, USA. A p-value < 0.05 was considered statistically significant.

3. Results
3.1. Surgery and Animals

All animals tolerated surgeries well. Weight properties of the involved rats and
muscles with the corresponding ischemia time are listed in Table 1.

Table 1. Animal data.

Rat Donor Rat Weight (g) Gastrocnemius Muscle Weight (g) Recipient Rat Weight (g) Ischemia Time (min)
1 285 1 410 120
2 240 0.87 440 100
3 260 0.94 400 85
4 290 1 370 90
5 320 1.03 410 90

Four out of 5 animals developed postoperative seroma, that were punctured once
(2 animals) or twice (2 animals) under sterile conditions. At the time of explantation after
2 weeks, all muscles were vital but had shrunken to approximately half their original size
(Figure 5A).

3.2. Muscle Function

Peak force after twitch decreased significantly by 95.5% 2 weeks after the gastrocne-
mius muscle was transplanted within the isolation chamber (p = 0.0041) (Figure 6). Time to
peak force, maximum contraction, and relaxation rate all decreased after transplantation
(p=0.011, p = 0.0018, and p = 0.0042, respectively). Time to 50% and 100% relaxation did
not differ between the two groups (p = 0.0735 and p = 0.7621, respectively) (Figure 7). Peak
force and contraction rate after tetanic stimulation decreased after transplantation for all
frequencies (p = 0.0014 and p = 0.001, respectively, for 80 Hz, p = 0.0028 and p = 0.0003,
respectively, for 100 Hz, p = 0.0058 and p = 0.0035, respectively, for 120 Hz). Time to peak
force decreased at 80 Hz (p = 0.0115), 100 Hz (p = 0.0035), and 120 Hz (p < 0.0001). Detailed
values for twitch and tetanus are listed in Table 2.
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Figure 6. Force values before and 2 weeks after transplantation of the gastrocnemius muscle. Peak
force (A), time to peak force (B), and maximum contraction and relaxation rate (E,F) decreased after
transplantation while time to 50% and 100% relaxation (C,D) did not change (paired t-test). Level of
significance was * p < 0.05, ** p < 0.01.

10000

e A R e .

1004

force (mN)

— 7T L e e A B e e S e e R e |
0 50 100 150

time (seconds)

Figure 7. Fatigue index was similar before (dark grey) and 2 weeks after muscle transplantation (light
grey) (paired t-test).

During fatigue testing, there was an obvious difference between pre and post trans-
plantation groups (Figure 7). Nevertheless, fatigue index was similar between the two
groups (p = 0.287). Passive stretch properties did not change after transplantation (Figure 8).
For each % increase in length from 100-110%, contractile forces needed to maintain the
respective length of the muscle did not differ between the two groups: 1% (p = 0.641), 2%
(p =0.707), 3% (p = 0.878), 4% (p = 0.832), 5% (p = 0.708), 6% (p = 0.631), 7% (p = 0.550), 8%
(p =0.437), 9% (p = 0.395), 10% (p = 0.323).
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Table 2. Force values before and after transplantation.

Pre Transplantation Post Transplantation
Peak twitch force (mN) 768.5 £ 266.6 34.7 £19.7 (**)
Time to peak twitch force (ms) 392 +£6.0 28.1+£1.0(%)
Time to 50% relaxation (twitch force) (ms) 225+24 18.0 £3.7
Time to 100% relaxation (twitch force) (ms) 115.6 + 8.3 1245 + 63.9
Maximum contraction rate (twitch) (N/s) 325+ 8.6 1.9+ 1.1(*)
Maximum relaxation rate (twitch) (-N/s) 228+75 1.4+09 (*)
Maximum tetanic force (at 80 Hz) (mN) 2771 £772.7 28.6 + 14.7 (**)
Maximum contraction rate (tetanus at 80 Hz) (N/s) 57.8 +£14.7 1.0 £ 0.5 (**)
Time to peak force (tetanus at 80 Hz) (ms) 33771 19.6 = 2.2 (%)
Maximum tetanic force (at 100 Hz) (mN) 2920 + 981.9 32.1 4+ 14.2 (**)
Maximum contraction rate (tetanus at 100 Hz) (N/s) 59.1 +£10.5 1.1 £ 0.5 (***)
Time to peak force (tetanus at 100 Hz) (ms) 322+ 4.6 19.7 £ 2.2 (**)
Maximum tetanic force (at 120 Hz) (mN) 2970 + 1172 34.5 + 13.4 (**)
Maximum contraction rate (tetanus at 120 Hz) 56.3 +19.7 1.2+ 0.5 (*)
Time to peak force (tetanus at 120 Hz) (ms) 325+28 19.6 £ 1.9 (**¥)

All values are mean =+ SD; */**/*** indicate differences between muscles forces of gastrocnemius muscles pre and
post transplantation (paired t-test); * p < 0.05; ** p< 0.01; *** p < 0.001.
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Figure 8. Passive stretch properties were similar before (dark grey) and 2 weeks after muscle

transplantation (light grey). Exemplary data are shown for forces needed for 1%, 5%, and 10% length
gain (paired t-test).

3.3. Vessel Quantification

Three-dimensional (3D) uCT scans showed the cumulative lengths for different vessel
radius ranges (Table 3 and Figure 9). Vessels with smaller radii (measuring 5-45 pm and
55-95 um) were the highest in number and cumulative length. The larger the radius of the
vessels the lower was the cumulative length.
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Table 3. Vessel distribution depicted from puCT analysis.

Vessel Radius (um) Number of Vessels Cumulative Length (mm)
5-45 4168 £+ 1110 5954 + 1121
55-95 3007 4 1858 266.2 +122.9
105-145 1017 £ 794.1 155.7 £ 111.2
155-195 4442 + 3722 96.3 + 88.1
205-245 2432 +188.4 61.5 +51.5
255-295 157 +90.7 45.6 +33.5
305-335 68.8 £42.9 249 +16.8

All values are the mean + SD.

1000um

Figure 9. Exemplary 3D uCT scan of a gastrocnemius muscle perfused with contrast agent after
2 weeks of transplantation.

Vessel analysis of immunohistochemical sections revealed a similar trend (Table 4):
the smallest vessels, ranging from 0.1-20 um, were the most prevalent while vessel ra-
dius ranges of 120.1-140 um, 140.1-160 pm, and 240.1-260 um were present in only
1 out of 5 muscles (rat 3 and rat 5, respectively).

3.4. Nerve-Muscle-Junction and Myogenic Marker Expression

MHC staining revealed irregularly arranged myofibrils in the transplanted mus-
cle constructs (Figure 10). Double staining for synaptophysin for nerve terminals and
a-Bungarotoxin for acetylcholine receptors showed some scattering of neuromuscular
junctions at the surface of the muscle near the epimysium (Figure 10). Synaptophysin
expression dominated clearly over acetylcholine receptors, which only appeared scarcely
at the muscle surface.
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Table 4. Vessel distribution depicted from immunohistochemical analysis.

Vessel Radius (um) Number of Vessel Lumen
0.1-20 165.8 £+ 109.5
20.1-40 174 +£27
40.1-60 34+15
60.1-80 1.8+ 1.6
80.1-100 1.4+09
100.1-120 04+0.5
120.1-140 02+04
140.1-160 02+04
180.1-200 04+0.5
220.1-240 04 +09
240.1-260 02+04

All values are the mean + SD.

Figure 10. MHC staining (red) revealed irregularly arranged myofibrils in the transplanted muscle
constructs (top). Double staining for synaptophysin (green) for nerve terminals and a-Bungarotoxin
(red) for acetylcholine receptors showed neuromuscular junctions at the surface of the muscle near
the epimysium after 2 weeks of transplantation and denervation (bottom).

3.5. Myofiber Morphology and Macrophage Invasion

HE staining showed partly well-preserved structures as well as partly inhomogenous
and irregularly arrangement of the skeletal muscle similar to MHC staining (Figure 11).
CDe68 staining revealed invasion of macrophages, especially near the vessels (Figure 12).
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Figure 11. HE staining of the transplanted muscle showing partly well-preserved structures as well
as partly inhomogenous and irregularly arrangement of the skeletal muscle.

Figure 12. CD68 staining of transplanted muscle showing macrophages predominantly near the
vessels filled with Microfil®.

4. Discussion

In the present study, a novel rat model of heterotopic muscle transplantation in an
isolation chamber was proposed. In situ muscle contraction properties before and af-
ter transplantation and denervation of the muscle were assessed. Furthermore, vessel
distribution after 2 weeks of transplantation was characterized with both uCT and im-
munohistochemical analysis.
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Perfusion-decellularization of skeletal muscle has been successfully applied to the
porcine rectus abdominis muscle [8]. Partial-thickness abdominal wall defects repaired
with decellularized muscle scaffolds showed a higher amount of neo muscle tissue and
neoangiogenesis compared to small intestinal submucosa, which showed the superiority of
native tissue extracellular matrix for replacing muscle tissue [8]. Conconi et al. have shown
the advantages of cell-seeded decellularized muscle matrices compared to matrices only,
which were replaced by fibrous tissue shortly after implantation. However, after 60 days
of implantation, even the cell-matrix constructs lost their full structural integrity, which
could be explained by a missing axial vascularization [17]. The integration of a vascular
axis results in prefabricated acellular matrices that can be transferred as flaps to repair
defects [18]. Similarly, the goal of the present study was to set up a model which can be
built on for whole muscle perfusion decellularization and subsequent recellularization
and/or in vivo transplantation. For this purpose, a suitable muscle had to be chosen. There
are various rodent models of muscle transplantation that have extensively described the
anatomy and vascular supply of pectoralis major [19], gracilis [20], and quadriceps femoris
muscles [21]. However, for the purposes of the present study, which is not solely a study
of muscle transplantation, the medial head of the gastrocnemius muscle was chosen due
to its single dominant vascular pedicle [22] and its spindle-like shape, which is beneficial
for functional characterization and decellularization in a bioreactor as demonstrated re-
cently [23]. In this study, gastrocnemius muscles were successfully perfusion-decellularized
with their proximal tendinous parts being clamped in a bioreactor chamber, which enabled
a continuous flow through the vascular system of the muscles while the muscles could be
dynamically stretched [23]. As shown by others, repetitive stretching prevents denervation-
induced muscle atrophy [24-26]. According to the aforementioned study, the mechanical
stimulation in the reactor chamber preserved the effective decellularization [23]. Thus, this
mechanism could be utilized for later recellularization of the constructs to preserve muscle
functions. To set up baseline values for functionality and vascularization of such a de- and
recellularized muscle construct, a native gastrocnemius muscle was transplanted within
the present study. For minimizing external factors that could influence the transplanted
muscle, e.g., extrinsic vascularization or fibrous tissue, an isolation chamber was designed
that enclosed the muscle during the period of implantation. To enable tension-free closure
of the wound, the size of the isolation chamber needed to be relatively small. This is also a
reason for choosing the medial head of the gastrocnemius muscle of a smaller donor rat
instead of a large muscle such as the quadriceps femoris muscle [21].

All force values decreased significantly after 2 weeks of transplantation. This finding is
consistent with in vivo experiments that involved denervation of muscle, leading to muscle
atrophy and a loss of isometric contraction force [27,28]. Microvascular flaps are denervated
when transferred unless nerve coaptation is performed [29]. The effect of nerve coaptation
(tibial nerve to a branch of the obturator nerve as described in the EPI-loop model [30])
would be the next step to analyze. Zhang et al. performed orthotopic transplantation of rat
gracilis muscle with transection of the obturator nerve and subsequent neurorrhaphy of the
nerve [31]. After 5-20 weeks after reinnervation, muscle function started to recover. Thus, it
can be assumed that nerve coaptation would not have led to significant functional recovery
in the present study where muscle transplantation was performed over a period of 2 weeks
for establishing this novel model. Zhang et al. did not perform vessel anastomosis, which
might have influenced the regeneration of nerve-muscle function. Cen et al. have shown
that denervation impairs ischemic recovery of rat hindlimbs via impaired perfusion, lower
capillary density, and narrower lumen of vessels, illustrating that angiogenesis depends on
an intact peripheral nervous system [32]. In the present study, two different modalities were
used to analyze vessel distribution. Both modalities showed that smaller vessels (0.1-20 pm
in immunostains and 545 pm in uCT scans) were prevalent in the muscle constructs. While
2D immunosections only allowed for illustration of a few large vessels, 3D reconstruction
of uCT scans enabled the quantification of cumulative lengths for different radius ranges.
On the other hand, immunosections revealed smaller vessels more reliably since those
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vessels that were not filled with Microfil® were also counted. The density of the capillary
network and capillary distribution is crucial for muscle oxygenation and function [33]. The
vast presence of capillaries as shown by immunosections and puCT implies that blood flow
through the vascular pedicle is sufficient for supplying the muscles in the present study, at
least at the current duration of denervation. Thus, a longer period of muscle implantation
with or without nerve coaptation and its impact on muscle transplant function would be
the logical next step of investigation.

Unfortunately, muscle weight could not be determined after transplantation as ex-
plantation of the muscle took place after perfusion. This prohibited the normalization of
peak force to muscle weight after transplantation. However, the significant decrease in
absolute force values of more than 90% after transplantation shows that transplantation and
denervation of the muscle lead to a loss of force, as would be expected. Fatigue index and
passive stretch values did not change after transplantation which indicates that muscles
remained vital after transplantation and did not develop a relevant amount of fibrosis after
a period of 2 weeks.

Synaptophysin, which is a glycoprotein in neurons and an essential component of
synaptic vesicles, has shown stable expression even after different periods of denervation
of gastrocnemius rat muscles [34] while postsynaptic acetylcholine receptors are known to
decline with increased duration of denervation [35]. Furthermore, denervated muscles have
shown disorganized and atrophic myofibers with inhomogenous HE staining [32]. Periph-
eral nerve injury, associated with Wallerian degeneration, is associated with inflammation
and macrophage invasion [36]. This feature is in conjunction with the results of immuno-
histochemical staining of the transplanted muscles in the present study. One limitation of
this study includes a missing reference muscle, which has not undergone transplantation,
during immunohistochemical analysis. However, the study design did not enable us to
collect additional native gastrocnemius muscles for formalin fixation since the muscles from
the contralateral legs of the sacrificed rats were used for decellularization experiments [23].
Another limitation is the sole method of immunohistochemistry for analyzing myogenic
markers and neuromuscular junctions. Evaluation of gene expression by PCR was not
possible because whole muscle constructs were fixed in formalin for pCT analysis and
paraffin embedding. The use of five animals in the present study is another limitation that
sometimes resulted in high standard deviations. However, it was possible to show obvious
differences in force values before and after muscle transplantation and to establish this
model of whole muscle transplantation as a preliminary step towards transplantation of
perfusion-decellularized muscle constructs as the purpose of the present study.

The previously mentioned shortcomings of this study, including missing nerve coap-
tion, short follow-up period, and missing control group, will determine the goals for future
studies, which will specifically evaluate the influence of motoric innervation and of an
extended time period of 6-12 weeks on the functional outcome and the vascularization of
the muscle constructs.

5. Conclusions

A novel model of successful whole muscle construct transplantation in an isolation
chamber was established. Force values were characterized for native and transplanted
muscles and vascularization was determined for transplanted muscles with both uCT and
immunohistochemical methods. The findings of this study serve as a base for transplan-
tation of perfusion-decellularized muscle constructs, but they can also serve as a base for
other models, e.g., transplantation of functional muscle constructs for replacing denervated
muscle tissue and analysis of their regeneration.



J. Pers. Med. 2022, 12, 442 15 of 16

Author Contributions: Conceptualization, A.C., T.F,, ].P.B., B.F. and A.A.; methodology, A.C., Z.Z,,
J.B., B.E and A.A; validation, A.C., B.E, T.F; formal analysis, A.C., T.F. and B.F,; investigation,
AC.,Z7Z.,WM.S.,].B. and B.E; resources, A.C., T.E, RE.H. and A.A.; data curation, A.C., T.F. and
B.E,; supervision, A.C. and A.A.; visualization, A.C. and T.F,; writing—original draft preparation,
A.C.; writing—review and editing, W.M.-S., T.E, ].P.B., B.F. and A.A.; project administration, A.C.,
R.E.H. and A.A,; funding acquisition, A.C., RE.H. and A.A. All authors have read and agreed to the
published version of the manuscript.

Funding: The research was funded by Manfred Roth Stiftung and Forschungsstiftung Medizin
Universitdtsklinikum Erlangen of the Friedrich-Alexander University Erlangen-Niirnberg (FAU).
We acknowledge financial support by Deutsche Forschungsgemeinschaft and Friedrich-Alexander-
Universitat Erlangen-Niirnberg within the funding programme “Open Access Publication Funding”.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the local Animal Care Committee of the University of
Erlangen-Niirnberg (FAU) and the District Government of Lower Franconia (approval number RUF
55.2.2-2532.2-658-48).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data represented in this study are available on request from the
corresponding author.

Acknowledgments: The authors want to thank Andrea Beck and Stefan Fleischer for their excellent
technical support.

Conflicts of Interest: The authors declare not conflict of interest.

References

1.  Lee, K.T.; Mun, G.H. A systematic review of functional donor-site morbidity after latissimus dorsi muscle transfer. Plast. Reconstr.
Surg. 2014, 134, 303-314. [CrossRef]

2. Knox, AD.C; Ho, A.L; Leung, L.; Tashakkor, A.Y.; Lennox, P.A.; Van Laeken, N.; Macadam, S.A. Comparison of Outcomes
following Autologous Breast Reconstruction Using the DIEP and Pedicled TRAM Flaps: A 12-Year Clinical Retrospective Study
and Literature Review. Plast. Reconstr. Surg. 2016, 138, 16-28. [CrossRef]

3. Cai, A,; Hardt, M,; Schneider, P.; Schmid, R.; Lange, C.; Dippold, D.; Schubert, D.W.; Boos, A.M.; Weigand, A.; Arkudas, A.; et al.
Myogenic differentiation of primary myoblasts and mesenchymal stromal cells under serum-free conditions on PCL-collagen
I-nanoscaffolds. BMC Biotechnol. 2018, 18, 75. [CrossRef]

4. Witt, R.; Weigand, A.; Boos, A.M.; Cai, A.; Dippold, D.; Boccaccini, A.R.; Schubert, D.W.; Hardt, M.; Lange, C.; Arkudas, A.; et al.
Mesenchymal stem cells and myoblast differentiation under HGF and IGF-1 stimulation for 3D skeletal muscle tissue engineering.
BMC Cell Biol. 2017, 18, 15. [CrossRef]

5. Dippold, D.; Cai, A.; Hardt, M.; Boccaccini, A.R.; Horch, R.; Beier, ].P; Schubert, D.W. Novel approach towards aligned PCL-
Collagen nanofibrous constructs from a benign solvent system. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 72, 278-283. [CrossRef]

6. Urciuolo, A.; Urbani, L.; Perin, S.; Maghsoudlou, P.; Scottoni, F.; Gjinovci, A.; Collins-Hooper, H.; Loukogeorgakis, S.; Tyraskis, A.;
Torelli, S.; et al. Decellularised skeletal muscles allow functional muscle regeneration by promoting host cell migration. Sci. Rep.
2018, 8, 8398. [CrossRef]

7. Smoak, M.M.; Han, A.; Watson, E.; Kishan, A.; Grande-Allen, K.J.; Cosgriff-Hernandez, E.; Mikos, A.G. Fabrication and
Characterization of Electrospun Decellularized Muscle-Derived Scaffolds. Tissue Eng. Part C Methods 2019, 25, 276-287. [CrossRef]

8.  Zhang, J.; Hu, Z.Q.; Turner, N.J.; Teng, S.F.; Cheng, W.Y.; Zhou, H.Y.; Zhang, L.; Hu, HW.; Wang, Q.; Badylak, S.F. Perfusion-
decellularized skeletal muscle as a three-dimensional scaffold with a vascular network template. Biomaterials 2016, 89, 114-126.
[CrossRef]

9. Masson-Meyers, D.S.; Tayebi, L. Vascularization strategies in tissue engineering approaches for soft tissue repair. J. Tissue Eng.
Regen. Med. 2021, 15, 747-762. [CrossRef]

10. Weigand, A.; Beier, J.P.; Arkudas, A.; Al-Abboodi, M.; Polykandriotis, E.; Horch, R.E.; Boos, A.M. The Arteriovenous (AV) Loop in
a Small Animal Model to Study Angiogenesis and Vascularized Tissue Engineering. J. Vis. Exp. 2016, 117, e54676. [CrossRef]

11. Tamayo, T.; Eno, E.; Madrigal, C.; Heydemann, A.; Garcia, K.; Garcia, J. Functional in situ assessment of muscle contraction in
wild-type and mdx mice. Muscle Nerve 2016, 53, 260-268. [CrossRef]

12.  Hayhurst, J.W.; O’Brien, B.M. An experimental study of microvascular technique, patency rates and related factors. Br. J. Plast.
Surg. 1975, 28, 128-132. [CrossRef]

13. Arkudas, A; Beier, ].P; Pryymachuk, G.; Hoereth, T; Bleiziffer, O.; Polykandriotis, E.; Hess, A.; Gulle, H.; Horch, R.E.; Kneser, U.

Automatic quantitative micro-computed tomography evaluation of angiogenesis in an axially vascularized tissue-engineered
bone construct. Tissue Eng. Part C Methods 2010, 16, 1503-1514. [CrossRef]


http://doi.org/10.1097/PRS.0000000000000365
http://doi.org/10.1097/PRS.0000000000001747
http://doi.org/10.1186/s12896-018-0482-6
http://doi.org/10.1186/s12860-017-0131-2
http://doi.org/10.1016/j.msec.2016.11.045
http://doi.org/10.1038/s41598-018-26371-y
http://doi.org/10.1089/ten.tec.2018.0339
http://doi.org/10.1016/j.biomaterials.2016.02.040
http://doi.org/10.1002/term.3225
http://doi.org/10.3791/54676
http://doi.org/10.1002/mus.24714
http://doi.org/10.1016/S0007-1226(75)90175-7
http://doi.org/10.1089/ten.tec.2010.0016

J. Pers. Med. 2022, 12, 442 16 of 16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

Steiner, D.; Winkler, S.; Heltmann-Meyer, S.; Trossmann, V.T.; Fey, T.; Scheibel, T.; Horch, R.E.; Arkudas, A. Enhanced vasculariza-
tion andde novotissue formation in hydrogels made of engineered RGD-tagged spider silk proteins in the arteriovenous loop
model. Biofabrication 2021, 13, 045003. [CrossRef]

Sarhaddi, D.; Poushanchi, B.; Merati, M.; Tchanque-Fossuo, C.; Donneys, A.; Baker, J.; Buchman, S.R. Validation of Histologic
Bone Analysis Following Microfil Vessel Perfusion. . Histotechnol. 2012, 35, 180-183. [CrossRef]

Winkler, S.; Mutschall, H.; Biggemann, J.; Fey, T.; Greil, P.; Korner, C.; Weisbach, V.; Meyer-Lindenberg, A.; Arkudas, A.; Horch,
R.E.; et al. Human Umbilical Vein Endothelial Cell Support Bone Formation of Adipose-Derived Stem Cell-Loaded and 3D-Printed
Osteogenic Matrices in the Arteriovenous Loop Model. Tissue Eng. Part A 2021, 27, 413-423. [CrossRef]

Conconi, M.T.; De Coppi, P.; Bellini, S.; Zara, G.; Sabatti, M.; Marzaro, M.; Zanon, G.F.; Gamba, P.G.; Parnigotto, P.P.; Nussdorfer,
G.G. Homologous muscle acellular matrix seeded with autologous myoblasts as a tissue-engineering approach to abdominal
wall-defect repair. Biomaterials 2005, 26, 2567-2574. [CrossRef]

Chung, S.; Hazen, A.; Levine, ].P; Baux, G.; Olivier, W.A.; Yee, H.T.; Margiotta, M.S.; Karp, N.S.; Gurtner, G.C. Vascularized
acellular dermal matrix island flaps for the repair of abdominal muscle defects. Plast. Reconstr. Surg. 2003, 111, 225-232. [CrossRef]
Zhang, F,; Kao, S.D.; Walker, R.; Lineaweaver, W.C. Pectoralis major muscle free flap in rat model. Microsurgery 1994, 15, 853-856.
[CrossRef]

Atabay, K.; Hong, C.; Bentz, M.L.; Hrach, C.J.; Futrell, ] W. Variations in the vascular pedicle of the rat gracilis muscle flap. J.
Reconstr. Microsurg. 1995, 11, 265-269. [CrossRef]

Dogan, T.; Kryger, Z.; Zhang, F,; Shi, D.Y.; Komorowska-Timek, E.; Lineaweaver, W.C.; Buncke, H.J. Quadriceps femoris muscle
flap: Largest muscle flap model in the rat. J. Reconstr. Microsurg. 1999, 15, 433—437. [CrossRef]

Tetreault, M.W.; Della Valle, C.J.; Hellman, M.D.; Wysocki, R.-W. Medial gastrocnemius flap in the course of treatment for an
infection at the site of a total knee arthroplasty. JBJS Essent Surg Tech. 2017, 7, e14. [CrossRef]

Ritter, P; Cai, A.; Reischl, B.; Fiedler, M.; Prol, G.; Frie, B.; Kretzschmar, E.; Michael, M.; Hartmann, K.; Lesko, C.; et al. MyoBio:
An automated bioreactor system technology for standardized perfusion-decellularization of whole skeletal muscle. IEEE Trans.
Biomed. Eng. 2022, 1. [CrossRef]

Agata, N.; Sasai, N.; Inoue-Miyazu, M.; Kawakami, K.; Hayakawa, K.; Kobayashi, K.; Sokabe, M. Repetitive stretch suppresses
denervation-induced atrophy of soleus muscle in rats. Muscle Nerve 2009, 39, 456-462. [CrossRef]

Sakakima, H.; Yoshida, Y. Effects of short duration static stretching on the denervated and reinnervated soleus muscle morphology
in the rat. Arch. Phys. Med. Rehabil. 2003, 84, 1339-1342. [CrossRef]

Sakakima, H.; Yoshida, Y. The effect of short duration static stretching and reinnervation on the recovery of denervated soleus
muscle in the rat. J. Jpn. Phys. Ther. Assoc. 2002, 5, 13-18. [CrossRef]

Finol, H.]J.; Lewis, D.M. Proceedings: The effects of denervation on isometric contractions of rat skeletal muscle. J. Physiol. 1975,
248, 11P.

Billington, L. Reinnervation and regeneration of denervated rat soleus muscles. Muscle Nerve 1997, 20, 744-746. [CrossRef]
Kaariainen, M.; Kauhanen, S. Skeletal muscle injury and repair: The effect of disuse and denervation on muscle and clinical
relevance in pedicled and free muscle flaps. J. Reconstr. Microsurg. 2012, 28, 581-587. [CrossRef]

Bitto, EE; Klumpp, D.; Lange, C.; Boos, A.M.; Arkudas, A.; Bleiziffer, O.; Horch, R.E.; Kneser, U.; Beier, ].P. Myogenic differentiation
of mesenchymal stem cells in a newly developed neurotised AV-loop model. Biomed. Res. Int. 2013, 2013, 935046. [CrossRef]
Zhang, Y.; Liu, A.; Zhang, W.; Jiang, H.; Cai, Z. Correlation of contractile function recovery with acetylcholine receptor changes in
a rat muscle flap model. Microsurgery 2010, 30, 307-313. [CrossRef]

Cen, Y,; Liu, J; Qin, Y;; Liu, R.; Wang, H.; Zhou, Y.; Wang, S.; Hu, Z. Denervation in Femoral Artery-Ligated Hindlimbs Diminishes
Ischemic Recovery Primarily via Impaired Arteriogenesis. PLoS ONE 2016, 11, e0154941. [CrossRef]

Hendrickse, P.; Degens, H. The role of the microcirculation in muscle function and plasticity. J. Muscle Res. Cell Motil. 2019,
40, 127-140. [CrossRef]

Ma, K.; Huang, Z.; Ma, J.; Shao, L.; Wang, H.; Wang, Y. Perlecan and synaptophysin changes in denervated skeletal muscle. Neural
Regen Res. 2012, 7, 1293-1298. [CrossRef]

Miyamaru, S.; Kumai, Y.; Minoda, R.; Yumoto, E. Nerve-muscle pedicle implantation in the denervated thyroarytenoid muscle of
aged rats. Acta Otolaryngol. 2012, 132, 210-217. [CrossRef]

Mueller, M.; Leonhard, C.; Wacker, K.; Ringelstein, E.B.; Okabe, M.; Hickey, W.E,; Kiefer, R. Macrophage response to peripheral
nerve injury: The quantitative contribution of resident and hematogenous macrophages. Lab. Investig. 2003, 83, 175-185. [CrossRef]


http://doi.org/10.1088/1758-5090/ac0d9b
http://doi.org/10.1179/2046023612Y.0000000012
http://doi.org/10.1089/ten.tea.2020.0087
http://doi.org/10.1016/j.biomaterials.2004.07.035
http://doi.org/10.1097/01.PRS.0000034934.05304.ED
http://doi.org/10.1002/micr.1920151206
http://doi.org/10.1055/s-2007-1006542
http://doi.org/10.1055/s-2007-1000123
http://doi.org/10.2106/JBJS.ST.17.00005
http://doi.org/10.1109/TBME.2022.3142317
http://doi.org/10.1002/mus.21103
http://doi.org/10.1016/S0003-9993(03)00143-6
http://doi.org/10.1298/jjpta.5.13
http://doi.org/10.1002/(SICI)1097-4598(199706)20:6&lt;744::AID-MUS13&gt;3.0.CO;2-U
http://doi.org/10.1055/s-0032-1315784
http://doi.org/10.1155/2013/935046
http://doi.org/10.1002/micr.20727
http://doi.org/10.1371/journal.pone.0154941
http://doi.org/10.1007/s10974-019-09520-2
http://doi.org/10.3969/j.issn.1673-5374.2012.17.002
http://doi.org/10.3109/00016489.2011.630018
http://doi.org/10.1097/01.LAB.0000056993.28149.BF

	Introduction 
	Methods 
	Experimental Animals 
	Muscle Preparation 
	Muscle Stimulation 
	Muscle Transplantation 
	Perfusion and Explantation of Constructs 
	Micro-Computed Tomography 
	Immunohistochemical Analysis 
	Vessel Quantification 
	Statistical Analysis 

	Results 
	Surgery and Animals 
	Muscle Function 
	Vessel Quantification 
	Nerve-Muscle-Junction and Myogenic Marker Expression 
	Myofiber Morphology and Macrophage Invasion 

	Discussion 
	Conclusions 
	References

