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ABSTRACT 

 
 

Türker, R. S. (2022). The Morphological and Functional Evaluation Of 10-Hydroxy-2-

Decenoic Acid’s Regenerative Effect on Mouse Sciatic Nerve Crush Model. Yeditepe 

University, Institute of Health Sciences, Doctoral Program in Neuroscience, PhD Thesis, 

İstanbul. 

Traumatic injury of peripheral nerves results in loss of motor and sensory functions. It seriously 

weakens the workforce and decreases the quality of life. 10-hydroxy-2-decenoic acid (10-HDA) 

is the predominant fatty acid of royal jelly which is known for its neuroprotective effects. We 

hypothesize that 10-HDA may accelerate regeneration and recovery after crush injury. The 40 

mice were randomly assigned to sham group, sciatic nerve crush group, HDA 30 treatment 

group, and HDA 60 treatment group. The mice (except sham group) were exposed to sciatic 

nerve crush injury. One hour after injury, the mice were given 0.9% saline solution or 10-HDA 

(30 and 60 mg/kg) orally through flexible gavage daily for 4 weeks. The functional recovery 

was evaluated using thermal hyperalgesia, sciatic function index, rotarod, electromyography, 

and horizontal ladder rung walking tests. Microstructural changes of the crushed sciatic nerve 

were analyzed using the ImageJ software for immunofluorescence images of neurofilament 

(NFH), βIII-tubulin (βIII), myelin protein zero (P0), nicotinic acetylcholine receptor (NAR), 

and S100 protein on the longitudinal section of the sciatic nerve. We observed that 10-HDA 

significantly recovered motor and sensory functions at two weeks post-injury. Laser scanning 

confocal microscopy demonstrated that 10-HDA significantly increased regeneration of NFH, 

βIII, P0, NAR, S100 structures. Especially the 30 mg/kg dosage of 10-HDA showed promising 

results. In conclusion, 10-HDA has shown to possess a strong therapeutic effect on sciatic nerve 

crush injury, which is one of the most common models of peripheral nerve injury in mice.  

 

Keywords: Peripheral Nerve Injury, 10-Hydroxy-2-Decenoic Acid, Immunohistochemistry, 

Functional Recovery, Regeneration, In vivo 

 

The study was supported by Van Yüzüncü Yıl University Scientific Research Projects 

Department Project No TDK-2021-9481. 
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ABSTRACT (Turkish) 

 
 

Türker, R. S. (2022). Siyatik Sinir Crush Hasarı Oluşturulmuş Farelerde 10-hidroksi-2-

dekenoik Asidin Rejeneratif Etkisinin Morfolojik ve Fonksiyonel Olarak 

Değerlendirilmesi. Yeditepe Üniversitesi Sağlık Bilimleri Enstitüsü, Sinirbilim Doktora 

Programı, Doktora Tezi. İstanbul. 

 
Periferik sinirlerin travmatik hasarı, motor ve duysal fonksiyonların kaybına neden olur. Bu 

durum iş gücünü ciddi anlamda zayıflatır ve yaşam kalitesini düşürür. 10-hidroksi-2-dekenoik 

asit (10-HDA), nöroprotektif etkileri ile bilinen arı sütünün baskın yağ asididir. Bu çalışmada 

10-HDA'nın ezilme hasarından sonra sinir rejenerasyonunu ve fonksiyonel iyileşmeyi 

hızlandırdığı hipotezi araştırılmıştır. 40 adet fare rastgele sham grubuna, siyatik sinir ezilme 

grubuna, HDA 30 tedavi grubuna ve HDA 60 tedavi grubuna ayrıldı. Fareler (sham grubu hariç) 

siyatik sinir ezilme hasarına maruz bırakıldı. Yaralanmadan bir saat sonra, farelere 4 hafta 

boyunca günlük olarak esnek gavajla oral yolla %0.9 salin veya 10-HDA (30 ve 60 mg/kg) 

verildi. Fonksiyonel iyileşme termal hiperaljezi, siyatik fonksiyon indeksi, rotarod, 

elektromiyografi ve yatay merdiven basamak yürüme testleri kullanılarak değerlendirildi. 

Ezilmiş siyatik sinirin mikroyapısal değişiklikleri, nörofilament (NFH), βIII-tubulin (βIII), 

miyelin protein sıfır (P0), nikotinik asetilkolin reseptörü (NAR) ve S100 proteininin 

immünofloresan görüntüleri ImageJ yazılımı kullanılarak analiz edildi. Yaralanmadan iki hafta 

sonra 10-HDA'nın motor ve duyusal fonksiyonları önemli ölçüde iyileştirdiği gözlendi. Lazer 

taramalı konfokal mikroskopi görüntüleri, siyatik sinir kesitleri üzerinde 10-HDA'nın NFH, 

βIII, P0, NAR ve S100 yapılarının rejenerasyonunu önemli ölçüde arttırdığını gösterdi. 

Özellikle 30 mg/kg 10-HDA dozu umut verici sonuçlar ortaya koydu. Sonuç olarak, 10-

HDA’nın farelerde periferik sinir hasarının en yaygın modellerinden biri olan siyatik sinir 

ezilme hasarı üzerinde güçlü bir terapötik etkiye sahip olduğu gösterildi. 

 

Anahtar Kelimeler: Periferik Sinir Hasarı, 10-Hidroksi-2-Dekenoik Asit, Immünohistokimya, 

Fonksiyonel İyileşme, Rejenerasyon, İn vivo 

 

Bu çalışma Van Yüzüncü Yıl Üniversitesi Bilimsel Araştırma Projeleri Koordinasyon Birimi 

tarafından TDK-2021-9481 numaralı proje ile desteklenmiştir.
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1. INTRODUCTION AND PURPOSE 

 
 

Unlike the central nervous system (CNS), which is protected by the skull and vertebrae, 

the peripheral nervous system (PNS) is not protected by bones, therefore it is more susceptible 

to trauma. Peripheral nerve injuries (PNI) are a common health problem in clinics worldwide. 

It seriously weakens the workforce also decreases the quality of life. Lesions are mostly caused 

by motor vehicle accidents, work accidents, penetrating injuries, gunshot injuries, ischemia and 

crush trauma. Today, motor vehicle accidents are the most responsible of PNI etiology. 

According to the data obtained from the statistics of the Turkish General Directorate of Security 

(EGM), 183,710 traffic accidents occurred in Turkey in 2018, and 310,109 people were injured 

in these accidents 1. 

According to the statistics of the Social Security Institution of Turkey, 359,653 

occupational accidents occurred in our country in 2017, and 47.73% of the employees received 

an incapacity report for at least 1 day as a result of the accidents 2. 

PNI occurs in 2.8% of multiple trauma cases. In the United States, the prevalence of 

traumatic peripheral nerve injury in level I trauma centers is approximately 2.8%. PNI can affect 

all age groups, including children and adults, depending on etiological reasons 3–7. 

PNI causes permanent disfunctions. Painful neuropathies that cause paralysis and 

muscle weakness, loss of sensation and autonomic dysfunctions occur due to damage to the 

nerve and the muscles it innervates. Long denervation time worsens the muscle atrophy and 

leads to a contracture development. Severe neurological damage occurs in PNI resulting from 

gunshot wounds. In summary, severe nerve injury has a devastating effect on the patient's 

quality of life 3,7–10. 

In PNI, following the interruption of the axonal integrity; phenotypic changes occur in 

damaged neurons and other cells. Inflammation pathways of sensory and motor neurons are 

triggered, Wallerian degeneration begins in the distal segment of the injured axon between the 

24th and 48th hours, targeting the removal of myelin sheath and cellular debris 8,11. In the 

proximal segment of the axon, the destruction process continues until the last intact node of 

Ranvier. Anterograde Schwann cells (SC) begin to catabolize the myelin sheath. Tissue 

macrophages also phagocytose the remnants so that the myelin sheath is completely destroyed. 

During this time, the injury signals are carried retrogradely towards the soma 11–14. 

Numerous conservative, medical and surgical approaches have been described for the 

treatment of peripheral nerve injuries. With the understanding of the pathophysiology of PNI, 

many agents and modalities that are thought to increase regeneration by acting at certain stages 
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of the healing process have been tried and tested. Although there is currently no agent that can 

be the gold standard apart from the conservative and surgical approach in different types of 

injury, many agents have been found to have positive and promising contributions to nerve 

healing. Modalities and agents whose contributions to peripheral nerve healing have been 

investigated include exercise, electrical stimulation, magnetic field induction, synthetic and 

natural polymers, antioxidants, neurotrophic factors, immune-modulators, stem cells, and many 

more 8,15,16. 

Experimental treatments designed to increase the rate of axonal regeneration by 

stimulating Schwann cells in distal nerve segments can overcome nerve transection, form a 

myelin sheath around regenerating axons, and thereby achieve clinically significant functional 

improvement 17. Although peripheral nerve fibers show significant potential for self-

regeneration, the result is often unsatisfactory. This mechanism results in poor motor recovery 

and irreversible sensory dysfunction 9. The healing process of PNI and its re-innervation to the 

targeted tissue are multifactorial and complex processes involving different cells, growth 

factors and signaling pathways. For this reason, the correct restructuring of the nerve tissue and 

neuromuscular junction and recovery at a functionally acceptable level continue as a clinical 

problem in PNI. Despite recent advances in treatment strategies, PNI remains one of the most 

important health problems with its increasing incidence worldwide. Today's treatment 

approaches do not provide a full recovery and also contain many disadvantages 7. 

Royal jelly (Royal Jelly-RJ) is a thick and milky secretion synthesized in the 

hypopharyngeal and mandibular glands of young worker bees (Apis mellifera L.) 18. While the 

queen honey bee feeds on this milk during the larval stage, worker honey bees are fed for only 

3 days. That's why RJ is associated with longer life expectancy of queen bees. RJ is an important 

functional food ingredient with many health promoting properties. RJ is considered a multi-

nutrient source, its composition includes water, proteins, carbohydrates, lipids, vitamins, 

minerals, acetylcholine and other bioactive substances. The high nutritional value of RJ is due 

to the unique combination of all the nutrients and body-building ingredients it contains. Today, 

it is used for health purposes in many sectors from the pharmaceutical and food industries to 

the cosmetics and manufacturing sectors in different parts of the world 18. It is one of the most 

sought-after functional products as a commercial commodity, especially in dietetics and 

cosmetics. In animal models, RJ has been shown to have numerous functional properties such 

as anti-aging, stomach and liver protective, anti-inflammatory, anti-oxidant, antibacterial, 

vasodilodative, hypotensive, disinfectant, hypoglycemic, antihypercholesterolemic and 

antitumor properties 19. It has been reported to alleviate neuronal apoptosis, reduce amyloid 
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plaque pathology, and improve behavioral disorders in Alzheimer's model. It has also been 

reported to reduce anxiety, increase energy, promote growth, improve memory, and have 

neuromodulatory and neuroprotective effects 20. The biological activities of RJ are mainly 

attributed to bioactive fatty acids, proteins and phenolic compounds 21. 

Queen bee acid (10-hydroxy-2-decenoic acid, 10-HDA) is the predominant fatty acid of 

royal jelly 18. 10-HDA constitutes approximately 5% of the active content of RJ and 40% of the 

total fatty acids. The freeze-dried RJ composition contains 8–19% lipid. Most of the lipids are 

made up of 10-HDA in RJ. 10-HDA has been accepted as the most important compound of RJ 

in the international standards quality assessment and has been reported to be responsible for 

important biological activities 18. 10-HDA has activity on estrogen receptors that affect brain 

function and body composition 19. In an experimental chronic stress model, intraperitoneal 

treatment of mice with 10-HDA decreased anxiety and depression-like behaviors and increased 

body weight 19. On the other hand, 10-HDA administration inhibited glia proliferation and 

promoted the stimulation of neuritogenesis from stem cells in vitro. Moreover, it increased the 

neurite outgrowth of primary hippocampal neurons, significantly reduced hypoxia-induced 

neuron death, and significantly increased mitochondrial health in vitro. The results show that 

10-HDA has therapeutic effects on brain health during normal development and aging, and may 

combat age and stress-related weight loss 22.  

The aim of the present study was to investigate the regenerative effects of 10-HDA and 

elucidate underlying mechanisms in regeneration process. 

The importance of the thesis:  

This is the first study based on the regenerative effects of 10-HDA on sciatic nerve crush 

model. According to the results, 10-HDA has been found very effective on peripheral nerve 

regeneration which might be a treatment option for patients with PNI.  

This thesis is about unrevealing beneficial effects of a novel molecule which might be 

used as a potential therapeutic agent. 

Research hypothesis: 

10-HDA has a regenerative effect on mice sciatic nerve injury. 
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2. LITERATURE REVIEW 

 
 

2.1. Peripheral Nerve Injury 

 
The nervous system is divided into two main parts, central and peripheral nervous 

system. Central nervous system (CNS) includes cerebrum (brain), cerebellum, brainstem, 

medulla spinalis and the first and second cranial nerve 23. Peripheral nervous system (PNS) 

includes the 3rd to the 12th cranial nerves and their branches which innervate the muscles and 

organs.  

Lesions mostly occur with motor vehicle accidents, work accidents, penetrating injuries, 

gunshot injuries, ischemia and crush trauma 6. 

The regeneration capacity of both systems is drastically different. Peripheral nerves 

have a high regeneration capability while central nervous system neurons do not 24.  

A peripheral nerve has three different layers. These are epinerium, endonerium and 

perinerium. 

 

 

Figure 2.1. The layers of a peripheral nerve 25. 

 

 

2.1.1. Definition 

 
The definition of PNI has been changed over time. It was first classified at 1943 by 

Seddon and then refined by Sunderland at 1951 25. The recent classification table includes both 

the injury definition and recovery potential. There are 5 stages of degeneration which starts with 

Type 1, focal demyelination; followed by Type 2 which includes the damage to the axon which 

endoneurium, perineurium and epineurium are intact; Type 3 a damage to the axon and 

endoneurium and the rest is intact, Type 4 damage to axons, endoneurium and perineurium 
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however epineurium is intact, finally ends with Type 5 the complete loss of continuity 25. 

 

 

Figure 2.2. Classification of the peripheral nerve injury types 25. 

 
2.1.2. Peripheral Nerve  

 

 Peripheral nervous system (PNS) is consisted of sensory and motor divisions. The motor 

division is consisted of autonomic and somatic subdivisions.  

 While the afferent sensory fibers of the PNS convey sensory information from sensory 

receptors to regions of the brain, the efferent motor fibers deliver nerve impulses away from the 

CNS to the target organs like glands or muscles via the neuromuscular junction. Hence, the 

PNS plays an important role of mediating the relationship between the organism and the 

environment. The bodies of sensory spinal nerves are embedded in the dorsal part of the spinal 

cord, although the motor spinal nerves’ body is located in the anterior part of the spinal cord. 

The impulse enters the spinal cord from the dorsal horn and leaves it from the anterior horn. 

There might be an interneuron which modulates the information 23. 

 

 

 

Fig 2.3. The dorsal and anterior organization scheme of the spinal cord 26. 
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 The primary efferent fibers are classified in 4 groups according to their diameter. They 

also have different functions as seen in the figure below.  

 

 

Fig 2.4. The classification of the primary efferent fibers 27. 

 

 The autonomic division of the PNS works under voluntary control and the somatic 

division involuntarily regulates the homeostasis of internal organs 23. 

 

2.1.2.1. Neuromuscular Junction 

 

 The NMJ (Neuromuscular Junction) is formed where the motor neurons innervate the 

skeletal muscle fibers which are wrapped by the Schwann cells 28. It is a typical electrochemical 

synapse controlled by the neurotransmitter Acetylcholine (ACh). The action potential arrives 

to the end of the motor neuron and activates the ACh release from the nerve terminal. The ACh 

in the synaptic cleft binds to the nicotinic ACh receptors (NAR) which are located on the muscle 

fibers and causes a depolarization on the muscle cell, triggers calcium release from the 

sarcoplastic reticulum in order to initiate muscle contraction. The malfunction of this process 

causes serious motor function deficits like Myasthenia Gravis or Congenital Myasthenic 

Syndrome 28.  
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2.1.2.2. Dorsal Root Ganglion 

 

 The Dorsal Root Ganglion (DRG) is found in every level of the spinal cord and has a 

bilateral formation which is housed in a fixed vertebral structure (neuroforamen) spanning the 

information from the spinal cord and peripheral vertebral column. It mostly consists of the 

neural bodies. One single DRG might shelter up to 15000 neurons with a 20 to 150 μm diameter. 

These neurons usually convey information from different types of modalities such as 

nociceptive information (temperature, mechanical, and chemical-induced) or peripheral 

sensation. The DRG neurons also play a crucial role on pain modulation 29. 

 

2.1.3. History 
 

According to the very early reports, the physicians had no information about the 

difference between tendons and nerves. It appears to be clarified at Alexandrian age first, by 

the Alexandrian school 30. 

The first peripheral nerve surgery records belong to the 7th century, Paul of Aegina, 

which describes the handling methods of tissue and little information about suturing 31. Within 

the beginning of 19th century, the wars and their expected consequences resulted with a 

tremendous development of examination and operation techniques for nerves. Here is a drawing 

showing the techniques of leading physicians of the century. 

 

 

Figure 2.5. The outstanding techniques of 19th century physicians; Perineurotic suture (a, b), 

Rawa’s cadapted suture (c), Letievant’s flap technique (d), Suture a la distance (e) 32. 

 

The 20th century, George Woolsey recommended a new technique that suggested the 

injured nerves to be wrapped with a Cargile membrane produced from ox peritoneum in order 

to prevent the adhesions 32. William Wayne Babcock used the first nerve clamp to transfix the 

nerve ends in 1927. The first nerve graft was mentioned in 1956 at an article. At 1988, the first 
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biodegradable polyglycolic acid tubes were usen by Dellon and Mackinnon 32.   

 

2.1.4. Etiology  

 
The major causes for the PNI are motor vehicle accidents and gunshot wounds. The 

following causes might be sharp and penetrative objects, burning wounds, radiotherapy, 

iatrogenic operational problems (injections, prosthesis, tumor excisions, intravenous 

catheterization etc.) 33. In addition, compression injuries such as carpal and cubital tunnel and 

crush injuries are some other causes at the PNI etiology 34. Finally intraneural fibrosis is an 

intrinsic cause of a PNI 35.  

 

2.1.5. Pathophysiology 

 
Following the injury, the pathophysiological alterations start in seconds. Depending on 

the severity of the damage, the neuron decides to regenerate itself or rather terminate its life by 

apoptotic pathways. The myelin disintegration, varicose swelling, axonal contour impairment, 

neurotubule and neurofilament degeneration are the main steps of the degeneration 36. This 

specific process has been named after Augustus Waller at 1850 after his definitive study based 

on nerve injury mechanisms 37.  

 

2.1.5.1. Wallerian Degeneration 

 

Augustus Waller, the first scientist to explain this phenomenon studied with the frog 

glossopharyngeal and hypoglossal nerves 37. During his examination after axotomy, he realized 

the nerve parts were getting distant and “spongy”. He also observed the disappearance of the 

myelin sheath and turning into fusiform masses. After a half century, Cajal affirmed and 

detailed the study with a very comprehensive histological description by also proving the 

leukocyte infiltration 37.  

Wallerian degeneration (WD) precisely describes the biological process following the 

neuron degeneration. The first 24-48 hours is the degeneration and disintegration of the 

axolemma and axoplasm which is followed by the calcium influx and prompt axonal breakdown 

via the proteases in charge. The Schwann cells start to dedifferentiate, and the synthesis of the 

myelin proteins are downregulated. The myelin debris forms the bands of Büngner which form 

the tubes that guides the regenerating fibers. A following release of cytokines, adhesion 

molecules and neurotrophic factors is the last stage of WD 38,39. 
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2.1.5.2. Phagocytosis  
 

Phagocytosis is a phenomenon explaining the disposal of pathogens, apoptotic cells, or 

particles by phagocytes. It is the main key of cellular immunity and works through the 

recognition and ingestion of particles bigger than 0.5 𝜇m into a phagosome which is a 

membrane vesicle 40.  

The main cell type in the PNS which is responsible from this process is Schwann cells 

which cover the peripheral nerves and attribute to the myelin sheath 41. The effective clearance 

of the debris is crucial for a successful regeneration since myelin is a roadblock for recovery in 

the PNS 42. The resident macrophages in the epineurium also take part at this process. It has 

been shown that SC’s have 2 types of phagocytic receptors; TAM receptors (Axl-, Mertk-, and 

Tyro3-) and MEGF10 (multiple EGF-like-domains-10) which are upregulated post injury 43. 

 

2.1.6. Regeneration Mechanisms 

  

There is a considerable number of proteins, factors, receptors, and pathways taking role 

in the peripheral nerve regeneration process. Axon guidance has a key role at this sensitive 

repair mechanism. Also there is a critical time window for the axon to reach the target since the 

target tissue might lose its receptive answer for reinnervation 44.  

The first step requires a retrograde injury signal transmission to the soma via importin 

proteins 45,46. The distal stump of the injured nerve goes through a differentiation. The Schwann 

cells attached to the axon start to down-regulate their myelin expression levels and rather start 

up-regulating the expression of growth factors and cell adhesion molecules 24. If the 

regeneration process is tending to fail, retraction bulbs appear. Vice versa, growth cones which 

include actin fibers are an indicator for a successful regeneration 47. 

 

2.1.6.1. Growth Cones  

Ramón y Cajal was the first to name this physiological structure that is the first step of 

regeneration. It is found both in the axon and the dendrite and they basically guide the neuron 

with positive or negative feedback and regulate the cytoskeleton structure.  A growth cone has 

three major compartments. The central core is rich with mitochondria and microtubules whereas 

the filopodia and lamellipodia have a very low intensity of mitochondria. The motile, actin-rich 

minor slender extensions called filopodia make projections from the growth cone and sense 

environmental signals. The ruffled look between the filopodia is called lamellipodia which are 

also motile 48.  
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The studies over growth cones showed that a PNS neuron can grow a growth cone within 

hours following an axotomy 49. The first trigger of the production of a growth cone is Calcium 

influx. After an injury, the membrane integrity is disrupted and therefore the extracellular 

Calcium rushes into the neuron through the gaps 50. Some studies showed that the regeneration 

in a Calcium-free environment doesn’t succeed because of the growth cone production failure 

51. This Calcium influx leads to the “sealing patch” production which helps regaining the 

membrane integrity 52. Following the retrograde microtubule depolymerization wave along an 

axonal segment, in parallel, actin molecules in the adhesion complexes depolymerize 53. The 

depolymerization helps the plasma membrane to disengage from its surroundings and gives 

mechanical freedom to axonal membrane to collapse which leads to assemble the growth cone 

structure 54.  

Integrins and IgCAMs which are adhesion proteins from the immunoglobulin 

superfamily or extracellular matrix proteins like laminins, fibronectins and thrombospondins 

mediate the axon-growth cones anchoring and elicit cytoskeletal responses 55. Besides, a strong 

adhesion provided by N-cadherin and integrins (NCAM), translates the myosin-driven actin 

filaments flow into growth cone movement that attenuates the retrograde flow, enhances the 

actomyosin mediated traction force and pulls the growth cone forward 56. Likewise, there are 

so many molecules and receptors that have been proven to be regulating the axon growth 

through the growth cone such as; neurotropic proteins Slit, DCC, FAK, Src, Fyn, adhesion 

proteins integrins, L1 with Plexins, neuropilins which are components of the receptor 

complexes of semaphorins etc. 57–63. 

 

2.1.6.2. Neurotrophic Factors 

 

Neurotrophic factors (NFs) are polypeptide molecules which support cell survival, 

differentiation, proliferation, and morphogenesis in the peripheral nerve system of mammalians 

64. These constructive effects mostly function through intrinsic transduction potentials and 

molecular/mechanical signaling regulations after receptor-mediated processes 65. 

There are four main Neurotrophins (NTs) are: neuron growth factor (NGF), brain 

derived neurotrophic factor (BDNF), neurotrophin-3 and 4 (NT-3 & NT-4). Other classes of 

proteins include transforming growth factor-β (TGF-β) family, the interleukin-6 related 

cytokines (IL-6) and fibroblast growth factors (FGFs). The glial cell line derived neurotrophic 

factor (GDNF) family provide the survival of sensory and sympathetic neurons 48.  

The growth factor (GF) members; fibroblast growth factors (FGFs) and nerve growth 

factor (NGF) are secreted by SCs or neurons. In the PNS, GFs provide the regenerating 
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microenvironment of axonal sprouting and elongation after nerve injury 66.  

 

Growth Factors: 

 

NGF: The sequences of this neurotrophin have been showed that it is a highly protected 

molecule, sharing important homology within different species 67. The mature and active form 

of NGF is descended from ProNGF, which also has crucial roles during development and  

adulthood, having either neurotrophic and pro-apoptotic properties 68.  

NGF exerts its biological activity by the tropomyosin kinase receptor A (TrkA) 69. The 

major pathways regulated by the TrkA are phosphatidylinositol-3-kinase (PI3K)-Akt, 

extracellular signal-regulated kinase (ERK), Ras-mitogen activated protein kinase (MAPK), 

and Phospholipase C (PLC)-γ 70. NGF also activates the non-selective, low-affinity, 

transmembrane glycoprotein p75 pan-neurotrophin receptor (p75NTR) by binding. It regulates 

signaling via TrkA 71. The NGF - p75NTR binding activates additional signaling pathways. In 

the lack of co-expressed TrkA, might lead a signal that causes a cell to die via apoptosis 72. 

Signaling pathways controlled by p75NTR are the NF-κB, Jun kinase signaling cascade, and 

ceramide generation 73. 

FGF: FGFs have been proven to enhance the survival and neurite extension of neurons 

as well as neuronal functions and wound healing 74. A subtype FGF2 is present at the blood-

brain barrier and its production is provided by astrocytes, also has effects on astrocyte 

proliferation 75. FGF-2 expressions increase after injury at the distal and the proximal stumps 

of the nerve. It also supports fiber outgrowth, branching, vascularization, proliferation, 

myelination; also prevents the lesion induced neuronal death and apoptosis. While FGF-3 is 

related to cell death, FGF-1 and 2 are related to cell survival 76. FGF-1 receptors use Ras-

dependent pathways whereas FGF-3 receptors use a Ras-independent pathway 77. 

IGF: Insulin like growth factor (IGF) acts on both neurons and denervated muscles to 

inhibit denervation-induced atrophy. It has a 5 minute short half-life 78. The anti-apoptotic and 

positive trophic effects of IGF-1 are mediated via the MAP-kinase and PI3K-Akt pathways 79.  

PDGF: Platelet-derived growth factor (PDGF) is produced by Schwann cells. PDGF 

family has 4 known families as PDGF-A, B, C and D. Both PDGF and receptors are expressed 

in SCs. PDGF-B acts as an autocrine mitogen, prevents the apoptosis of Schwann cells and 

hence is a survival factor for these cells 80. These activities are provided in synergy with  NT-3 

and IGF 81.  
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Trophic Factors:  

 

The most known trophic factors are NT-3 & 4, BDNF, CNTF and GDNF.  

NT-3: NT-3 was firstly found to support the chick trigeminal mesencephalic neurons’ 

survival 82. It is known that NT-3 has a crucial role as a trophic factor for the sympathetic and 

sensory neuron growth 83. Since it can bind to TrkA, TrkB and p75NTR receptors with a low 

affinity, NT-3 is a remarkably indiscriminate NT member. Besides, it binds to TrkC with the 

highest affinity 84. NT-3 also prevents peripheral sensory axons’ degeneration and improves 

functional response in them 85. 

NT-4: NT-4 regulates the neuronal network development via providing the growth of 

neuronal processes, plasticity and synaptic development, differentiation and neuronal survival 

86. According to a study, the expression of NT-4 reduces during the injury, however 2 weeks 

post-injury, the NT-4 mRNA level is upregulated in the distal stump of the injured sciatic nerve 

87. Moreover, NT-4 application to rat sciatic nerves resulted in enhanced axon regeneration, 

increased the number of regenerated axons, myelin thickness and axonal diameter 88. 

BDNF: Brain derived neurotrophic factor is involved in the CNS functions such as long-

term potentiation (LTP), synaptic plasticity, learning and memory, also post-injury 

neurogenesis and regeneration 89. BDNF can bind to two receptors, tropomyosin receptor kinase 

B (TrkB) or p75NTR. BDNF preferentially binds TrkB, ensuing in pro-growth signaling, 

however proBDNF preferentially binds p75NTR, causing in antigrowth signaling 90. BDNF is 

mainly secreted as proBDNF 91. 

CNTF: Ciliary neurotrophic factor supports the differentiation and survival of neurons 

during development. The CNTF receptor has 2 components; CNTFRα is present in nerve and 

muscle, and LIFRβ/gp130 heterodimer is localized in nerve and macrophages. CNTF-like 

activity was demonstrated in sciatic, hypoglossal, and sural nerves and is mostly 

immunolocalized to larger myelinated fibers’ Schwann cells. It has a trauma-dependent release 

of the protein from Schwann cells via retrograde axonal transport of itself after nerve injury. 

There is also growing evidence that CNTF may be contributing to maintenance of uninjured 

neurons, and the ability of neurofilament synthesis 92. 

GDNF: Schwann cells express GDNF mRNA in peripheral nerves. As a response to a 

nerve transection, GDNF mRNA expression in sciatic nerves and Schwann cells rises 

dramatically 93. It was firstly found to provide the differentiation and survival of dopaminergic 

neurons via supporting dopamine uptake from cultured rat glial cells 94. 
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Fig. 2.6. Neurotropic factors and their mechanism of action 9. 

 

2.1.6.3. Cytokines  

 
 

TNF-α: The pro-inflammatory cytokine Tumor necrosis factor-α coordinates and 

regulates the immune response following the injury via initiating the activation of cytokine and 

growth factors’ cascade 95. It has two receptors which are TNF-R1 and the low affinity TNF-

R2. They both can be expressed from the neurons and glia. While TNF-R1 is responsible from 

neuronal death, TNF-R2 regulates neuroprotection and proliferation due to its T-cell relation. 

The SC’s and macrophages release TNF-α leading to an extensive recruitment of macrophages 

again. It has also been reported that TNF-α has following roles such as promoting the blood-

nerve barrier degradation, demyelination, reorganizing endoneurial space, remodeling the 

extra-cellular matrix, and decreasing SC proliferation 95–99. 

TGF-β: Almost every cell in the body produces TGF-β including endothelial, 

hematopoietic, neuronal, epithelial, and connective tissue cells. It has 3 well-known receptors 

as type-I, II and III. One subtype TGF-β1 was shown to be a signaling molecule that mediates 

the normal growth and development. It is being produced by SCs, having a mitogen activity, 

and increasing premyelination markers, and adhesion molecules. TGF-β1’s proliferatic 

movement is strengthened following the injury, and it is downregulated once the fibers are 

grown back to the distal stump, allowing a proper ensheathment and myelination 100,101.  

LIF: Leukemia inhibitory factor is a neuropoietic cytokine in the nervous system 

involved in the general response to trauma. It governs the sympathetic neurons' cholinergic 

switch and enhances the survival and differentiation of sympathetic neurons. It is known that 
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the mRNA expression of LIF is rapidly increasing at the SCs during injury; the rapid and local 

release of LIF is followed by the uptake and retrograde transport by the neurons. It has also 

been shown that LIF is associated with the sprouting of DRG neuron fibers following axotomy 

102. The expression of the LIF gene is regulated by a large number of factors, including 

transcription factor 2, c-Myc transcription factor, JUN gene (c-Jun), a transcription factor ETS 

(Erythroblast transformation specific), Max, NFAT, p53, STAT1-β, STAT2, and STAT5A, and 

potentially other factors. It is strongly involved in the MAPK pathway. There is also a 

synergistic mechanism between LIF and other factors, LIF induces the IL-1 β expression and 

forms a positive feedback loop 103. The same relationship is established with epidermal growth 

factor  LIF and TGF- β 104. 

IL-6: Interleukin-6 is a glycoprotein with a pro-inflammatory activity which enhances 

T-cell activation and works as a neurotrophic factor. It has a massive role in neuroprotection 

and pain modulation via activating the JAK/STAT pathway. It can also directly modulate 

neuronal activity by causing the release of neuropeptide transmitters, increase the expression 

of RAGs (Regeneration associated genes), and promote neurite outgrowth. IL-6 production 

from the fibroblasts is induced by IL-1 and TNF-α, which are also produced by SCs. It has been 

found that the IL-6 receptor subunit IL-6Rα was also upregulated after injury at the DRG 

(Dorsal Root Ganglion) neurons 105–108.  

 
2.2. Royal Jelly 

 
 

Royal jelly (RJ) is a thick and milky secretion synthesized in young worker bees' 

hypopharyngeal and mandibular glands (Apis mellifera L.) 18. While the queen honeybee is fed 

with this milk during the larval stage, worker honeybees are fed for only three days. That is 

why RJ is associated with a longer life expectancy of queen bees 18. RJ is an essential functional 

food ingredient with many health promoting properties. It is considered as a multi-nutrient 

source; its composition includes water, proteins, carbohydrates, lipids, vitamins, minerals, 

acetylcholine and other bioactive substances. The high nutritional value of RJ is due to the 

unique combination of all the nutrients and body-building ingredients it contains. Today, it is 

used for health purposes in many sectors, from the pharmaceutical and food industries to the 

cosmetics and manufacturing sectors in different parts of the world. It is one of the most sought-

after functional products as a commercial commodity, especially in dietetics and cosmetics 

18,19,109. 
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2.2.1. Pharmacological Effects 

 
In animal models, RJ has been shown to have numerous functional properties such as 

anti-aging, stomach and liver protective, anti-inflammatory, antioxidant, antibacterial, 

vasodilatative, hypotensive, disinfectant, hypoglycemic, antihypercholesterolemic, and 

antitumor properties 19. It has been reported to alleviate neuronal apoptosis, reduce amyloid 

plaque pathology, and improve behavioral disorders in Alzheimer's model 21. It has also been 

reported to reduce anxiety, increase energy, promote growth, improve memory, and have 

neuromodulatory and neuroprotective effects. The biological activities of RJ are mainly 

attributed to bioactive fatty acids, proteins, and phenolic compounds 19,109. 

 

2.3. 10-HDA 

 

Queen bee acid (10-hydroxy-2-decenoic acid, 10-HDA) is the predominant fatty acid of 

royal jelly. 10-HDA constitutes approximately 5% of the active content of RJ and 40% of the 

total fatty acids. The freeze-dried RJ composition contains 8–19% lipid. Most of the lipid is 

made up of 10-HDA. 10-HDA has been accepted as the most crucial compound of RJ in the 

international standards quality evaluation and has been reported to be responsible for important 

biological activities 18,19.  

OH

HO

O  

Fig 2.7. Chemical structure of 10-hydroxy-2-decenoic acid 

 

2.3.1. Pharmacological Effects 

 
10-HDA has activity on estrogen receptors that affect brain function and body 

composition. In an experimental chronic stress model, intraperitoneal treatment of mice with 

10-HDA decreased anxiety and depression-like behaviors and increased body weight 110. On 

the other hand, 10-HDA administration inhibited glial proliferation and promoted the 

stimulation of neuritogenesis from stem cells in vitro. It increased the neurite outgrowth of 

primary hippocampal neurons, significantly reduced hypoxia-induced neuron death, and 

significantly increased mitochondrial health in vitro. The results show that 10-HDA has 

therapeutic effects on brain health during normal development and aging and may combat age 

and stress-related weight loss 18,19,22. It has also been found effective against lung injury, 
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neuroinflammation, immunosuppression, chronic mild stress, hepatotoxicity, osteoarthritis, 

osteoporosis, melanoma, sarcopenia, Alzheimer disease, cardiovascular diseases, lung cancer 

and colon Cancer 111. 
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3. MATERIALS AND METHODS 

 

Table 3.1. The substances, their brand names and codes used during the experiments. 
 

SUBSTANCE BRAND CODE 

10-HDA (Royal Jelly Acid) 

(≥98%) 

Chem Cruz sc-281143A 

Ketamine (Keta-Control) Doğa İlaçlar Üretim Paz. İth. 

İhr. Tic. Şirketi 

200932 

Xylazine (Rompun) Bayer 047-956 

Vicryl Suture BSM 348536237 

Prolene Suture BSM 344003995 

Castroviejo Needle Holder Aesculap BH110R 

Povidone Iodine (Batticon) Adeka 8699587651242 

Paraformaldehyde ICN Biomedicals 150146 

PBS tablets Biomatik A3602 

Poly-L lysine coated slide PatolLab 165014 

Tissue Freezing Medium Leica 14020108926 

Microtome Blades Leica 14035838925 

Sodium Azide Serva 30175.01 

Bovine Serum Albumin Sigma A-9418 

Triton Merck 1.08603.1000 

Tween 20 Sigma S8026684 108 

BIII Tubulin 488 

Conjugated Antibody 

Merck Millipore  ab15708a 

P0 Rabbit Primer Antibody Affinity DF6555 

NFH Mouse Primer 

Antibody 

Abcam ab7795 

S100 Rabbit Primer 

Antibody 

Abcam ab34686 

BNG Conjugated Antibody Invitrogen B13423 

Seconder Antibody Goat 

Anti Rabbit 568 

Thermo Fisher A11011 

Seconder Antibody Goat 

Anti Mouse 488 

Thermo Fisher A21042 

Hydrophobic PAP Pen PatoLab PEN-01 
 

 

3.1. Animals 

 
Ethical approval was obtained for this study with the decision of Van Yüzüncü Yıl 

University Animal Experiments Local Ethics Committee, dated 25.02.2021 and numbered 

2021/02-11. Animal handling and surgical procedures were carried out in ‘‘accordance” with 

the approved guideline of this commission. Animal material in the study was obtained from 

Yüzüncü Yıl University Experimental Medicine Application and Research Center. All 

experiments were performed using male BALB/c mice (6–8 weeks old, 20–25 g) housed in 

colony cages with free access to food and water and maintained in a standard environment 
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including a 12 h light/dark cycle, constant room temperature (24 ± 2 °C) and humidity (40–60 

%). All surgical and therapeutical processes were performed at Van Yüzüncü Yıl University 

Experimental Medicine Application and Research Center.   

56 animals were included in the study. 40 male mice were assigned for the treatment 

and functional tests while 16 mice were used separately to verify the success of the crush injury. 

 

3.2. Groups and Treatment 

 

The mice were randomly divided into four groups: sham, crush, 10-HDA 30 mg/kg 

(HDA 30), and 10-HDA 60 mg/kg (HDA 60). 10-HDA  (purity ≥ 98%) was prepared in saline 

solution 112. Ultrasonication was applied in order to optimize the solubility of 10-HDA113. For 

the treatment of animals one hour after crush injury, the mice were given 0.9% saline or 10 

HDA (30 and 60 mg/kg) orally through flexible gavage daily for four weeks 114.  

 

I. Sham group – no crush injury + saline (n=10) 

II. Crush group – crush injury + saline (n=10) 

III. HDA 30 group - crush injury + 10-HDA 30 mg/kg/p.o. (n=10) 

IV. HDA 60 group - crush injury + 10-HDA 60 mg/kg/p.o. 22 (n=10).  

 

3.3. Surgical Procedure 

 

Surgical procedure and crush injury were performed under general anesthesia (ketamine 

100 mg/kg/xylazine 10 mg/kg) and sterile conditions. The lateral area of the left thigh of the 

mice was shaved, the area was disinfected with 70% alcohol spray, the dissection area was 

cleaned with povidone iodine, and the sciatic nerve was exposed with a surgical intervention 

parallel to the leg axis. Except for the sham group, a crush injury was created with an edentulous 

Castroviejo needle holder 5 mm proximal to the trifurcation point in the sciatic nerves of the 

animals for 30 seconds (approximately 35 Megapascals of pressure) 115, the sciatic nerves of 

the animals in the sham group were exposed, however, the nerve was not operated. The muscle 

incision was sutured with 5/0 vicryl and the skin incision with 5/0 prolene 116. The validity of 

the sciatic crush injury model was confirmed by sensory and motor function tests, 

electromyographic assessment and immunohistochemistry performed.  

 

 

 



19 
 

3.4. Functional Tests 

 
These tests were performed four times during the assay; pre-op (T0) and post-op (T1, 

T2, T3). 

 

3.4.1. Unilateral Thermal Hyperalgesia Test 

 
The sciatic nerve’s sensory function was assessed thanks to the thermal hyperalgesia 

test. For this test, a painful thermal nociception instrument was used, and the heater plate was 

set to 55℃. A single mouse's left leg that is planned to be operated, was placed on the hotplate 

before the operation (T0), and the time from placing the mouse’s leg on the hot plate to lifting, 

shaking, or licking the hind leg was recorded, in seconds, as the reaction time to the painful 

stimulus. In post-crush (T1), the middle (T2), and at the end (T3) of the study, the lesioned foot 

of the mouse was contacted unilaterally to the plate. Animals that responded longer than 10 

seconds prior to surgery were excluded from the study and replaced with a new animal. To 

protect the animals' feet from burning, the subjects were not kept on the hot plate for more than 

30 seconds. The thermal pain value of these animals was recorded as 30 seconds 117. 

 

3.4.2. Sciatic Function Index 

 
Motor function was assessed using the Sciatic function index (SFI), based on a protocol 

described by Inserra and collaborators 118. SFI was calculated by the walking track analysis. 

Pawprints were registered weekly. The print length (PL), corresponding to the distance from 

the heel to the third toe, and the toe spread (TS), corresponding to the distance from the first to 

the fifth toe. Measurements were taken from injured (E, from experimental) as well as uninjured 

(N, from normal) sides. The mouse's right hind leg (Intact-Normal [N]) and left hind leg 

(experimental [E]) were dipped in a wet sponge with black ink, the mice were placed in a dark 

boxed 50 cm X 4 cm walkway, allowed to walk on the white paper covered walkway. PL and 

TS were measured from the footprint of both the normal side and the experimental side. SFI 

was calculated according to the following equation: SFI = 118.9 x [(ETS – NTS)/NTS] – 51.2 

x [(EPL – NPL)/ NPL] – 7.5 117. 
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3.4.3. Horizontal Ladder Rung Walking Test 

 
The ladder rung task was previously applied on rats 119 and thereafter was successfully 

adapted and applied to mice 120. This test is both a sensory and motor function test. The 

horizontal ladder rung walking test (HLRWT) has been used to evaluate walking ability in mice, 

and measure both forelimb and hindlimb placing, stepping, and inter-limb co-ordination 119. We 

aimed to characterize gait impairment of the sciatic crush damage and gait recovery of 10HDA-

treated sciatic nerve using HLRWT. The device consists of two plexiglass walls (70 cm x 16 

cm). The walls were spaced 40 mm apart to allow for passage of a mouse but prevent it from 

turning around. The metal steps are 2 mm in diameter and 40 mm in length. The ladder was 

elevated 11 cm above the ground. The distance between the steps was changed, and an irregular 

step pattern was created. Foot placement, stepping, and walking performances of the animals 

were recorded with a video camera system that shoots from a slightly ventral angle placed and 

fixed on the side of the ladder. A qualitative assessment of experimental hindlimb placement 

was made using the scoring system.  

Ladder task analysis: The following scale was used adapted from Metz 119.  

(0) Total miss. Limb doesn’t touch a rung and causes a fall. Fall disturbs body weight 

support, stepping cycle is interrupted.  

(1) Deep slip. Limb is placed on a rung, then slips off while weight-bearing, causes 

animal to fall. 

(2) Slight slip. Limb is placed on a rung and then slips; however, no fall is observed. 

Animal continues walking.  

(3) Replacement. Limb contacts on a rung, however, is subsequently moved and 

replaced on another rung.  

(4) Correction. The limb aims for one rung, doesn’t touch on it, then replaced on another 

rung. 

(5) Partial placement. The limb is placed on a rung with heel or toes. The limb is fully 

weight-bearing.  

(6) Correct placement. The stepping limb is placed on a rung with all of the palm, digits 

wrapped around the rung. The limb is fully weight bearing  

All video recordings were analyzed frame-by-frame. Each step during a pass down the 

ladder was scored, however, the first two initiation steps and last two final steps were omitted 

when an animal paused. Each step was scored according to the quality of limb placement. The 

average step score was calculated by dividing the total points obtained by the animals from each 

step after 1 round by the number of steps taken for each animal in 1 round, and statistically 
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compared between the groups. The day before the test, the animals were allowed to walk for 

two minutes on the steps of the stairs to familiarize themselves with the test apparatus. Tests 

were carried out  before the operation (T0) and during treatment (T1, T2 and T3) 119. 

 

3.4.4. Rotarod 

 

For motor coordination analysis, we used the rotarod test device (Ugo Basile, Comerio 

VA, Italy). One day before the test, the mice were accustomed to the test at 5 rpm. The next 

day, the device was worked with a module that would reach acceleration from 4 rpm to 40 rpm 

in 5 minutes. Tests were carried out before the operation (T0) and during treatment (T1, T2, 

and T3). The time until the first falls of the animals was taken into account. Animals were not 

kept on the mile for more than 300 seconds121. 

 

3.5. EMG 

 

This test was performed under general anesthesia, at 37℃ body temperature, and in an 

environment isolated from environmental electromagnetic waves (in a Faraday cage) with an 

EMG device (Nihon Kohden, Japan). Motor nerve conduction examination is a key method for 

assessing motor axon regeneration and muscle innervation. Motor nerve conduction velocity 

(MNCV) is used to reliably determine the speed at which the impulse generated in large, 

myelinated nerve fibers transmit the signal via axons to the distal nerves and muscles. 

In this study, stimulations and recordings were performed in the experimental standing. 

Proximal stimulus (PS) was applied on level of supramaximal to the sciatic notch, 5 mm 

proximal to the injury site with two silver electrodes, and response was received from the lateral 

plantar muscles. The distal stimulus was given from the elbow (ankle), and the response was 

again received from the lateral plantar muscles. Compound muscle action potential (CMAP) 

values were measured from the center of the gastrocnemius muscle. Proximal and distal latency 

values were measured from the lateral plantar muscles. The distance (millimeters) between the 

stimulus points (sciatic notch and ankle) was divided by the latency difference (proximal and 

distal) and motor nerve conduction velocity (MNCV) (meters/second) was calculated. 

Damage/repair/functional recovery level was evaluated 117. The gold standard tests for 

evaluating peripheral nerve repair and functional recovery in the extremities are 

electromyography and nerve conduction studies 6.  
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3.6. Immunohistochemistry 

        

  In order to understand the microstructural changes of the crushed sciatic nerve; 

immunohistochemical staining, imaging, and analysis were carried out.  

 

3.6.1. Tissue Section's Preparation 

  

 Sciatic nerves and Gastrocnemius muscles were freshly dissected, embedded, and 

frozen at -20oC. Sections fixed in cold 4% paraformaldehyde. Then, they were kept in 30% 

sucrose solution prepared in phosphate buffer solution (PBS) for 24 hours. With the Cryostat-

Frozen device, 10 µm longitudinal sections from sciatic nerve tissue and 18 µm longitudinal 

sections from soleus muscle were taken on poly-L lysine-coated slides. The slides were treated 

with block solution (0.1% Triton-X, 3% bovine serum albumin, 0.1% sodium azide in PBS) for 

30 minutes 122. 

 

3.6.2. Immunofluorescence Staining 

 

Primary antibodies used: Anti-tubulin beta III antibody (1/100, 488 conjugated, 

Millipore-ab15708a), monoclonal mouse anti-neurofilament heavy polypeptide antibody 

(1/100, 488, Abcam-ab7795), polyclonal rabbit anti-myelin protein P0 antibody (1/25, 568, 

Affinity- DF6555), α- bungarotoxin (1/25, 594 conjugated, Invitrogen-b13423), polyclonal 

rabbit anti-s100 antibody (1/100, 568, Abcam-ab34686).  

 Secondary antibodies used: Alexa fluor 568 - 1/100 goat anti-rabbit IgG (1/100, 

Thermo Fisher A-11011), Alexa fluor 488 - goat anti-mouse IgG (1/100, Thermo Fisher A-

21042).  

The nerve section’s slides were incubated with primary antibodies (anti-neurofilament-

200 antibody, anti-βIII-tubulin antibody, anti-S100 antibody, anti-myelin protein P0 antibody, 

α- bungarotoxin) in 0,1% Tween 20, 0,1% sodium azide and 3% bovine serum albumin for 1 h 

at  +4 ℃ for 1 night in a humid environment 122. After washing, the slides were incubated with 

secondary antibodies (goat anti-rabbit 568, goat anti-mouse 488) in 0,1% Tween 20, 0,1% 

sodium azide and 3% bovine serum albumin for one h at +4 ℃ 123. The muscle section’s slides 

were incubated with Alexa Fluor 594 conjugated bungarotoxin.   

To view the changes in axon integrity, neurofilament (NFH) antibody 124 and βIII-
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tubulin antibody (βIII) 125; to view changes in myelin structure, myelin protein zero (P0) 

antibody 126; to detect changes in acetylcholine receptor of the motor endplate at the 

neuromuscular junction, α-bungarotoxin antibody (BNG) 44; and to assess the numerical 

intensity and activation of Schwann cells, the S100 antibody 122 was used. 

 

3.7. Laser Scanning Confocal Microscopic Imaging and Analysis 

 

After washing three times with PBS, immunohistochemically stained preparations were 

visualized under a laser scanning confocal microscope (LSM 510 META-Zeiss). Images were 

captured using an Axioscobe camera and recorded in the appropriate multitrack processing 

mode to show multiple fluorescent radiations simultaneously.  

 

3.7.1. Wavelengths and Lasers 

 

Argon (488 nm) and helium-neon (543 nm) lasers were used for imaging. 

 

3.7.2. Software 

 

Fluorescent images taken with a laser scanning confocal microscope and LSM 3.0 117  

software were analyzed and compared with the ImageJ program. ImageJ is a pixel quantity-

based program which is been used widespread in the immunohistochemistry field 127. The 

Axiovision software was used to process images.  

 

3.8. Statistical Analysis 

 

R Studio program was used for statistical calculations and analysis. Descriptive statistics 

for the following features; Expressed as Median, Standard Deviation, Minimum and Maximum 

values. The distribution of the samples and the homogeneity of the variances were controlled. 

The presence of the outliers has shown that non-parametric tests should have been applied for 

these statistical analyses. The Kruskal-Wallis analysis was used to compare groups. Afterwards 

Mann-Whitney U test was applied to compare the difference between two groups for each week 

(Sham-Crush, Crush-HDA 30, Crush-HDA 60 and HDA30-HDA60 groups). The time 

dependent repeated measure comparison for one group was calculated with Friedman test. 

Afterwards, Wilcoxon test was applied to compare the difference between 2 weeks for each 

group (T0-T1, T1-T2, T2-T3, T0-T3). The results obtained in the study were summarized using 
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the median±standard deviation as descriptive statistics, and the statistical significance level is 

indicated according to their p values: p<0,001=*** or ###, p<0,01=** or ## and p<0,05=* or 

#. 
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4. RESULTS 
 

4.1. The Effect Of 10-HDA on Thermal Hyperalgesia in Hot-Plate Test in Mice 

  

The thermal hyperalgesia test was performed four times, 1 pre-op and 3 post-op. T0: 1st 

day, T1: 6th day, T2: 18th day and T3: 30th day. The results of the four assays are shown in Table 

4.1., Figure 4.1. and Figure 4.2. 

 

Table 4.1. The statistical comparison of thermal hyperalgesia median latency values (seconds) 

and standard deviations per group for each week.  

  

  

T0 T1 T2 T3 

Median St. Dev. Median St. Dev. Median St. Dev. Median St. Dev. 

SHAM 6,32  0,75  7,58  2,53 6,83  3,34 5,40  2,69 

CRUSH 7,25 1,73 29,58  0,89 24,88  5,94 13,31  8,38 

HDA 30 6,53 1,22 25,91  5,07 14,31  4,93 8,90  3,06 

HDA 60 5,55 1,83 25,50  6,96 15,86  5,50 10,40  3,59 

 

 

Figure 4.1. Graphical view of the comparison of thermal hyperalgesia latency medians values 

between groups for each week. The statistical significance level is indicated according to their 

p values: p<0,001=*** or ###, p<0,01=** or ## and p<0,05=* or #. 

 

Before crush injury (T0), the findings did not show statistically significant difference 

between the groups. The results after crush injury (T1) indicated that the latencies of sham and 
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crush groups had a statistically significant difference (p<0,001) (Table 4.1., Figure 4.1).  

The T2 findings revealed that the latency of sham and crush groups were statistically 

significantly different from each other (p<0,001). Sham and HDA 30 groups had a statistically 

significant difference (p< 0,01). HDA 30 and HDA 60 groups had no statistically significantly 

difference between each other (Table 4.1., Figure 4.1).  

The T3 findings showed that the crush group had the longest latency. The latency of the 

crush group was significantly longer than the sham group (p<0.01). The latency of crush and 

HDA 30 group had a statistically significant difference (p<0,05). There was no statistically 

significant difference between HDA 30 and HDA 60 groups (Table 4.1., Figure 4.1).  

 

 

 

Figure 4.2. Graphical view of the comparison of thermal hyperalgesia latency medians values 

between weeks for each group. The statistical significance level is indicated according to their 

p values: p<0,001=*** or ###, p<0,01=** or ## and p<0,05=* or #. 

 

Sham group had no statistically significant difference between tests during the 

experiment. For the crush group, there was a statistically significant difference between T0 and 

T1 (p<0,001). T1 and T2 tests had no statistically significant difference. The thermal 

hyperalgesia latency of T2 and T3 tests had a statistically significant difference (p<0,05). There 

was no statistically significant difference between T0 and T3 tests. HDA 30 group had a 

statistically significant difference between T0 and T1 tests (p<0,01). There was also a 
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statistically significant difference between T1 and T2 tests (p<0,05). T2 and T3 tests had no 

statistically significant difference. There was also no statistically significant difference between 

T0 and T3 tests. HDA 60 groups latency showed a statistically significant difference between 

T0 and T1 tests p<0,01). There was no statistically significant difference between T1-T2 or T2-

T3 or T0-T3 trials (Figure 4.2.).  

 

4.2. The Effect of 10-HDA on Sciatic Functional Index  

 

The results of the sciatic functional index were calculated with walking track analysis 

performed in T0, T1, T2, and T3. T0: 1st day, T1: 6th day, T2: 18th day and T3: 30th day. Median 

values for the SFI are shown in Table 4.1., Figure 4.1.  

 

Table 4.2. The statistical comparison of sciatic function index median values for each week.  

  
T0 T1 T2 T3 

Median St.Dev Median St.Dev Median St.Dev Median St.Dev 

SHAM -9,49 3,41  -26,05  9,08 -27,01  10,61 -15,12  7,22 

CRUSH -11,92 2,96  -73,24  11,92 -60,21  14,73 -35,55  11,15 

HDA 30 -11,64 2,98  -55,65  20,52 -36,87  21,41 -15,58  12,35 

HDA 60 -11,77 3,15  -47,08  23,62 -41,37  20,98 -24,01  19,69 

 

 

 

Figure 4.3. Graphical view of the comparison of sciatic function index median values between 

groups for each week. The statistical significance level is indicated according to their p values: 
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p<0,001=*** or ###, p<0,01=** or ## and p<0,05=* or #. 

 

There was no significant difference between the groups at T0 (Table 4.2., Figure 4.3).  

The results at T1 indicated that the SFI values of the sham and crush group had a 

statistically significant difference (p<0,001), and the SFI value of the crush group was 

significantly worse in comparison with HDA 30 group (p<0.05), HDA 60 group had 

significantly better performance than the crush group (p<0.01). HDA 60 group had a 

scientifically significant higher SFI in comparison with HDA 30 group (p<0,05) (Table 4.2., 

Figure 4.3). 

The results at T2 revealed that the sham group has a significantly better SFI value than 

the crush group (p<0.01). There was no statistically significant difference among the Crush, 

HDA 30, and HDA 60 groups. HDA 30 group had a scientifically significant higher SFI than 

crush group (p<0,05), however, there was no statistically significant difference between the 

HDA 30 and HDA 60 groups (Table 4.2., Figure 4.3).  

The findings at T3 revealed that the SFI performance of the sham group and the HDA 

30 group were significantly better than the crush group (p<0.01). HDA 30 group had a 

statistically significant higher SFI than HDA 60 group (p<0,05). The HDA 60 group had a 

statistically significant higher SFI level than crush group (p<0,05) (Table 4.2., Figure 4.3).  

 

 

 

Figure 4.4. Graphical view of the comparison of sciatic function index median values between 

weeks for each group. The statistical significance level is indicated according to their p values: 



29 
 

p<0,001=*** or ###, p<0,01=** or ## and p<0,05=*, # or +. 

 

Sham group had a statistically significant difference between T0 and T1 tests (p<0,05). 

Also, T3 tests showed scientifically significant better SFI level than T2 (p<0,05). The crush 

groups T0 data had a scientifically significant higher SFI level in comparison with T1 

(p<0,001). T2 data showed a scientifically significant higher SFI level in comparison with T1 

(p<0,05) and T3 data showed a scientifically significant higher SFI level in comparison with 

T2 (p<0,05). T0 data had a scientifically significant higher SFI level in comparison with T3 

(p<0,01) (Figure 4.4.). 

HDA 30 group’s T0 data showed scientifically significant better SFI level than T1 

(p<0,01), T2 data showed scientifically significant better SFI level than T1 (p<0,05) and T3 

showed scientifically significant better SFI level than T2 (p<0,05). There was no scientifically 

significant difference between T0 and T3 tests (Figure 4.4.).  

HDA 60 group’s T0 data showed scientifically significant better SFI level than T1 

(p<0,01), T2 data showed scientifically significant better SFI level than T1 (p<0,05) and T3 

showed scientifically significant better SFI level than T2 (p<0,05). T0 data showed 

scientifically significant better SFI level than T3 (p<0,05) (Figure 4.4.). 

 

 

4.3. The Effect of 10-HDA on Horizontal Ladder Rung Walking Test 

 

The horizontal ladder rung walking test (HLRWT) was performed in T0, T1, T2, and 

T3. T0: 1st day, T1: 6th day, T2: 18th day and T3: 30th day. Median scores for the HLRWT are 

shown in Table 4.3. and Figure 4.3.  

 

Table 4.3. The statistical comparison of HLRWT median values for each week.  

  T0 T1 T2 T3 

  Median St.Dev Median St.Dev Median St.Dev Median St.Dev 

SHAM 5,80 0,16 5,77  0,31 5,92  0,18 5,66 0,35 

CRUSH 5,79 0,22 2,85  1,10 5,46  0,66 5,69 0,23 

HDA 

30 
5,76 0,33 3,24  0,89 5,66  0,53 6 0,24 

HDA 

60 
5,93 0,31 2,82  1,17 5,67  0,39 6 0,33 
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Figure 4.5. Graphical view of the comparison of HLRWT median values between groups for 

each week. The statistical significance level is indicated according to their p values: 

p<0,001=*** or ###, p<0,01=** or ## and p<0,05=* or #. 

 

The results at T0 indicated no statistically significant difference between the groups 

(Table 4.3., Figure 4.5).  

The results at T1 indicated that the crush group had significantly weaker walking 

functions than the sham group (p<0.01). There was no statistically significant difference 

between the crush, HDA 30, and HDA 60 groups (Table 4.3., Figure 4.5).   

The results at T2 showed a significantly worse walking performance in the crush group 

compared to the sham group (p0,01). The HDA 30 group had a statistically significant higher 

walking function than crush group (p<0,05). There was no statistically significant difference 

between the HDA 30 and the HDA 60 groups (Table 4.3., Figure 4.5).  

The results at T3 indicated no statistically significant difference between the groups 

(Table 4.3., Figure 4.5).  
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Figure 4.6. Graphical view of the comparison of HLRWT median values between weeks for 

each group. The statistical significance level is indicated according to their p values: 

p<0,001=*** or ###, p<0,01=** or ## and p<0,05=* or #. 

 

Sham group didn’t have statistically significant difference between any tests. Crush 

group’s T0 test showed scientifically significant higher HLRWT level than T1 (p<0,05). T2 

and T3 tests showed scientifically significant higher HLRWT level than T1 (p<0,05). HDA 30 

group’s T0 test showed scientifically significant higher HLRWT level than T1 (p<0,05). T2 

and T3 tests showed scientifically significant higher HLRWT level than T1 (p<0,05). HDA 60  

group’s T0 test showed scientifically significant higher HLRWT level than T1 (p<0,05). T2 

and T3 tests showed scientifically significant higher HLRWT level than T1 (p<0,05) (Table 

4.3., Figure 4.6). 

 

4.4. The Effect of 10-HDA on Rotarod Staying Time in Sciatic Nerve Crush Injury Model  

 

Rotarod testing was carried out at T0, T1, T2, and T3. T0: 1st day, T1: 6th day, T2: 18th 

day and T3: 30th day. Motor performance was considered the latency to fall off the rotarod 

apparatus determined from the meantime in three trials for each mouse. For each test, the 

latencies of falling off the rotarod were recorded. The latencies to fall off the rotarod are shown 

in Table 4.4 and Figure 4.4. 
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Table 4.4. The statistical comparison of rotarod staying time median values (seconds) for each 

week.  

  
T0 T1 T2 T3 

Median St.Dev Median St.Dev Median St.Dev Median St.Dev 

SHAM 71,67 15,20 75,33  20,83 66,33  20,74 57,67  22,95 

CRUSH 76,33 14,47 41,67  25,35 31,33  9,30 36  5,47 

HDA 30 76 10,32 45,50  21,05 47,17  17,20 56,67  29,46 

HDA 60 80 10,01 47,67  23,54 53,67  25,76 63  24,67 

 

 

 

 

 

 

Figure 4.7. The graphical view compares median rotarod values (seconds) between groups for 

each week. The statistical significance level is indicated according to their p values: 

p<0,001=*** or ###, p<0,01=** or ## and p<0,05=* or #. 

 

At T0, Rotarod findings indicated no statistically significant difference between the 

groups (Table 4.4., Figure 4.7).  

The findings at T1 stated that the motor performance of the sham group had a 

scientifically significant higher level than crush group (p<0,01). Crush, HDA 30, and HDA 60 
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groups had no statistically significant between each other (Table 4.4., Figure 4.7).  

The findings at T2 revealed that the motor function of the sham group was scientifically 

significantly higher than the crush group (p<0.01). HDA 30 group had a scientifically 

significantly higher level than crush group (p<0,01). There was no statistically significant 

difference between HDA 30, and HDA 60 groups (Table 4.4., Figure 4.7).   

The results at T3 had similar results to T2. The findings at T2 revealed that the motor 

function of the sham group was scientifically significantly higher than the crush group (p<0.01). 

HDA 30 group had a scientifically significantly higher level than crush group (p<0,01). There 

was no statistically significant difference between HDA 30, and HDA 60 groups (Table 4.4., 

Figure 4.7).   

 

 

 

 

Figure 4.8. The graphical view compares median rotarod values (seconds) between weeks for 

each group. The statistical significance level is indicated according to their p values: 

p<0,001=*** or ###, p<0,01=** or ## and p<0,05=* or #. 

 

Sham group didn’t have statistically significant difference between any tests. Crush 

group’s T0 test showed scientifically significant higher rotarod latency level than T1 (p<0,01).  

T1 showed scientifically significant higher rotarod latency level than T2 (p<0,01). T3 showed 

scientifically significant higher rotarod latency level than T2 (p<0,05). T0 showed scientifically 

significant higher rotarod latency level than T3 (p<0,01) (Table 4.4., Figure 4.8). 

HDA 30 group’s T0 test showed scientifically significant higher rotarod latency level 

than T1 (p<0,05). T1, T2 and T3 groups didn’t have any scientifically significant difference 
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between each other (Table 4.4., Figure 4.8). 

HDA 60 group’s T0 test showed scientifically significant higher rotarod latency level 

than T1 (p<0,05). T1, T2 and T3 groups didn’t have any scientifically significant difference 

between each other (Table 4.4., Figure 4.8). 

 

4.5. The Effect of 10-HDA on Functional Recovery of Crushed Sciatic Nerve Using 

Electromyography Tests 

 

EMG tests were performed at the end of the study. Onset Latency, Compound Muscle 

Action Potential (CMAP), and Motor Nerve Conduction Velocity (MNCV) parameters were 

evaluated. Electromyographic findings have been shown in Table 4.5 and Figure 4.9.  

  

Table 4.5. The statistical comparison of median EMG values (Latency, CMAP, and MNCV) 

and standard deviations per group.  

  Latency (ms) CMAP (mV) MNCV (m/s) 

  Median Std. Dev. Median Std. Dev. Median Std. Dev. 

SHAM 1,88  0,30 47,77 14,73 35,37  8,81 

CRUSH 3,54  0,62 36,94 9,28 17,26  3,54 

HDA 30 2,96  0,71 43,53 14,30 22,65  7,48 

HDA 60 2,93  0,48 38,74 7,67 25,17  9,25 
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Figure 4.9. Graphical view of the comparison of average latency (millisecond) between groups. 

The statistical significance level is indicated according to their p values: p<0,001=*** or ###, 

p<0,01=** or ## and p<0,05=* or #. 

 

The latency measurement results revealed that sham group had a scientifically 

significant faster latency than crush group (p<0,001). Crush group had a scientifically 

significant slower latency than HDA 30 group (p<0,05). Crush group had a scientifically 

significant slower latency than HDA 60 group (p<0,05). HDA 30 and HDA 60 groups had no 

scientifically significant between each other (Table 4.5., Figure 4.9). 
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Figure 4.10. The graphical view compares CMAP amplitude values (millivolts) between 

groups. The statistical significance level is indicated according to their p values: p<0,001=*** 

or ###, p<0,01=** or ## and p<0,05=* or #. 

 

The CMAP amplitude reflects the number of functional axons. In this study, we 

evaluated the effect of 10 HDA on the CMAP performance in the sciatic nerve injury model. 

The peak-to-peak amplitude for the CMAP response was determined.  

The CMAP results indicated no statistically significant difference between the Sham, 

Crush, HDA 30, and HDA 60 groups (Table 4.5., Figure 4.10.).  
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Figure 4.11. The graphical view compares MNCV values (meter/seconds) between groups. The 

statistical significance level is indicated according to their p values: p<0,001=*** or ###, 

p<0,01=** or ## and p<0,05=* or #. 

 

The MNCV is determined by the degree of myelination. MNCV was calculated by 

dividing the distance between the stimulating and recording electrode by subtracting the distal 

latency from the proximal latency.   

The MNCV results showed that the nerve conduction speed of the sham group was 

scientifically significantly higher than the crush group (p<0.001). The HDA 60 group was 

scientifically significantly higher than the crush group (p<0,05). HDA 30 and HDA 60 groups 

didn’t have a scientifically significant difference between each other (Table 4.5., Figure 4.11). 

 

4.6. Morphological Evaluation of Regenerative Effect of 10-HDA on Crushed Sciatic 

Nerve Using Immunohistochemistry and Immunofluorescence  

 

Immunocytochemical method-stained sciatic nerve and gastrocnemius muscle sections 

were examined using a confocal laser scanning microscope. Pixel intensities of the images were 

quantified with the Image J program. It was assessed five proteins total to study axonal and 



38 
 

neuromuscular junction constituents. These proteins consist of Neurofilament Heavy Chain 200 

(NFH), Beta-III Tubulin (B-III), Schwann protein S100, Myelin Protein 0 (P0), and the 

Acetylcholine receptor (stained with α-Bungarotoxin - BNG). The NFH, B-III, S100, and P0 

proteins were stained on the sciatic nerve. The BNG and NFH were stained on the 

Gastrocnemius muscle. The NFH staining was named NFH-M (Muscle) and NFH-N (Nerve).  

The median pixel values of all the immunostaining images (P0, BIII, BNG, NFH-M, 

NFH-N, and S100) are shown in Table 4.6, and Figure 4.12-4.17. The microscopy images of 

all immunostainings are shown in Figure 4.18-20. 

 

Table 4.6. The statistical comparison of median pixel values and standard deviations per group.  

 

 

 P0 BIII BNG NFH-M NFH-N S100 

  Median 
St. 

Dev. 
Median 

St. 

Dev. 
Median 

St. 

Dev. 
Median 

St. 

Dev. 
Median 

St. 

Dev. 
Median 

St. 

Dev. 

SHAM 23,74  3,19 54,83  3,12 14,87 0,57 14,35 1,11 59,99 1,37 63,11 6,49 

CRUSH 9,73  1,3 27,9 0,62 9,55  1,53 6,86 1,2 36,77  7,96 13,84  1,76 

HDA 30 23,63  2,04 39,6  3,32 12,7  2,43 14,56 2,13 61,21  14,63 31,19 4,44 

HDA 60 25,06  1,46 29,32  3,49 14,31 0,58 11,94  1,15 40,6  1,24 75,96  1,58 
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Figure 4.12. Graphical view of the comparison of the median pixel intensity of P0 between 

groups. The statistical significance level is indicated according to their p values: p<0,001=*** 

or ###, p<0,01=** or ## and p<0,05=* or #. 

 

Myelin protein zero (P0) is an integral membrane glycoprotein and a major peripheral 

nervous system myelin structural component.  

P0's pixel intensity of sham group was significantly higher than the crush group 

(p=0,001). HDA 30 group had a statistically significant higher P0 pixel intensity in comparison 

with crush group (p<0,001). HDA 60 group had a statistically significant higher P0 pixel 

intensity in comparison with crush group (p<0,001). HDA 30 and HDA 60 groups didn’t have 

a statistically significant difference between each other (Table 4.6, Figure 4.12, and Figure 

4.18).  
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Figure 4.13. The graphical view compares the median pixel intensity of the BIII between 

groups. The statistical significance level is indicated according to their p values: p<0,001=*** 

or ###, p<0,01=** or ## and p<0,05=* or #. 

 

The pixel intensity of the BIII tubulin, an axon marker in the sciatic nerve, was 

significantly higher in the sham group in comparison with the crush group (p=0.001). The pixel 

intensity of the BIII tubulin in the HDA 30 group was scientifically significantly higher than 

crush group (p=0.01). The pixel intensity of the BIII tubulin in the HDA 60 group was 

scientifically significantly higher than crush group (p<0,05). The pixel intensity of the BIII 

tubulin in the HDA 30 group was scientifically significantly higher than HDA 60 group 

(p<0,01) (Table 4.6, Figure 4.13, and Figure 4.18).  
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Figure 4.14. Graphical view of the comparison of median pixel intensities of the BNG between 

groups. The statistical significance level is indicated according to their p values: p<0,001=*** 

or ###, p<0,01=** or ## and p<0,05=* or #. 

 

The α-Bungarotoxin (BNG) biomarker, which binds to the Acetylcholine receptors and 

stains them, indicates neuromuscular junction. The pixel intensity of BNG, which binds to a 

NAR in the neuromuscular junction, was scientifically significantly higher in the sham group 

in comparison with the crush group (p<0,001). The pixel intensity of BNG was scientifically 

significantly higher in the HDA 30 group in comparison with the crush group (p<0,001). The 

pixel intensity of BNG was scientifically significantly higher in the HDA 60 group in 

comparison with the crush group (p<0,001). The pixel intensity of BNG was scientifically 

significantly higher in the HDA 60 group in comparison with the HDA 30 group (p<0,01)  

(Table 4.6, Figure 4.14, and Figure 4.20).  
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.  

 

 

Figure 4.15. Graphical view of the comparison of NFH-M median pixel intensities in muscle 

specimens. The statistical significance level is indicated according to their p values: 

p<0,001=*** or ###, p<0,01=** or ## and p<0,05=* or #. 

 

NFH-M in an axon elongates into the gastrocnemius muscle. The pixel intensity of 

NFH-M was scientifically significantly higher in the sham group in comparison with the crush 

group (p<0,001). The pixel intensity of NFH-M was scientifically significantly higher in the 

HDA 30 group in comparison with the crush group (p<0,001). The pixel intensity of NFH-M 

was scientifically significantly higher in the HDA 60 group in comparison with the crush group 

(p<0,001). The pixel intensity of NFH-M was scientifically significantly higher in the HDA 30 

group in comparison with the HDA 60 group (p<0,001). (Table 4.6, Figure 4.15, and Figure 

4.20).   
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Figure 4.16. Graphical view of the comparison of the nerve NFH median pixel intensities 

between groups. The statistical significance level is indicated according to their p values: 

p<0,001=*** or ###, p<0,01=** or ## and p<0,05=* or #. 

 

The pixel intensity of the sciatic nerve section's neurofilament exhibited similarity with 

NFH-M. The pixel intensity of NFH-N was scientifically significantly higher in the sham group 

in comparison with the crush group (p<0,001). The pixel intensity of NFH-N was scientifically 

significantly higher in the HDA 30 group in comparison with the crush group (p<0,001). The 

pixel intensity of NFH-N was scientifically equal between HDA 60 and crush groups. The pixel 

intensity of NFH-N was scientifically significantly higher in the HDA 30 group in comparison 

with the HDA 60 group (p<0,001) (Table 4.6, Figure 4.16, and Figure 4.19).   
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Figure 4.17. Graphical view of the comparison of the S100 median pixel intensities between 

groups. The statistical significance level is indicated according to their p values: p<0,001=*** 

or ###, p<0,01=** or ## and p<0,05=* or #. 

 

The pixel intensity of S100 was scientifically significantly higher in the sham group in 

comparison with the crush group (p<0,001). The pixel intensity of S100 was scientifically 

significantly higher in the HDA 30 group in comparison with the crush group (p<0,001). The 

pixel intensity of S100 was scientifically significantly higher in the HDA 60 group in 

comparison with the crush group (p<0,001). The pixel intensity of S100 was scientifically 

significantly higher in the HDA 60 group in comparison with the HDA 30 group (p<0,001). 

(Table 4.6, Figure 4.17, and Figure 4.19).  
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Figure 4.18. Images of immunofluorescence comparison for four groups, sciatic nerve tissue.  

1: Sham group, 2: Crush group, 3: HDA 30 treatment group, 4: HDA 60 30 treatment group.  

A: BIII, B: P0, C: Double Staining with BIII and P0. Scalebar 50 μm. 
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Figure 4.19. Images of immunofluorescence comparison for four groups, sciatic nerve tissue.  

1: Sham group, 2: Crush group, 3: HDA 30 treatment group, 4: HDA 60 30 treatment group.  

A: NFH, B: S100, C: Double Staining with NFH and S100. Scalebar 50 μm. 
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Figure 4.20. Images of immunofluorescence comparison for four groups, Gastrocnemius 

muscle tissue.  

1: Sham group, 2: Crush group, 3: HDA 30 treatment group, 4: HDA 60 30 treatment group.  

A: NFH, B: BNG, C: Double Staining with NFH and BNG. Scalebar 50 μm. 
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Figure 4.21. Images of immunofluorescence comparison for four groups, Gastrocnemius 

muscle tissue. Arrows pointing the NAR clusters which have been cropped and magnified. 

1: Sham group, 2: Crush group, 3: HDA 30 treatment group, 4: HDA 60 30 treatment group.  

C: Double Staining of NFH and BNG, D: Cropped images from Figure C, the NAR’s. Scalebar 

C: 50 μm, D: 10 μm. 
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5. DISCUSSION AND CONCLUSION 

 

This study aimed to enlighten the regenerative effects of 10-HDA on the sciatic nerve 

for the first time. The functional tests were proceeded during 30 days of an experimental period.  

The electromyographic and histometric tests were carried out at the end of the experimental 

study. The axonal regeneration, myelin sheath repair, reinnervation, and sensory and motor 

functions were evaluated to see whether the results would support each other. Almost all results 

were complementary and supportive of each other. The reinnervation studies were also 

satisfactory. 

Mouse sciatic nerve crush injury model is one of the most common experimental models 

used in the field of regenerative research 128. The sciatic nerve injury model is commonly being 

used to enlighten the mechanism of PNI, a common health problem in clinics worldwide 1,129. 

Mice were used in this study. Rodents are well-known and used in the nerve regeneration 

studies due to their highly regenerative capabilities, the ease of their availabilities, the low care 

and maintenance costs, their tolerance to captivity, and higher resistance to post-surgical 

infections; yet the advantages and disadvantages between each other (mainly mice and rat) are 

still being discussed 130. Several studies/reviews compare these properties and indicate that both 

rats and mice have similar functional recovery 131, rats have better-regenerating patterns 132, and 

mice recover faster than rats 131. We have chosen mice because of their handling ease and highly 

regenerative capacities. The outstanding reasons why sciatic nerve was chosen to be examined 

were its; surgery facilitating tissue magnitude, accessible anatomical positioning, and the 

comparative convenience inflicted by the massive amount of previous pre-clinical data 

properties 129. The nerve crush injury is frequently used among other injury methods such as 

transverse injury, clamp injury, keep epineurium injury, and chemical injury models 133. We 

have chosen crush injury because of the less post-operative process, reproducibility, and highly 

precisive properties.  

We decided to use a sham group because we aimed to eliminate the effect of the muscle 

incision injury that might had inferred with our functional and electrophysiological tests. 

 

5.1. The Efficacy of the Sciatic Nerve Crush Injury in a Mouse Animal Model  

 

 
The functional tests (Thermal hyperalgesia, SFI, HLRWT, and rotarod tests) performed 

on day 5 (T1) following injury revealed a statistically significant difference between the sham 
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and crush groups. This data has confirmed the efficacy of the sciatic nerve crush injury in a 

mouse model.  

Besides, all of the functional test results of T0 tests revealed that the mice had no 

individual functional difference between each other as there was no statistically significant 

difference among any groups. 

 

5.2. The Evaluation of the Efficacy of 10-HDA Through the Functional Tests, 

Electrophysiological Tests and IHC 

 

Before all, this study has shown that the data from all tests complement each other. All 

the functional tests were made by the same person in this study to prevent any individual 

deviations. Besides, these are the first functional test results proving the efficacy of 10-HDA 

treatment according to the literature review. 

The thermal hyperalgesia test is a test to evaluate the sensory functions of the sciatic nerve 

117. So many studies have reported the increased thermal hyperalgesia withdrawal latency 

following the sciatic nerve crush injury 134. The hyperalgesia arising from the heat causes an 

evasion reflex in the mice, which can be observed clearly by the naked eye due to the pain 

(nociceptive) withdrawal reflex.  The thermal pain withdrawal reflex arc consists of a sensory 

receptor (nociceptor), sensory neuron, interneuron, motor neuron, and effector (muscle) organ. 

The thermal hyperalgesia T1 results indicate that the mice's sciatic nerve degenerates 

drastically.  The sensory part of the sciatic nerve was unable to function after the injury.  

The findings of thermal hyperalgesia obtained at T2 showed that the 10-HDA treatment 

is effective on the 17th day following the injury for both HDA 30 and HDA 60 groups at the 

same level. This result indicated that the regenerative effect on peripheral nerves of 10 HDA is 

exceptionally rapid. The results of T3 tests proved that 30 and 60 mg/kg doses of 10-HDA is 

also effective at 29th day following the injury, however the significance between HDA 30 and 

crush group decreased in comparison with T2 trials. This indicates that the intrinsic regeneration 

mechanisms which are independent from the pharmacological intervention healed the crush 

group, but it still wasn’t faster than the 30 mg/kg does of 10-HDA treatment. The between 

weeks comparison showed that HDA 60 group had no significant difference between post 

operative weeks, while HDA 30 group rapidly healed their sensory functions starting from the 

17th day of the treatment. 

The quantitative method of analyzing hind limbs performance by examining footprints, 

known as the sciatic function index (SFI), is widely used to quantify functional recovery from 
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sciatic nerve injury in several different injury models 114,115. The crush injury on the sciatic 

nerve affects all the surrounding muscles, creating a disfunction in the walking properties and 

the foot shape 135. The shrinkage, which results from contracture or atrophy on the feet, is 

evident in these results, just like in some other studies 135.  There are so many studies claiming 

the functional tests are not up to date or do not reflect the actual progress of the regeneration 

due to a few reasons like the reciprocal compensation mechanisms, the so-called subjective 

operating differences, auto mutilation, or technical problems like the smearing of the ink for 

the SFI test 136,137. 

According to our results, both 30 and 60 mg/kg doses of 10 HDA gradually healed the 

kinesthetic properties of the injured mice within the assays. Interestingly, while the T1 tests 

revealed that 60 mg/kg was the effective dose, the T2 and T3 tests resulted in a better 

regenerative effect of the 30 mg/kg of dose. Especially T3 tests showed that HDA 30 group had 

no significant difference from the sham group, which means full recovery on sciatic function 

index was succeeded. The efficacy of the 60 mg/kg dose for the early recovery might be due to 

the rapid healing effect of 10-HDA138 on muscle atrophy caused by crush-induced denervation 

139. The SFI T3 test results indicate that the healing effect of 30 mg/kg of 10-HDA on the SFI 

is higher than the 60 mg/kg 10-HDA treatment. Consequently, 30 mg/kg of 10-HDA would be 

the best therapeutical strategy for improving sciatic functions.  

The related criticism was made for HLRWT too. Especially the observing problems since 

the movement details are so unremarkable to be seen by eye, “cross limb transferring” or motor 

learning of the rungs has been discussed for a while 140. The critical and specific grading scale 

(7 in total) is a susceptible method to calculate the full score. Also, motor learning of the rung’s 

location is a very reasonable point; however, the combination of the rungs was changed before 

each assay.  

The results in T2 of the HLRWT revealed the efficacy of 10-HDA at regeneration on the 

17th day following the crush injury. The ladder test helps reveal both the sensory and motor 

functions of the nerve since the mice must sense the ladder rung it is on at the exact moment 

and plan the next step by calculating the possible gap to complete the process of the whole 

ladder. The apparent difference between sham and crush groups results from the motor and 

sensory dysfunctions 141. Many studies also indicate the complementary effects of the SFI test 

and horizontal ladder rung walking test, just like the survey carried out by Ribeiro’s group 141. 

The T3 assays showed no statistically significant difference between groups, revealing that the 

sensory motor functions have recovered rapidly during the regeneration regardless of the 

pharmacological intervention. This result might also be due to the lack of an incline. Antonow-
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Schlaarke and his team revealed that minor modifications detected more specific results when 

a slight incline was applied to the system 142. The onboard gravity parameter helps the strength 

of the muscle to be supervened in the analysis.  

T2 and T3 rotarod results showed that 10-HDA treatment had a complete recovery effect 

in both HDA 30 and HDA 60 groups. Furthermore, this result verified that the regenerative 

effect on peripheral nerves of 10 HDA is exceptionally rapid. The results revealed that 10-HDA 

could fully reverse the sensory and motor degenerative effects of crush injury. The faster 

regeneration of motor functions was also approved by Moldovan 143. The complementary data 

of functional tests in this study has been strengthened by the several results made in the same 

procedure.  Cardoso and its team also proved the similarity between SFI and rotarod tests 144.  

We evaluated sciatic nerve function and muscle activity using electromyography (EMG) 

and recorded three parameters: latency, compound muscle action potential (CMAP), and motor 

conduction velocities. The latency parameter revealed the nerve's degeneration or regeneration, 

while the CMAP parameter indicated axon degeneration or axon regeneration, and the MNCV 

reflected the demyelination or remyelination. 

The latency measurement results were similar to the functional tests and the IHC results. 

The latency findings obtained from the EMG tests on the 29th day of the injury revealed that 

10-HDA treatment groups had a statistically significant better and faster latency than the crush 

group.  

The CMAP results indicated no statistically significant difference between none of the 

groups. This might be due to the mice's sciatic nerve axons' having extremely high intrinsic 

regeneration capacity. The nerve’s electromyographical properties are the fastest to recover 

compared with the other properties. Yet, the invasive technique used in this study (needle 

electrodes) prevented the examination from being repeated routinely since the electrodes would 

harm the feet and cause inflammation.  

The impulse's speed in the nerve is determined by myelinization, which consists of myelin 

sheath and the Schwann cells 48. Myelination is an essential process that determines the MNCV 

145.  MNCV of the HDA 60 group was significantly higher than the crush group. This result is 

parallel with the increased levels of P0 and S100 at the HDA 30 or HDA 60 groups. The 

invasive technique used in this study (needle electrodes) prevented the examination from being 

repeated routinely since the electrodes would harm the feet and cause inflammation  146. 

Therefore, the EMG test was only made at the end of the assays, carried out on the 29th day 

following the injury.  
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The P0 was very effective for both doses. There was no significant difference between 

HDA 30 and HDA 60 groups. P0 intensity indicated that morphological completion of 

myelination in axons. When P0 pixel intensity is discussed with MNCV findings, it was 

understood that 2 tests were compatible with each other.  

The IHC data obtained from BIII revealed that full recovery was unavailable, yet the 

NFH-N was almost at the same level as the sham group after the 30 mg/kg dose of 10-HDA 

treatment. This was contradictory to a study that revealed the direct interaction between NFH 

and the MNCV 147. The CMAP is a parameter to detect the degeneration on the axon. NFH and 

the BIII proteins are the main proteins of axon, however CMAP values for each group showed 

no significant difference. This unexpected result could have been a result of procedural 

problems; however, we were able to record acceptable and complementary data from the 

MNCV and latency parameters; therefore, the surrounding muscles' action potentials might 

have interfered with the CMAP of the gastrocnemius muscle, which also was proposed by 

Goodman 148 and Griffin 132.  

The three stages of our measurements can be lined up from the first step to the last step, 

such as morphologic (IHC) – electrophysiological (EMG) – functional. 

 The IHC results provided the precise and most satisfactory data in this study. However, 

the electrophysiological reflection of this proof might not be seen due to; the time required for 

the molecular changes to start functioning, the complex procedure, and functions of an action 

potential or procedural problems. Regarding to such as gain-weighting to the intact leg, 

increasing the step frequency, and motor learning capability (like holding on the rotarod mile 

without falling down) the non-compensating tests; the abovementioned atoning neuropathic 

pain mechanism might have interfered with the actual data. Besides, Dvali has mentioned the 

struggle to prove the regeneration due to the poor functional test results 149.  

Pixel intensities of P0, BIII, BNG, NFH-M, NFH-N, and S100 proteins in the crush group 

were statistically significantly lower when compared to the sham group. Quantitative analysis 

of the fluorescence intensities indicated that the crush damage drastically decreases the proteins 

on the axon, myelin sheath, or the NAR. Furthermore, our results showed similarities with the 

study made by Geary and his team 116,  Gugliandolo’s and his team 150, Liu’s and his team 151, 

and Li and his team 152. All these results prove the accuracy of the sciatic nerve crush model.  

The 10-HDA treatment was proven to be effective at producing axon (BIII and NFH 

results), myelin (P0 results), and NAR proteins (BNG results) for all of the tests. Some assays 

have shown that 30 mg/kg is efficient, while some assays proved that the 60 mg/kg of dosage is 

more efficient. There was no previous study to demonstrate that 10-HDA accelerates the P0, 
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S100, or NAR, which makes this study unique on this point. A study found that an extract of  

Royal Jelly increases the amount of B-III positive cells in vitro 153, and none studies were found 

in vivo. There was only 1 study about 10-HDA’s effect on NFH, proving that it increases the 

expression of NFH in the hippocampus of adult rat brain 154 but not on the sciatic nerve nor 

gastrocnemius muscle.  

Regarding BIII, 30 mg/kg of dosage was the best therapeutical strategy as the HDA 30 

group had a statistically significant difference from all groups. The interesting part was that 

HDA 60 therapy did not affect BIII production since the HDA 60 group was at the same 

statistically significant level as the crush group. It is a well-known fact that higher doses might 

not always be best therapeutical strategy 155. The BNG results revealed that 60 mg/kg of 10-

HDA is the best dosage for the NAR production. An interesting fact that 10-HDA consists 

Acetylcholine itself 156 might be the reason why the higher dose has a better effect on receptor 

production. The muscular NFH production was at the highest level at HDA 30 group. HDA 60 

was also effective since it had a statistically significant difference with crush group. The HDA 

30 and HDA 60 groups also had a statistically significant difference. The dose and the length 

of the treatment period was optimal for this protein. About neural NFH, almost the same results 

were shown with muscular NFH. The only difference was that the crush group of the muscular 

NFH had much lower NFH which is understandable because the injury was directly applied on 

the sciatic nerve. It is obvious that a 30 mg/kg dosage of 10-HDA is optimal for NFH production 

in the muscle. The S100 protein was at the statistically significant highest level in HDA 60 

group. This test is an excellent example for the importance of dose determination since 30 mg/kg 

of 10-HDA was not enough for the reproduction, while 60 mg/kg of 10-HDA caused a 

production even higher than the first state. 

In summary, the results of sensory function, motor function and motor coordination tests, 

electromyographic examination, and immunohistochemical analysis are compatible. 

Furthermore, these results revealed that the sciatic nerve crush injury model was successfully 

implemented.  30 mg/kg of 10-HDA treatment is thought to be the optimal dosage for this 

model, however, a longer treatment method could have revealed better electrophysiological 

results.  

• Thermal Hyperalgesia: 10-HDA is effective for regeneration at a 30 mg/kg dose.  

• SFI: 10-HDA is effective for regeneration at both 30 mg/kg and 60 mg/kg doses, 

30 mg/kg has a higher regenerative effect. 

• HLRWT: 10-HDA is effective for regeneration; however, it does not have a 

statistically difference.  
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• Rotarod: 10-HDA is effective for regeneration at both 30 and 60 mg/kg doses at 

the same levels. 

• EMG: 10-HDA is effective for both 30 mg/kg and 60 mg/kg doses at the same 

level for the latency parameter. 60 mg/kg dose has a positive effect on MNCV 

parameter. Both doses don’t have an effect on CMAP parameter. 

• IHC: 30 mg/kg and 60 mg/kg doses of 10-HDA are both effective for P0 

reproduction at the same level. 30 mg/kg dose of 10-HDA is effective for BIII 

reproduction. 60 mg/kg dose of 10-HDA is effective for NAR reproduction. 30 

mg/kg dose of 10-HDA is effective for both muscular and neural NFH 

reproduction. 60 mg/kg dose of 10-HDA is effective for S100 reproduction. 

 

5.3. The Possible Mechanism of 10-HDA on Nerve Regeneration 

 

There is evidence that RJ facilitates the mRNA expression of NFH and GDNF levels 

154, since we have shown that NFH production was increased with 10- HDA treatment, it is 

possible that 10-HDA has an effect on the genetical reproduction of NFH. GDNF is known to 

use the PI3K/Akt pathway 157, there is a possible evidence that 10-HDA might be using the 

PI3K/Akt pathway for the nerve regeneration. There as another study proving that P0 

production might be related to the PI3K/Akt pathway 158, and we have found that both 30 mg/kg 

and 60 mg/kg doses of 10-HDA are effective on the P0 production. The relationship between 

S100 protein and PI3K/Akt was also found by Corr and its team 159. These 3 data might be 

strong evidence that 10-HDA shows its regenerative effects via PI3K/Akt pathway.  

Another possible mechanism of 10-HDA contributes the regeneration via inflammatory 

modulation. A study has shown that HDA modulates IL-8, IL-1β and TNF-α in WiDr cells, it 

significantly decreases IL-1β and TNF-α and reduces NF-κB 138. There is evidence that TNF-α 

uses the JNK pathway which leads the neuron to survive or die 160,  it is possible that 10-HDA 

uses the pro-survival path. There is one evidence that RJ increases the BDNF levels on rats, 

which uses the TrkB pathway and activates the MEK/Erk pathway 161. Besides, another study 

examining the relationship between 10-HDA and estrogen receptors suggested that there might 

be a slight possibility that 10-HDA uses the MEK/Erk pathway 22. However, there is no data 

about the relationship between 10-HDA and BDNF. This can be another possible mechanism 

which is a note for the future.  
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5.4. Further Recommendations 

 

Regarding the functional tests, the unexpected results for the horizontal ladder rung 

walking test indicate that a slight incline should have been applied, which is to note for the 

future. Regarding the thermal analgesia test results, that is clear that a complementary sensory 

function test is required to be able to duplicate and cross-check the results before having an 

opinion on 10-HDA and sensory functions.  

A positive control group with a well-known regenerative compound/molecule can be a 

good reference in order to compare the efficacy of 10-HDA. Besides as 10-HDA is the main 

ingredient of RJ, it can be useful to include one more group with standardized RJ extract to 

have an idea about the supra-additive effects of other compounds as a wholesome synergistic 

effect. 

The two from three EMG parameters have resulted in a non-complementary way. 

Eventually, using a different animal with a lower speed of regenerating capacity (mimicking 

human regeneration) or expanding the treatment period could allow for a better result. Also, 

making the assays in a more frequent period can be another option. However, a non-invasive 

device is required for such a technique.  

Some further study about the possible pathways by using the specific biomarkers for NGF 

receptors or the well-known regeneration signalizing pathways would be an excellent 

complementary study such as MAPK/ERK, JAK/STAT, etc., besides in vitro study would have 

been a tremendous source of information about the molecular differences during the 

regeneration process which are both already in progress.  
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