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ABSTRACT
Introduction: Nowadays, platelet-rich plasma injection (PRP) has become a common treatment in the scope of reconstructive
plastic surgery and trauma. PRP contains varies growth factors that accelerate cell regeneration and differentiation.
Objective of the Study: Evaluate the effect of a single-shot injection of PRP on induced muscle spindle injury.
Materials and Methods: Forty rats were categorized into three groups; control, one and three weeks after muscle injury. The
injured muscles were either treated with PRP or left without treatment. The muscle specimens were processed for histological
and immunohistochemical staining for desmin and Ki-67 followed by computer image analysis.
Results: PRP administration resulted in appearance of muscle spindles among numerous regenerating muscle fibers and
numerous newly formed blood vessels at Ist week of injury. Meanwhile, untreated group exhibited granulation tissue
accompanied inflammatory cell infiltration with marked amount of deposited collagen. Three weeks PRP treated group showed
well differentiated muscle spindles surrounded by outer multi-laminar connective tissue capsule which were similar to the
control group. The desmin was expressed in regenerating spindle fibers as well as in intact muscle spindles and the expression
pattern of these intermediate filaments was more intense in PRP treated groups. A significant reduction in the Ki-67 level was
detected in the apparently normal newly formed spindle muscle in PRP treated group.
Conclusion: A single dose PRP plays a major role in promoting the proliferation, differentiation and has a neurotrophic
function in muscle spindle regeneration. These findings provide useful and indispensable application of PRP in muscle spindle
injury.
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INTRODUCTION the recently identified Piezo2 channel as the primary
mechanotransduction channell”. Piezo2 channel target
mechanosensitivity without any impact on the function
of extrafusal muscle fiber function or with neuromuscular
transmission!®. Potential drugs are still under clinical trials
and approval, on the other hand, their adverse effects caused
by interfering with Piezo2 channels in non-muscle tissues
may restrict their use!®!. Alternatively, proprioceptive sense
training is a beneficial behavioral approach for improving
the sensitivity of muscle spindles in patients with motor
neuron diseases and in proprioceptive decline associated
with agingl®'%.

Proprioception and movement control require
proprioceptive mechanosensors (muscle spindles) that are
sensitive to muscle length changes and speed-dependent
amplitude modulation!"?. The muscle spindles comprise
many specialized encapsulated intrafusal fibers distributed
in parallel with extrafusal fibers and it consists of chain and
bag intrafusal fibers®. The innervation pattern of muscle
spindle was three different subtypes of nerve axons: type
Ia, type II sensory nerve and motor nerve axons. The
proprioceptive mechanosensors have a role in a variety of
sensorimotor activities, including proprioception control,

balance, gait, and the postural response, and a lack of Skeletal muscle injuries comprise the most prevalent
muscle spindles may explain the disturbed proprioception, orthopedic ~ sports-related  injuries, in athletes is
gait impairment, and ataxia of the sensory typel*. Muscle approximately 12-16%!"". The healing response may
spindle development and establishment of extensive be augmented or stimulated by using endogenous or
synaptic connections require exchange of many factors exogenous agents. Using platelet-rich plasma injections
among intrafusal muscle fibers and neurons. Loss or (PRP) has become a popular therapeutic procedure capable
decrease of these factors ultimately leads to degeneration of enhancing the process of regeneration of various
of muscle spindles and loss of control of movement!<. tissues, including striated skeletal muscles. Tsai et al.l'!
reported that PRP administration promotes regeneration

Several methods of improving intrafusal muscle and reduces apoptosis and inflammation of injured muscle.
function in dystrophic patients can be exploited through Gigante et al."¥ reported that the platelet
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abundant with fibrin matrix promotes neovascularization in
injured striated muscle. Basic science studies show many
positive effects of PRP in vifro and in vivo on reducing the
regeneration time and improving morphological outcome
and functional recovery of the skeletal muscle!!*!16],
However, there are interindividual differences of dosing,
timing and number of PRP injections and muscle spindle
recovery not investigated sufficiently.

PRP is a component of blood prepared by centrifuging
whole blood to get a cellular constitute of platelet-
enriched plasma. PRP contains several growth factors, for
example insulin-like growth factors, transforming growth
factor, hepatocyte growth factor and endothelial vascular
growth factor. Further, PRP includes bioactive factors
(non-growth factors); serotonin, dopamine, histamine,
calcium, adenosine, vitronectin, fibronectin, and fibrin.
These growth factors accelerate epithelial regeneration,
provoke angiogenesis and cell differentiation, increase
the hemostatic response, assist cell migration and enhance
collagen synthesis, thus enhance soft tissue healing!'”-'8l.

Although impaired proprioception could result from
abnormalities in neurons, axons, or mechanoreceptors,
relatively little is known about how PRP mediates
mechanoreceptor regeneration. Therefore, the current
study aimed to evaluate the effect of a single-shot PRP
injection on an induced muscle spindle injury.

MATERIAL AND METHODS

Forty adult male albino rats weighing 200-250 grams
each were obtained from Ain Shams University, Faculty
of Medicine, Research Institute (MASRI). They were left
for 2 weeks to acclimatize before the experiment. During
the acclimatization period, they were kept on a standard
12 hours light / dark cycle, well-ventilated cages with
free access to a balanced laboratory diet and water. The
experiment was approved by the Committee of Animal
Research Ethics (CARE) of Faculty of Medicine, Ain
Shams University.

The animals were divided into the following groups

Control groups (20 rats): the control groups were
subdivided into 3 subgroups.

*  Subgroup Ia (negative control): 10 rats were left
uninjured.

*  Subgroups Ib, Ic (positive control) were injected
PRP in their right gastrocnemius. Subgroup Ib: 5
rats were sacrificed after one week. Subgroup Ic: 5
rats were sacrificed after three weeks.

Experimental groups (20 rats): Bilateral surgery
to injury and repair the gastrocnemius muscles were
performed (Right and left limbs). The right limbs of
experimental groups were injected with PRP, while the left
limbs were not injected. This group was further divided
into 2 subgroups:

A. one-week group (10 rats): Specimens were taken
after one week and were subdivided into: untreated

group (untreated 1 wk.) and PRP treated group
(PRP-treated 1wk).

B. 3 weeks group (10 rats): Specimens were taken
after 3 weeks and were subdivided into untreated
group (untreated 3 wk.) and PRP treated (PRP-
treated 3wk).

Induction of muscle injury

Under complete sterile condition, surgical exposure
of the gastrocnemius muscle was achieved under general
anesthesia (intramuscular injection of tiletamine and
zolazepam (Zoletil) 3 mg/k). After hair shaving, a 1
cm skin longitudinal incision was made over posterior
aspect of both left and right posterior limbs to expose
the gastrocnemius muscles. The gastrocnemius muscle
was visualized and a wedge-shaped lesion 4 mm long,
3 mm wide and 3 mm deep was excised transverse to
fiber orientation. The injury sites of right limb muscle
of the treated animals were immediately filled with PRP
(50 L) whereas those of the left limb muscles were
left without treatment. Contreras-Mufioz et al.,['® found
a significant improvement in muscle force together with
a significant histological outcome in early muscular PRP
injection 24 hours after injury. The suture was passed
through the gastrocnemius muscle re-apposed to its
anatomic position. To identify the position of muscle lesion
for further examinations, the lesion was marked at both
ends with a 4-0 Safil-suture!'?. The rats were not restrained
after surgery, and were allowed free activity. The rats were
sacrificed following the protocol of ethical committee at 1
and 3 weeks postoperatively.

Blood collection and preparation of platelet-rich
plasma

Using a glass capillary tube or a Pasteur pipette, a
sample of 2.0 ml blood was collected from the retroorbital
plexus. Each rat's blood was gently taken into a syringe
containing 1 mL of 3.8 percent sodium citrate. Each blood
sample was centrifuged for 15 minutes at 250 g, yielding
three layers. The lowest layer is composed of red blood
cells, the middle layer is consisted of white blood cells,
and the top layer contains plasma. The 1 ml plasma layer
was centrifuged for 5 min at 1,000g to obtain two layers of
plasma, the lower part consisting of PRP and the superior
part consisting of poor-platelet plasma (PPP). The PPP
was aspirated and avoided mixing with the PRP. The PRP
was aspirated gently and put it in a sterile syringe. Platelet
concentrations were confirmed using a Coulter counter. A
double-step centrifugation protocol, as recommended by
Dhurat and Sukesh®, was used to quantify the platelets.
PRP concentrate was injected immediately at site of muscle
injury before skin wound closure.

Specimen collection

The animals were anaesthetized by intraperitoneal
injection of sodium thiopental (40 mg/kg) then they were
sacrificed and muscle specimens of marked muscle lesion
of all groups were carefully excised taken after one and
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three weeks of induction of injury. Specimens of all groups
were fixed in 10% neutral-buffered formalin for 48 hours,
washed in phosphate-buffered saline (PBS), dehydrated in
ascending grades of alcohol, cleared in xylene to prepare
paraffin blocks. Serial muscle sections were obtained
with 5 pum thickness then processed to be stained with
hematoxylin and eosin (H&E) and Masson's trichrome
stain?!]

For immunohistochemistry techinque

Five pum thick sections were obtained, deparaffinized,
and washed with phosphate buffered saline. The sections
were incubated overnight in a humidified chamber with
the primary antibody; mouse monoclonal anti-desmin
(clone 33, BioGenex, USA) for detection of intermediate
filaments in sarcomere architecture and rabbit polyclonal
anti-Ki67 (ab15580; Abcam, Massachusetts, USA) for
detection of cell proliferation, rabbit polyclonal anti-
MMP1 (ab137332; Abcam, Massachusetts, USA). Then,
the muscle sections were rinsed with buffered saline and
treated with the biotinylated antibody for one hour. The
sections were then incubated with streptavidin combined
to horseradish peroxidase (Sigma, USA) and finally the
reaction was established using DAB (3,3-diaminobenzidine
tetrahydrochloride, Fluca)??. Stained muscle sections
were examined using Olympus binocular microscope and
photographed using a Canon camera connected to an IBM
computer system.

Computer image analysis

Computer image analysis “TS View” version 6.2.4.5
was used to quantitate the number of encapsulated muscle
spindles per microscopic fields (using 100 X magnification)
and number of intrafusal fibers in the muscle spindle in
samples of gastrocnemius muscles. In Masson’s trichrome
stained sections at 400 X magnification, five fields per
slide were examined to measure the collagen fiber surface
area percentage (%).

Quantification of mean surface area percentage (%)
of the immunoreactivity of desmin in muscle spindle
per microscopic field (1000 X magnification), and the
number of Ki-67positive cells between different groups
(400X magnification) were performed (including Ki-
67positive cells of fibroblast or dividing myoblasts or
satellite cells). Measurements were taken from capsular
regions of muscle spindle (including the equator & the
juxta-equatorial portions, contained paraxial fluid space)
of five microscopic fields per slide, five slides per rati?*!,
Calibration for microscopic magnification was done in
order to express pixels into micrometers.

Statistical Analysis

SPSS software (Version 13.0) was used. One-way
analysis of variance (ANOVA) and the post-hoc Tukey test
were used to compare the studied groups of the observed
histomorphometric data. Values gained were reported as
means + standard deviation and the p-value was considered
statistically significant with P < .05,

RESULTS

Histological results
Control group

Examination of muscle sections from positive and
negative control groups revealed a similar histological
picture. Muscle spindles are specialized muscle fibers
that found in the belly of gastrocnemius muscle, between
extrafusal muscle fibers (Figure 1a). These muscle spindles
are surrounded by multi-laminar connective tissue capsule
(Figures 1b,c,d).The capsule of muscle spindles is clearly
seen as a rounded ring in the transverse sections. It consists
of2-3 lamellae of fibrous tissue with flat nucleated cells and
is crossed by connective tissue trabeculae, nerve filaments
and blood vessels. There was an inner capsule forming a
delicate reticular network surrounding the intrafusal fibers.
At the transverse section of the central (equatorial) region
of the muscle spindles, the outer capsule bulges to form
a periaxial space around the intrafusal muscle fiber. The
main components of muscle spindles are nuclear bag
fibers and nuclear chain fibers. Nuclear bag fibers could
be distinguished by their larger size and large vesicular
nuclei (Figure 1c). In contrast, the nuclear chain fibers
exhibited a smaller diameter and contained closely aligned
tightly packed, rounded nuclei (Figure 1b). The intrafusal
myofibrils are oriented in the longitudinal direction and
nearly similar to the extrafusal muscle fibers (Figure Ic¢).
The morphometric parameters of muscle spindles showed
statistically insignificant difference among the positive and
negative control groups (Table 1).

One week experimental group

Examinations of H&E staining sections revealed
extensive granulation tissue formation one week after
injury in untreated group. Inflammatory cell infiltration
accompanied the granulation tissue that comprised mainly
of mononuclear leukocytes and macrophages that were
identified by their size and single nuclei. No identifiable
muscle spindles were noticed in the regenerating
granulation tissue (Figure 2a). Masson's trichrome stained
section of one week untreated group showed massive
amount of collagen bundles in the area of regeneration
(Figure 2b). On the other hand, one week PRP treated
group showed numerous regenerating extrafusal myofibers
with central myonuclei and the muscle fibers were still
intervened with some inflammatory cells (Figure 2c).
Few muscle spindles were observed among this group
(Table 1). The outer capsule was thinner and the inner
capsule was less developed. The regenerated muscle spindle
fibers contained small centrally or peripherally placed
nuclei. The regenerating myofibers were interspersed
with many blood capillaries (Figures 2c,d). Additionally,
a statistically significant increase in the number of muscle
spindles per microscopic fields and number of intrafusal
fibers in one week PRP treated group was observed when
compared to the untreated ones (Table 1). One week PRP
treated group contained fewer amount of collagen among
the regenerating muscle fibers when compared with the
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untreated ones (Figure 2d) that was statistically confirmed
by collagen fiber surface area % (Table 1)

Three week experimental group

Three weeks untreated group showed numerous
newly formed myotubes appeared pale acidophilic with
multiple peripheral or central oval nuclei (Figure 3a).
Muscle spindles of this group were identifiable, but their
morphology differed from the intact muscle spindles of
the control group. The regenerating spindle myofibrils
were lacked typical nuclear bag or chain configuration
(Figures 3a,b). A very striking feature of the regenerating
muscle spindles is that they were surrounded by a very thick
capsule of connective tissue in addition to the presence
of some inflammatory cells. The collagen content of the
capsule had increased and the collagen bundles had different
directions than those of control group (Figure 3b, Table 1).
Three weeks PRP treated group showed well differentiated
muscle spindles which were the same as the control group.
As regards the number of muscle spindles and intrafusal
fibers number, the three weeks PRP treated group showed
a statistically significant increase in comparison with the
untreated ones (Table 1). The muscle spindles surrounded
by outer multi-laminar connective tissue capsule
(Figures 3c,d). The Masson's trichrome stained section of 3
weeks PRP treated group, the newly formed muscle spindle
were seen separated by CT septa containing mild amount of
collagen fibers (Figure 3d). Moreover, both 3 weeks group
muscle spindles contained numerous capillaries among the
outer capsule layers.

Immunohistochemical results
Desmin immunoreactivity

Desmin immunoreactivity was noticed in all muscle
spindles, including the intact intrafusal myofibers as well
as regenerating spindles. In intact muscle spindles, desmin
was detected within the muscle spindle, as tiny spots with
immunopositivity reaction (Figure 4a). One week after
muscle injury of untreated group, desmin was not detected
inside the granulation tissue (Figure 4c). On the other hand,
numerous desmin positive muscle spindles were observed
in the area of regenerated skeletal muscle fibers in one week
PRP treated group (Figure 4d). In regenerating spindles
in 3 weeks of untreated group, desmin was expressed
among the few newly formed irregular spindle myofibers

(Figure 4e) whereas the desmin immunoreactivity were
increased in the apparently normal newly formed spindle
muscle in PRP treated group (Figure 4f). Surprisingly,
desmin was identified also in the wall of some blood
vessels among different group.

Upon computer image analysis, the percentage of areas
stained for desmin in the control group was 24.5 + 1.38%.
Desmin expression levels were significantly different
between PRP treated and untreated rats at 1 week and 3
week after injury (Figure 4b). At 1 week, a significant
increase was observed in PRP treated group (16.5+0.94)
when compared to untreated (4.68+0.72) whereas a
significant increase was still observed in PRP treated group
(21.56%1.24) when compared to untreated (14.76+0.82) at
3 weeks of injury (Figure 4b).

Ki-67 immunoreactivity

Ki-67 expression levels of proliferating cells in general
were significantly increased in untreated group compared
to the levels detected in the control muscles & the PRP
treated group (Figures 5a,b).One week untreated group
showed positive Ki-67 immunoreaction detected in many
regenerating cells in the granulation tissue (Figure 5c). In
one week PRP treated group showed few Ki-67 positive
regenerating cells among the newly formed spindle
myofibers (Figure 5d). Three week after muscle injury
of untreated group, apparent increase in the number of
Ki-67 positive regenerating cells among the newly formed
spindle irregular myofibers (Figure S5e) whereas the
Ki-67 immunoreactivity were not detected in the apparently
normal newly formed spindle muscle in PRP treated group
(Figure 5f). Positive Ki-67 immunoreaction was identified
also in some endothelial cells of blood vessels among
different group.

Regarding the mean number of Ki-67 positive cells
in the control group was (2.1£1.73). Ki-67 expression
levels were significantly different between PRP treated
and untreated rats at 1 week and 3 week after injury
(Figure 5b). Ki-67 expression was statistically significant
higher in untreated group (24.4+1.17) at first week after
injury than that observed in PRP treated group (10.8+2.4).
At 3 weeks; a significant increase was still observed in
untreated group (13.83£1.5) as compared to PRP treated
group (4.3+1.35) (Figure 5b).
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Fig. 1: photomicrographs of muscle spindle of control groups showing the components of muscle spindles. (a) cross-section of a spindle in between extrafusal
muscle fibers (Ef). (b-d) the outer multi-laminar connective tissue capsule (black arrows). Capillaries (C) often course between the capsule’s layers. There
is an inner one forming a fine reticular network (arrowhead) surrounding the intrafusal fibers. The periaxial space (Black asterisks) lies between the capsule
elements. The intrafusal myofibrils (m) oriented in the longitudinal direction. Scale bar: (a) uninjured control group H & E 200 um, (b) uninjured control group
H & E 50 um, (c) uninjured PRP group H & E 50 um (d) Masson's trichrome stain 50 pm.

Fig. 2: photomicrographs of histological features observed for muscle spindle after 1 week of muscle injury. (a & b) untreated group showing extensive
granulation tissue (G) that comprised mainly mononuclear leukocytes (black arrow) with deposition of marked amount of collagen fibers (f). (c& d) PRP treated
group showing numerous regenerating extrafusal myofibers (m) with central myonuclei (n) with some inflammatory cells (black arrow). Few regenerated
spindle fibers (arrow head) with small centrally placed nuclei among many blood capillaries (white arrow). Scale bar: (a & ¢) H & E 50 um, (b& d) Masson's
trichrome $tain 50 pm.
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Fig. 3: photomicrographs of histological features observed for muscle spindle after 3 weeks of muscle injury. (a & b) untreated group showing numerous
myofibers (m) with central nuclei (n). The regenerating spindle myofibrils (arrow head) surrounded by a very thick capsule (white arrow) with some
inflammatory cells (black arrow). (c& d) PRP treated group showing well differentiated muscle spindles surrounded by outer multi-laminar connective tissue

capsule (white arrows). Numerous capillaries (C) appear among the outer capsule layers in both groups. Scale bar: (a & ¢) H & E 50 um, (b& d) Masson's
trichrome stain 50 pm.
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Fig. 4: photomicrographs of desmin immunohistochemical staining features of intrafusal fibers. (a) control group with desmin immunopositivity of muscle
spindle (black arrow). (b) Assessment of desmin immunohistochemical results, in control and experimental group by computerized image analysis; S —
significant; HS — highly significant. (c) | week untreated group, desmin is not detected in the granulation tissue (G). (d) 1 week PRP treated group showing,
numerous desmin positive muscle spindles (black arrow) in between regenerating skeletal muscle myotubes (m). (¢) 3 week untreated group, desmin is detected
among the few newly formed irregular spindle myofibers. (f) 3 week PRP treated group, desmin is detected in apparently normal spindle muscle (black arrow).
Desmin appear in the wall of some blood vessels (white arrow) among different groups. Scale bar: (a-f) desmin immunohistochemical 50 um.
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Fig. 5: photomicrographs of Ki-67 immunohistochemical staining features of intrafusal fibers. (a) Ki-67 expression in control group. (b) Assessment of Ki-67
immunohistochemical results, in control and experimental group by computerized image analysis; HS — highly significant. (c) 1 week untreated group, positive
Ki-67 (black arrow) is detected in the granulation tissue (G). (d) 1 week PRP treated group showing, few Ki-67 positive among the newly formed spindle
myofibers (black arrow). (¢) 3 week untreated group, apparent increase in Ki-67 positive regenerating cells among the newly formed spindle irregular myofibers
(black arrow). (f) 3 week PRP treated group, Ki-67 is not detected in apparently normal spindle muscle. The Ki-67 appears in some endothelial cells blood
vessels (e) among different groups. Scale bar: (a-f) Ki-67 immunohistochemical 50 pm.
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Table 1: The effects of PRP on number of muscle spindles per microscopic fields, number of intrafusal fibers and collagen fiber surface

area (%)

N° of muscle spindle

N° of intrafusal fib Collagen fib surface area (%)

Untreated group 4.4+0.8
Control groups PRP 1 week 4.0£0.91
PRP 3 weeks 4.3+0.31
Injured group 0+0.0"
1 wk
. PRP treated 2.5£1.07"
Experimental groups .
Injured group 2.6+0.22%
3 wk
PRP treated 3.940.62%

4.1£0.14 1033+ 1.8
3.8+0.4 993+1.9
3.9+0.97 10.12+1.2
0£0.0" 38.63+£12.2"
1.3+0.41% 19.8+1.97*
1.8+0.5* 254+ 1.7*
3.740.94® 14.27 + 0.59%*

Values are mean+SD; One-way ANOVA followed by Tukey's multiple comparison test.

* P<0.001 compared to untreated control group.
# P <0.001 compared to injured 1 week group.

a P <0.001 compared to PRP 1 week group.

b P<0.001 compared to injured 3 week group.

DISCUSSION

PRP has been used for tissue healing for a long time
and offers a number of benefits over other products and
methods being entirely safe procedure. Clinical use of
PRP does not cause any adverse events or postoperative
complications. PRP also contains a high concentration
of a natural range of growth factors that stimulate
various processesi?’. Meanwhile, mammalian intrafusal
and extrafusal myofibers have a considerable capacity
of regeneration after injury from surviving satellite
myoblasts,

Platelet density in PRP preparations was different. As
reported by Han et al.,”), percentage increase in platelet
density was associated with significant variations in
growth factor concentrations between individuals. Mosca
and Rodeo,?” assumed that variation in cell types and
growth factors in PRP preparations may have different
effects on muscle healing phases of (inflammatory,
proliferative phase, and remodeling) when compared to
other tissues. Platelet-derived growth factor, for example,
promotes myogenesis and may be found in different
concentrations in PRP generated by various commercial
systems. Accordingly, we used a double-step centrifuge
technique in platelet preparation system. This double-step
centrifugation method provides high concentrations of
growth factors for tissue regeneration and an easy and cost-
effective method”.

PRP injection in uninjured muscle (positive control)
showed a similar histological picture as the negative
control. This proves that PRP preparations are safe to use
in patients, as PRP is an autologous preparation. Similarly,
Taylor et al'l proved that neither allergic reactions
nor disease transmission has been reported during PRP
injection under clean aseptic conditions.

In the current work, PRP administration resulted
in appearance of muscle spindles among numerous
regenerating muscle fibers and numerous newly formed
blood vessels in the first week of injury. Meanwhile,
untreated group exhibited granulation tissue accompanied

inflammatory cell infiltration. PRP appeared to accelerate
the clearance of necrotic tissue, by modulating the
inflammatory process. This finding is consistent with
Mosca and Rodeo,”” who stated that PRP are known as a
chiefsource ofbiologically active metabolites that modulate
inflammation, antimicrobial action, cellular proliferation,
migration, angiogenesis, vascular remodeling and ECM
synthesis. Also, PRP had a potent effect on the proliferation
and differentiation of human muscle-derived precursor
cells (hMDPCs) and keep their stemness?®?. This could be
clarified by Tidball,** who mentioned that the invasion
of neutrophils and macrophages share in phagocytosis of
the debris and liberation of inflammatory cytokines such
as IL-1b, IL-6, IL-10, TNFa & TGF 1. These cytokines
play a main role in chemotaxis, cell proliferation and cell
differentiation.

Previous studies have shown that the intrafusal muscle
fibers respond to stretch even though the sensory endings
are morphologically immature®. In the current work,
regenerating muscle spindles within intact capsules were
detected in all PRP groups, possibly well-differentiated
intrafusal fibers. This could be supported by Hippenmeyer
et al® who mentioned that an intracellular signaling
pathway leads to the final differentiation of intrafusal
fibers and also their survival. Intrafusal fibers provide
neurotrophin-3 (NT3) to proprioceptive sensory neurons
ensuring their survival during cell death via the NT3 TrkC
receptor (TrkC; known as neurotrophic tyrosine kinase
receptor type 3)B3. Also, Inoue et al.B% added that many
transcription factors were highly expressed by dorsal root
ganglia neurons (DRG) and is essential for their survival,
axonal projection, and connectivity to the spinal cord.
Similarly, there was an increase in gene expression of NGF
and GDNF in the PRP-treated groups. NGF and GDNF
are neurotrophic factors that secreted by SCs, which
have biological functions in maintaining the survival of
peripheral neurons??®..

In the current study, muscle spindle quantification has
involved in cross sections of the spindle capsule using
light microscopy or by immunohitochemical techinque.
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This method of visualizing the spindle does not distinguish
proprioceptive axons from the surrounding fibers and
does not allow intricate analysis of axon morphology.
Moreover, the proprioceptive nerve afferents have axons of
smaller caliber (group III and IV) more widely distributed
in the muscles®”. A limitation of this study is the lack of
neurological and functional evaluation of intrafusal muscle
fibers. Future studies should visualize muscle spindle nerve
afferents longitudinally that could provide more data on
axonal width and inter-rotational distance of annulospiral
endings.

Acetylcholine receptors (AChRs) are localized in
the muscle fiber plasma membrane in the central region
of intrafusal fibers, at site of contact with the sensory
nerve endingsP®l. Also, collagens, nidogens, laminins
and proteoglycans are specifically concentrated at
neuromuscular junctions™. In the present work, PRP
treated group contained fewer amount of collagen among
the regenerating muscle fibers at the site of muscle injury
when compared with the untreated ones denoted decrease
fibrotic response to the muscle injury. Many authors
observed neovascularization and decreased fibrosis
among PRP treated injuriest***!. Harris et al.,*” reported
that PRP triggers the cascade of wound healing leading
to cellular proliferation and migration, collagen and
glycosaminoglycan accumulation, collagen maturation
and remodeling of the tissue. Harmon"? added that
fibrous tissue restricts the regeneration of the muscle by
preventing the stumps of the myofibers from rejoining
and may prevent axons from creating new neuromuscular
junctions. Muscle fibers that are not innervated will
ultimately undergo atrophy. Further, the protein levels of
a7 nicotine acetylcholine receptor were maximized at 9
days post muscle injury, which is involved in muscle fiber
regeneration through regulation of satellite cell status!),
neurotransmitter release and attenuation of fibrosist*4.

Desmin is the major constituent of intermediate filaments
in sarcomere architecture and is expressed in the myofibers
forming an interlinking scaffold with connections to the
sarcolemma and the nuclear membrane. Desmin contributes
to maintaining cell integrity, mechanochemical signals
within the myocyte and efficient transference of forcel?.
The present study showed that the desmin was detected
in regenerating spindle fibers as well as in intact spindles
and the expression pattern of these intermediate filaments
was more intense in PRP treated groups that was confirmed
by computer image analysis. These are likely to reflect a
wider range of contractile properties of the intrafusal fibers
and the more complex architecture and functions of PRP
treated groups. Similarly, Cizkova et al.,*? found that
spindle muscle cells expressing desmin strongly should
be more mature than elements revealing weak desmin
immunoreactivity. Hammond et al.,'Y founded that the
PRP injections significantly shortened the time to complete
recovery and improved contractile function.

From the cell cycle point of view, factors controlling the
cell cycle and cellular proliferation can be easily detected by

immunostaining using Ki-67 expression which is a measure
of cell growth fraction. Nuclear antigen Ki-67 is lacking
in resting cells (GO phase) and hence exclusively positive
in the nuclei of proliferating cells®*. In addition, Johnson
Chacko et al.™! stated that Ki-67 expression is restricted
to the undifferentiated cells, whereas the differentiated
cells are negative for this marker. In the current work,
significant reduction in the ki-67 expression level was
detected in the apparently normal newly formed spindle
muscle in PRP treated group. These results indicated that
the PRP increased cell proliferation and differentiation.
These findings are in line with those previously reported in
Guitart et al,*® who stated that muscle recovery following
splint removal result in a significant rise in regeneration
events along with a reduction in the expression of satellite
cell activation factors (active cells as identified by Ki-
67 expression levels) and a concomitant rise in terminal
muscle differentiation expression. Many researchers
showed that PRP injected into injured muscles accelerates
regeneration compared to controls!*!l.  Mammoto
et al.*" reported that PRP promotes lung regeneration as it
maintains vascular integrity in vivo and in vitro, stimulates
new blood vessel formation and enhances phosphorylation
of low-density lipoprotein receptor and thus activates
angiogenic factor receptors in the endothelial cells and
accelerates endothelial cell sprouting. PRP can not only
promote the muscle recovery process but also decrease the
apoptotic cells!'?!,

CONCLUSION

PRP plays a major role in promoting the proliferation,
differentiation and has a neurotrophic function in muscle
spindle regeneration. These findings provide useful and
indispensable application of PRP in muscle spindle injury.

AUTHORS CONTRIBUTION

MMES designed research; YR performed research;
MMES, YR and AMD Analyzed data; MMES, YR and
AMD Wrote the article and revising it critically. The
authors declare no conflict of interest.

CONFLICT OF INTERESTS

There are no conflicts of interest.

REFERENCES

1. Proske U and Gandevia SC (2012) The
proprioceptivesenses: their roles in signaling
body shape, body position and movement, and
muscle force. Physiol.Rev.92, 1651-1697.

DOI: 10.1152/physrev.00048.2011

2. Mayer WP, Murray AJ, Brenner-Morton S, Jessell
TM, Tourtellotte WG, Akay T. (2018) Role of
muscle spindle feedback in regulating muscle
activity strength during walking at different
speed in mice. J Neurophysiol 120: 2484 —2497.
doi:10.1152/jn.00250.2018

390



Ramadan et. al.,

10.

11.

12.

13.

Macefield VG and Knellwolf TP (2018) Functional
properties of human muscle spindles. J Neurophysiol.
1;120(2):452-467. doi: 10.1152/jn.00071.2018. Epub
2018 Apr 18. PMID: 29668385.

Macefield VG, Norcliffe-Kaufmann LJ, Axelrod
FB, Kaufmann H (2013a) Relationship between
proprioception at the knee joint and gait
ataxia in HSAN III. Mov Disord 28: 823-827.
doi:10.1002/mds.25482.

Hippenmeyer S, Shneider NA,
C, Burden SJ, Jessell TM, Arber S (2002)
A role for neuregulinl signaling in muscle
spindle  differentiation. ~ Neuron.;36(6):1035-49.
doi.org/10.1016/S0896-6273(02)01101-7

Kroger S and Watkins B (2021) Muscle spindle
function in healthy and diseased muscle. Skeletal
Muscle volume 11, Article number: 3 (2021) https://
doi.org/10.1186/s13395-020-00258-x

Woo SH, Lukacs V, de Nooij JC, Zaytseva D,
Criddle CR, Francisco A, et al. (2015) Piezo2 is
the principal mechanotransduction channel for
proprioception.Nat Neurosci.;18(12):1756-62.
https://doi.org/10.1038/nn.4162

Birchmeier

Xiao B. (2020) Levering mechanically activated Piezo
channels for potential pharmacological intervention.
Annu Rev Pharmacol Toxicol.;60:195-218. https://
doi.org/10.1146/annurev-pharmtox-010919-023703

Aman JE, Elangovan N, Yeh IL, Konczak J. (2014) The
effectiveness of proprioceptive training for improving
motor function: a systematic review. Front Hum
Neurosci. 8:1075. doi: 10.3389/fnhum.2014.01075

Mohamed AA. (2019) Can Proprioceptive Training
Reduce Muscle Fatigue in Patients With Motor Neuron
Diseases? A New Direction of Treatment. Front
Physiol. 1;10:1243. doi: 10.3389/fphys.2019.01243.
PMID: 31632290; PMCID: PMC6779805.

Setayesh K, Villarreal A, Gottschalk A, Tokish JM,
Choate WS (2018) Treatment of Muscle Injuries with
Platelet-Rich Plasma: a Review of the Literature.
Current Reviews in Musculoskeletal Medicine (2018)
11:635-642. doi: 10.1007/s12178-018-9526-8.

Tsai WC, Yu TY, Chang GJ, Lin LP, Lin
MS, Pang JS. (2018) Platelet-rich plasma
releasate promotes regeneration and decreases
inflammation and apoptosis of injured skeletal
musclee. Am J Sports Med.;46(8):1980—1986.

doi:10.1177/0363546518771076

Gigante A, Torto DM, Cianforlini M, Busilacchi A,
Davidson PA, Greco F, et al. . (2012) Platelet rich
fibrin matrix effects on skeletal muscle lesions: an
experimental study. J Biol Regulators and Homeostatic
Agents;26(3):475-484. PMID:23034267

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Hammond JW, Hinton RY, Curl LA, Muriel
JM, Lovering RM. (2009) Use of autologous
platelet-rich plasma to treat muscle strain
injuries. Ann Acad Med Singap.;38(8):733—4.
doi: 10.1177/0363546508330974

Hamid M. S. A., Ali M. R. M., Yusof A., and George
J. (2012) Platelet-rich plasma (PRP): an adjuvant to
hasten hamstring muscle recovery. A randomized
controlled  trial  protocol (ISCRTN66528592).
BMC Musculoskeletal Disorders, 13:138.
doi: 10.1186/1471-2474-13-138.

Contreras-Muiioz P., Torrella J. R., Serres X.et al.,
(2017) Postinjury exercise and platelet-rich plasma
therapies improve skeletal muscle healing in rats but
are not synergistic when combined. The American
Journal of Sports Medicine, vol. 45, no. 9, pp. 2131-
2141. doi.org/10.1177/0363546517702864

Alsousou J, Thompson M, Hulley P, Noble A, Willett
K (2009) The biology of platelet-rich plasma and
its application in trauma and orthopaedic surgery:
a review of the literature. J Bone Joint Surg British
91(8):987-996.doi: 10.1302/0301-620X.91B8.22546

Circi E, Akman YE, Siikiir E, Bozkurt ER, Tiiztiner T,
Oztiirkmen Y. (2016) Impact of platelet-rich plasma
injection timing on healing of Achilles tendon injury in
a rat model. Acta Orthop Traumatol Turc. 50(3):366-
72. doi: 10.3944/A0TT.2015.15.0271

Belikan P, Nauth L, Farber L-C, et al (2020).
Intramuscular Injection of Combined Calf Blood
Compound (CFC) and Homeopathic Drug Trl4
Accelerates Muscle Regeneration In Vivo. Int J Mol
Sci. 21(6):2112. doi:10.3390/ijms21062112.

Dhurat R and Sukesh M. (2014) Principles and
methods of preparation of platelet-rich plasma: a
review and author’s perspective. J Cutan Aesthet Surg.
7:189-197. doi: 10.4103/0974-2077.150734

Bancroft AD, Gamble M (2008) Theory and Practice of
histological techniques, 6th ed. Churchill Livingstone,
Philadelphia.

Cizkova D, Soukup T, Mokry J. (2009) Expression
of nestin, desmin and vimentin in intact and
regenerating muscle spindles of rat hind limb skeletal
muscles. Histochem Cell Biol.  131(2):197-206.
doi: 10.1007/s00418-008-0523-7.

Soukup T, Pedrosa-Domello”f F, Thornell L-E.

(2003) Intrafusal fiber type composition of
muscle spindles in the first human lumbrical
muscle. Acta Neuropathol 105:18-24.

https://doi.org/10.1007/s00401-002-0601-1

Chinzei N, Hayashi S, Ueha T, Fujishiro T, Kanzaki
N, Hashimoto S, Sakata S, Kihara S, Haneda M,
Sakai Y, Kuroda R and Kurosaka M. (2015) P21
deficiency delays regeneration of skeletal muscular
tissue. PLoS One 10: e0125765. doi: 10.1371/journal.
pone.0125765.

391



ASSESS OF PRP ON MUSCLE SPINDLE INJURY

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Sawilowsky, S. (2005) Misconceptions leading to
choosing the t test over the Wilcoxon Mann-Whitney
U test for shift in location parameter. Journal of
Modern Applied Statistical Methods.; 4 (2): 598-600.
DOI: 10.22237/jmasm/1130804700

Zheng C, Zhu Q, Liu X, Huang X, He C, et al (2016)
Effect of platelet-rich plasma (PRP) concentration on
proliferation, neurotrophic function and migration
of Schwann cells in vitro. J Tissue Eng Regen Med
10(5):428-436. doi: 10.1002/term.1756.

Monteiro BS, Del CR, Argolo-Neto NM,
et al.(2012) Association of mesenchymal stemcells
with platelet rich plasma on the re-pair of critical
calvarial defects in mice.Acta Cir Bras27:201-209.
DOI:10.1590/50102-86502012000300001

Han J, Meng HX, Tang JM,et al. (2007) The effect
of different platelet-rich plasma con-centrations on
proliferation and differentiation of human periodontal
ligament cells in vitro. Cell Prolif40:241-252. doi:
10.1111/.1365-2184.2007.00430.x

Mosca MJ and Rodeo SA (2015) Platelet-rich
plasma for muscle injuries: game over or time
out? Curr Rev Musculoskelet Med; 8:145-153.
doi: 10.1007/s12178-015-9259-x.

Delos D, Rodeo SA. (2011) Enhancing meniscal
repair through biology: platelet-rich plasma as an
alternative strategy. Instr Course Lect 60: 453—460.
PMID:21553791

Taylor DW, Petrera M, et al. (2011): A Systematic
Review of the Use of Platelet-Rich Plasma in Sports
Medicine as a New Treatment for Tendon and
Ligament Injuries. Clin J Sport Med. 21(4): 344-352.
DOI: 10.1097/JSM.0b013e31821d0£65

Li H, Usas A, Poddar M, Chen CW, Thompson S,
Ahani B, Cummins J, Lavasani M, Huard J. (2013)
Platelet Rich Plasma Promotes the Proliferation
of Human Muscle Derived Progenitor Cells and
Maintains Their Stemness .PLOS One; 8: €64923.
doi: 10.1371/journal.pone.0064923.

Tidball JG. (2005) Inflammatory processes in
muscle injury and repair. Am J Physiol Regullntegr
Comp  Physiol  288:R345-53.  DOI:10.1152/
ajpregu.00454.2004

Chen HH, Hippenmeyer S, Arber S, Frank E
(2003) Development of the monosynaptic stretch
reflex circuit.Curr.Opin.Neurobiol.13,96-102.
DOI:10.1016/50959-4388(03)00006-0

Hasegawa H. and Wang F. (2008). Visualizing
mechanosensory endings of TrkCexpressing neurons
in HS3ST-2-hPLAP mice. The Journal of Comparative
Neurology 511, 543-556. doi: 10.1002/cne.21862.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

36. Inoue K, Ozaki S, Ito K, et al. (2003).
Runx3 is essential for the target-specific axon
pathfinding of trkc-expressing dorsal root ganglion
neurons. Blood Cells Mol. Dis. 30, 157-160.
DOI:10.1016/s1079-9796(03)00032-9

Sonner M J, Walters M C, and Ladle D R (2017)
Analysis of Proprioceptive Sensory Innervation
of the Mouse Soleus: A Whole-Mount Muscle
Approach PLoS ONE 12(1): e0170751
https://doi.org/10.1371/journal.pone.0170751

Zhang Y, Wesolowski M, Karakatsani A, Witzemann
V, Kroger S (2014) Formation of cholinergic synapse-
like specializations at developing murine muscle
spindles. Developmental Biology, 393 (2), pp. 227-
235. doi: 10.1016/j.ydbio.2014.07.011.

Fox M.A., Ho M.S., Smyth N., and Sanes J.R.

(2008). A synaptic nidogen: developmental
regulation and role of nidogen-2 at the neuromuscular
junction.Neural —Development 25;  3- 24,

doi: 10.1186/1749-8104-3-24.

Harris NL, Huffer WE, Von Stade E, Larson Al,
Phinney S, Purnell ML. (2012) The effect of platelet-
rich plasma on normal soft tissues in the rabbit. ] Bone
Joint Surg Am; 94:786-93. doi: 10.2106/JBJS.J.00984.

Bubnov R, Yevseenko V, Semeniv I (2013)
Ultrasound guided injections of Platelets Rich
Plasma for muscle injury in professional athletes:
comparative study. Med Ultrason; 15(2):101-5.
DOI: 10.11152/mu.2013.2066.152.rb1vy2

Harmon GK. (2010) Muscle injuries and PRP:
what does science say? Br J Sports Med.;44:616-7.
doi: 10.1136/bjsm.2010.074138.

Tian, ZL., Jiang, SK., Zhang, M. et al. (2015)
a7nAChR is expressed in satellite cells at
different myogenic status during skeletal muscle
wound healing in rats. J Mol Hist 46, 499-509.
https://doi.org/10.1007/s10735-015-9641-4

Stegemann A, Sindrilaru A, Eckes B, del Rey A,
et al. (2013) Tropisetron suppresses collagen synthesis
in skin fibroblasts via alpha7 nicotinic acetylcholine
receptor and attenuates fibrosis in a scleroderma

mouse model. Arthritis Rheum 65:792-804
doi: 10.1002/art.37809.

Johnson Chacko L, Pechriggl EJ, Fritsch H,
Rask-Andersen H, Blumer MJF,  Schrott-

Fischer A and Glueckert R (2016) Neurosensory
Differentiation and Innervation Patterning in the
Human Fetal Vestibular End Organs between the
Gestational Weeks 8-12. Front. Neuroanat. 10:111.
doi: 10.3389/fhana.2016.00111

392



Ramadan et. al.,

46. Guitart M, Lloreta J, Manas-Garcia L, Barreiro E. 47. Mammoto T, Chen Z, Jiang A , Jiang E , Ingber
(2018) Muscle regeneration potential and satellite cell DE, Mammoto A. (2016) Acceleration of Lung
activation profile during recovery following hindlimb Regeneration by Platelet-Rich Plasma Extract through
immobilization in mice. J Cell Physiol. 233(5):4360- the Low- Density Lipoprotein Receptor-Related
4372. doi: 10.1002/jcp.26282. Epub 2018 Jan 2. Protein 5-Tie2 Pathway. Am J Respir Cell Mol Biol;
PMID: 29150943, 54:103-13. doi: 10.1165/rcmb.2015-00450C.

393



ASSESS OF PRP ON MUSCLE SPINDLE INJURY

A padlal)

Zigal b Al Joaall Lla) o 4 gaal) piliially 4l La D) (s 4
(e Uia Ailaass g g A ol g A ) () A1)

(2 e Jada daa) (g glall Jasa B g e cGlaa Cpandy

ek (e daalag - bl A4S -y ) acd

Gl gall 5 LSl el jall 8 dadlil) cladlall (e oY1 o3 miliially iad) Lo 3ol s 2y sl jal) 4818
LS g Adal) ALl Jaas Al 5 de st gai Jalse e L33 (5 5ian

Adbaall 4 jrall Alianll ) Japdis 8 Loyl (s (e basd gde ya 5l ands sl all (e a AL

g siul 22y de sana s dailin de gene ;e sane S N agan )58 ol 1N (g Gsm ) sl Gk g ) gl
s Aigina ye gl Cially dallaall o) g Llaadl GOl de ganall bl A3 223 Ao sane s Lbal) (1
Lelilai s TVki Jls el 33 yh 0o dpeliall 4Dl e (s a15 A Clisiay il Axlllas
Sismasll 315k (e B ) gl

JsY) g sl (A A gadl) Ao V1 (685 (g paally dulime L) ) seda 3 45kl Gl 200l aale i)
) 3aly 5 Aagile LIAT pand Lgialia Glnad G jehs Gially dallae prll de saaal) b iy ALY (e
Sasie g CaMay Adalas daal g A4 e duliae G G edal bl ¥oaey dadleal) @lli Laiy  cpaY S
oAUl Gl caally dalleall LAY 8 el drpa & jeds LS | Alajliall de sanall 850 5 sall S i)
de gaaall @l &Y ki il siie 8 da gale (alidl) Liagl Jas o) LS dlian yall ddajliall de ganall Gal)
S aliil) & yelal g Aalladll

L3l ) A8l S5 Liaell gopil) gad Gadad 8 j0S ) e0 Gandy mildially k) Lo 3 s ASDIAY
Al yrall Aliand) GV Gl 8 dyuasl)

A rall dalianll LYY dlia) A mildially  adl La 3000 Géad ada Bakai axy il o2

394



