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ABSTRACT 

Peripheral neuropathy includes a wide range of diseases affecting millions around the 
world, and many of these diseases have unknown etiology. Peripheral neuropathy in 
diabetes represents a large proportion of peripheral neuropathies. Nerve damage can also be 
caused by trauma. Peripheral neuropathies are a significant clinical problem and efficient 
treatments are largely lacking. In the case of a transected nerve, different methods have been 
used to repair or reconstruct the nerve, including the use of nerve conduits, but functional 
recovery is usually poor. 
Autophagy, a cellular mechanism that recycles damaged proteins, is impaired in the brain in 
many neurodegenerative diseases affecting animals and humans. No research, however, has 
investigated the presence of autophagy in the human peripheral nervous system. In this 
study, I present the first structural evidence of autophagy in human peripheral nerves. I also 
show that the density of autophagy structures is higher in peripheral nerves of patients with 
chronic idiopathic axonal polyneuropathy (CIAP) and inflammatory neuropathy than in 
controls. The density of these structures increases with the severity of the neuropathy. 
In animal model, using Goto-Kakizaki (GK) rats with diabetes resembling human type 2 
diabetes, activation of autophagy by local administration of rapamycin incorporated in 
collagen conduits that were used for reconnection of the transected sciatic nerve led to an 
increase in autophagy proteins LC3 and a decrease in p62 suggesting that the autophagic 
flux was activated. In addition, immunoreactivity of neurofilaments, which are parts of the 
cytoskeleton of axons, was increased indicating increased axonal regeneration. I also show 
that many proteins involved in axonal regeneration and cell survival were up-regulated by 
rapamycin in the injured sciatic nerve of GK rats four weeks after injury. 
Taken together, these findings provide new knowledge about the involvement of autophagy 
in neuropathy and after peripheral nerve injury and reconstruction using collagen conduits.  
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Populärvetenskaplig sammanfattning 

Nervskador (neuropati) orsakade av sjukdomar eller olycksfall påverkar miljontals individer 
runt om i världen. Nervskador som orsakas av diabetes kallas diabetesneuropati och drabbar 
varannan patient med diabetes. Neuropati kan också orsakas av kronisk inflammation i 
nerven eller uppstå utan känd orsak, så kallad kronisk idiopatisk axonal polyneuropati. 
Patienterna som drabbas av neuropati uppvisar varierande symptom beroende på vilka 
nerver som drabbas men domningar, stickningar, smärta, känselbortfall och muskelsvaghet 
finns ofta i symptombilden. Nervskador efter trauma kräver oftast kirurgisk rekonstruktion.  
För närvarande finns det ingen behandling för diabetesneuropati. Allt fler människor i 
fysiskt aktiv ålder drabbas av åldersdiabetes (typ 2 diabetes). Detta leder till att fler patienter 
med diabetes drabbas av traumatiska nervskador som kräver nervreparation. Det är därför 
viktigt att utveckla reparationsmetoder som fungerar bra för dessa patienter. Idag används 
olika metoder för att reparera en avklippt nerv men den funktionella återhämtningen av 
nerven är tyvärr dålig.  
Autofagi betyder självätande (att äta sig själv) och är en återvinningsmekanism som celler 
använder för att återvinna nödvändiga beståndsdelar från sina skadade delar. Denna 
avfallshantering är en viktig funktion för att cellen ska må bra och överleva t.ex. vid 
näringsbrist eller infektioner. När autofagi inte fungerar optimalt kan skadliga beståndsdelar 
samlas i cellen och orsaka celldöd. Bristande autofagi kan bland annat bidra till 
neurodegenerativa sjukdomar som Alzheimers sjukdom.  
Det har varit okänt huruvida autofagi förekommer i människans perifera nerver, d.v.s. 
nerver utanför hjärnan och ryggmärgen. I denna avhandling presenterar jag de första 
strukturella bevisen på att autofagi förekommer i perifera nerver hos människor. Vi visar 
också att det finns ett högre antal autofagi-strukturer i nerver hos patienter med 
diabetesneuropati, inflammatorisk neuropati, eller kronisk idiopatisk axonal polyneuropati 
(CIAP) än hos kontroller. Vi har vidare studerat betydelsen av autofagi i nervreparationen 
hos råttor som har diabetes liknande åldersdiabetes. Jag klippte av och sydde ihop 
ischiasnerven med hjälp av en överbryggande ledare gjord av kollagen. I en försöksgrupp 
innehöll ledningen även den autofagistimulerande substansen rapamycin. Våra resultat tyder 
på att närvaro av rapamycin påverkar tillväxten av nervfibrer och i vissa avseenden 
normaliserar den biokemiska miljön. Sammantaget ger dessa resultat ny kunskap om 
autofagins roll i perifer nervskada och reparation. 
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INTRODUCTION 

Peripheral nerve 
The peripheral nervous system (PNS) connects the central nervous system (CNS; brain and 
spinal cord) to body organs, and consists of motor, sensory, and autonomic nerves. A 
peripheral nerve is composed of many axons that are surrounded by Schwann cells (SCs). 
The nerve fibers together with other cells such as fibroblast, macrophages, mast cells, as 
well as blood vessels are embedded in connective tissue called endoneurium. A nerve 
fascicle is endoneurium engulfed by a connective tissue sheath called perineurium. Each 
nerve contains one or more fascicles (Figure 1), and these fascicles are surrounded by an 
outer layer of connective tissue called epineurium [1, 2]. Some nerves include only sensory 
nerve fibers, called afferent nerves, which transfer nerve signals from peripheral organs to 
the CNS. These nerves transfer, for example, sense of pain, touch, or vibration. Other nerves 
include motor nerve fibers, which are efferent nerves, carrying signals from the CNS to the 
skeletal muscles [1, 3]. Autonomic nerve fibers connect the CNS with internal organs and 
regulate the functions of cardiovascular, respiratory, digestive, and endocrine systems. 
Peripheral nerves may include one, two, or the three types of nerve fibers [3]. 
Axons in the peripheral nerves are the long process of neurons that carry nerve signals 
between the CNS and the innervated targets in both directions. The cell body of sensory 
neurons in PNS is located in the dorsal root ganglion (DRG), while the motor neuron's cell 
body is located in the ventral horn of the spinal cord [4]. The autonomic system is 
composed of sympathetic and parasympathetic systems, and the nerves have two neurons, 
preganglionic neurons which has the cell body in the CNS and synapse with the 
postganglionic axons of neurons of the autonomic ganglia in the PNS. The autonomic 
ganglia of the sympathetic system are located along the spinal cord, while ganglia of the 
parasympathetic system are located within or close to the innervated organs [1, 5]. 
SCs are a type of glial cells in the PNS. They support axons, maintain homeostasis, produce 
neurotrophic factors, provide myelin sheath to isolate the axons, and have an immune role 
during nerve injury [4, 6]. 
SC membrane is normally wrapped around the axon and isolates the axons, which leads to 
faster propagation of the nerve signal (action potential). In nerve fibers with a diameter of 
>2 µm, SCs produce myelin that provides an effective isolation of the axon. Myelin is a 
modified SC membrane consisting of lipids and proteins. Small myelinated fibers have a 
diameter that varies between 2 to 6 µm, while large myelinated fibers have a diameter 
between 8 to 12 µm. Axons with a diameter smaller than 1µm remain unmyelinated [1, 2, 7, 
8]. 
Most of the nerve fibers are unmyelinated, and the ratio of unmyelinated to myelinated 
fibers is 4:1. One nonmyelinating SC is normally associated with many unmyelinated axons, 
while one myelinating SC is associated with only one myelinated axon. There is a short 
region, about 1 µm in length, between two neighboring SCs called the node of Ranvier, 
where there is no myelin sheath. In nodes of Ranvier there are many sodium ion channels 
that are involved in the propagation of action potential in a process called saltatory 
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conduction [2, 9]. The conduction of myelinated fibers depends on axonal diameter, 
thickness of myelin sheath, and the length of the internodes. The conduction in 
unmyelinated nerve fibers is relatively slower than in myelinated fibers [10]. 
There are 4 types of Schwann cells. SCs associated with unmyelinated axons are called 
nonmyelinating SCs or Remak cells and are found in autonomic and sensory nerves. 
Myelinating SCs are associated with larger axons. Perisynaptic SCs play an important role 
in connecting nerve terminals with the peripheral tissue. Satellite SCs are associated with 
the neuron cell body and keep the cell body units separated [11]. A special type of Schwann 
cells is repair SC. This type of SC is transformed from the normal myelinating and 
nonmyelinating SC in conditions of nerve injury [6, 12] 

              
Figure 1. Fascicle in the human sural nerve shows myelinated fibers and blood vessels (white 

arrows) in the endoneurium surrounded by perineurium (black arrow). Semithin cross section 

stained with toluidine blue. Picture courtesy of Kristin Samuelsson, Karolinska institute. 

Nerve injury and regeneration 

Different types of injury occur in peripheral nerves. Neurapraxia is usually a compression 
injury that causes temporary impairment of sensory and motor functions. Axonotmesis is a 
division of the axon, while the nerve sheath remains intact. Neurotmesis results when the 
whole nerve trunk is damaged, for example by transection [13]. Following nerve injury a 
degradation process, known as Wallerian degeneration, occurs [14]. In Wallerian 
degeneration, the nerve tissue distal to the injury site starts to degrade. Axons break down 
and SCs remove their own myelin sheath, and the macrophages then invade the tissue and 
continue removing myelin and axonal debris [15, 16].  
After removal of myelin sheaths, SCs start to proliferate and gather together in a structure 
called band of Büngner which guides axonal regrowth. Compared to CNS, peripheral nerves 
have a better regeneration capacity after injury. This ability to regenerate is a characteristic 
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of SCs. When a nerve is damaged, SCs dedifferentiate and transform to repair SCs [17, 18]. 
Shortly after degeneration the regeneration starts and new axon sprouts grow through the 
tube made by the bands of Büngner. These sprouts are known as regenerating clusters or 
units, and they are the histological hallmarks of the axonal regeneration (Figure 2) [19]. 

                         
Figure 2. Following nerve injury, the distal stump undergoes Wallerian degeneration, then 

regenerated axon sprouts grow from the proximal stump toward the target organ. 

 
An injury to the nerve affects protein expression in the neurons and Schwann cells. The 
myelin protein zero (MPZ), myelin basic protein (MBP), and myelin associated 
glycoprotein (MAG) are downregulated. Neurotrophic factors such as nerve growth factor 
(NGF), brain-derived neurotrophic factor (BDNF), glial-derived neurotrophic factor 
(GDNF), neurotrophin-3 (NT3), and vascular endothelial growth factor (VEGF) are 
upregulated [6, 20]. Growth associated protein (GAP-43) is upregulated in injured 
peripheral nerve, and in the growth cone [21, 22]. SCs also activate innate immunity by  
releasing cytokines such as tumor necrosis factor α (TNF α) and interleukin-1α and β which 
promote recruitment of macrophages and stimulate axonal regeneration [6]. 

Nerve repair and reconstruction methods 

When a nerve trunk is transected it has to be directly repaired with sutures end-to-end or 
reconstructed with autologous nerve grafts, various nerve conduits or even nerve transfers 
depending on the length of the gap between the proximal and distal nerve ends. Many 
factors, such as age, time after injury, proximity of the lesion to distal targets, vascular 
injury, and the methods used to cover the nerve gap affect the recovery of nerve injury. 
Different surgical methods used to reconstruct a nerve gap: 

1) Autologous nerve grafting (autograft): a segment from another nerve of the patient 
(mostly the sural nerve) is used to bridge the gap. Autografts are successful in 50% 
of clinical cases. This method is considered the gold standard for nerve 
reconstruction, and it has many advantages; it supports the injured nerve with 
neurotrophic factors and viable SCs, and it is a non-immunogenic procedure. It also 
has disadvantages, including sensory loss and neuroma formation at the donor site. 
Because sensory and motor nerves have nerve fibers of different size, a problem of 
mismatch arises. Another disadvantage is that it takes a long time for the nerve to 
regenerate since the axons and SCs of the autograft itself need to degenerate and be 
removed before regeneration [23, 24]. 

2) Nerve transfer: a branch of a redundant donor nerve is transferred to a distal 
denervated nerve. The transfer supports the more crucial denervated target, and it 
may cause loss of function of the donor nerve. According to Leechavengvongs et al. 
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(2003) and Merrell et al. (2001), nerve transfer results in good functional recovery 
[25, 26]. 

3) End-to-side coaptation: this method is used when the proximal stump is not available. 
The injured distal stump is connected to the side of a donor nerve. This method 
causes injury to the donor nerve itself. Bontioti et al. (2005) evaluated this method in 
rats by connecting radial or median/ulnar nerves to the side of the musculocutaneous 
nerve and the estimated functional recovery was about 60 – 70%  [27]. 

4) Nerve conduit: a synthetic or biological material is used to bridge the gap between 
proximal and distal nerve segments. This method works well clinically in short gaps 
(less than 3 cm). It requires administration of neurotrophic factors to facilitate nerve 
regeneration. It bridges nerve gaps without causing damage to the donor nerve. The 
downside of the nerve conduit is that it does not work in large nerve gap as autograft 
(more than 3 cm). Another limitation is that functional recovery is poor [23, 24]. 

5) Nerve allograft: transplant of a nerve from a donor individual to a recipient patient 
(different person) in case of large damage of the nerves. The surgery requires 
administration of immunosuppressors [28]. 

Advances in microsurgery have improved the repair and reconstruction of injured nerves, 
but functional recovery is still not achieved at a satisfactory level and new approaches 
should be considered. Improving axonal regeneration is the easiest part of nerve repair, and 
the main obstacle is mismatched innervation and functional recovery. 

Diabetic neuropathy 
Diabetic neuropathy (DN) is a common complication of diabetes mellitus affecting around 
66% of patients with type 1 diabetes and 59% of patients with type 2 diabetes [29]. In 2010 
the number of people affected by diabetic neuropathy was 285 million worldwide, and this 
number is estimated to reach 439 million in 2030 [30].  
Symptoms of diabetic neuropathy vary depending on the nerves affected, and may include 
numbness, loss of sensation, tingling, pain and allodynia, and muscle weakness [31, 32]. 
Diabetic neuropathy is not a single disease, but a wide range of diseases and can be 
classified according to the number, and type or location of the affected nerves. Diabetic 
neuropathy can either be diffuse or focal. Focal neuropathy, also called mononeuropathy, 
affects a single nerve, results in acute symptoms, and is less common than diffuse 
neuropathy. Compressive neuropathies in diabetic patients, like carpal tunnel syndrome 
(CTS), are examples of focal neuropathy; symptoms include paresthesia, numbness, pain, 
and muscle weakness [32, 33] and can successfully be treated in patients with type 1 and 2 
diabetes [34].  
Diffuse or polyneuropathy affects many nerves and includes diabetic sensorimotor 
polyneuropathy (DPN), diabetic autonomic neuropathy, and diabetic lumbosacral 
radiculoplexus neuropathy (DLRPN). DPN is characterized by loss of sensation of both 
small fibers (pain, temperature) and large fibers (vibration, touch, and proprioception). It 
affects feet and hands and can end with amputation [32, 35].  
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Diabetic autonomic neuropathy (DAN) affects autonomic nerves, which innervate internal 
organs, like the heart, urogenital organs, blood vessels, and the gastrointestinal tract. 
Symptoms of (DAN) can be orthostatic hypotension, erectile dysfunction, gastroparesis and 
silent myocardial ischemia [36]. DLRPN, also known as proximal neuropathy, affects only 
1% of diabetic patients, and is characterized by unilateral symptoms in hips and thighs. 
Symptoms include pain, muscle weakness, and sensory loss [37, 38].  
Diabetic neuropathy affects sensory and autonomic nerve fibers more than motor fibers; this 
is because the cell body of sensory nerves is located in DRG and the blood nerve barrier 
(BNB) is leaky in this area allowing toxins to enter and cause damage to the cells [39, 40]. 
In addition, the sensory and autonomic nerve fibers are either unmyelinated or have a thin 
myelin sheath which makes them more vulnerable [40]. 
The pathogenesis of diabetic neuropathy is unknown. Hyperglycemia is considered as the 
major risk factor, and other risk factors include; hypertension, hypercholesterolemia, age, 
genetics, duration of diabetes, obesity, alcohol consumption, and smoking. There are many 
hypotheses meant to explain the pathogenesis of diabetic neuropathy (Figure 3). One is the 
activation of polyol pathway. It is known that the uptake of glucose by nerve cells as well as 
cells of the kidney and retina is not insulin dependent. In patients with diabetes the high 
level of glucose in blood causes hyperglysolia inside these cells. The excess amount of 
glucose enters the polyol pathway where glucose is reduced to sorbitol by aldose reductase 
(AR) then sorbitol is oxidized to fructose by sorbitol dehydrogenase (SDH) (Figure 4). This 
leads to depletion of NADPH and NAD in the cells, and also to the accumulation of 
sorbitol, which is not able to cross the cell membrane and therefore causes intracellular 
hyperosmolarity leading to cell death [35, 41]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Hypothetical mechanisms of peripheral neuropathy in diabetic patients. Hyperglycemia 

activates different mechanism that can damage the peripheral nerve. 

 
Scientists have suggested that hypoxia due to microvascular damage in peripheral nerves 
contributes to development of  DN [31, 42, 43]. Formation of advanced glycation end 
products (AGEs) and activation of protein kinase C (PKC) pathway can also contribute to 
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DN. Activation of the PKC pathway causes, for example, vascular changes like basal 
membrane thickening and endothelial cell proliferation, which lead to hypoxia [32, 40, 41].  
Oxidative stress contributes to development of diabetic neuropathy [44]. Hyperglycemia 
leads to accumulation of reactive oxygen species (ROS) in mitochondria, causing damage to 
it, which consequently leads to neuropathy [35, 41]. 

 

 

 

 

 

 

Figure 4. In the peripheral nerve, the accumulated intracellular glucose enters the polyol pathway. 

Aldose reductase (AR) reduces glucose to sorbitol, and sorbitol dehydrogenase (SDH) oxidizes 

sorbitol to fructose. 

 
Diagnosis of diabetic neuropathy is based on case history, physical examination, laboratory 
blood tests for hyperglycemia, nerve conduction study (NCS), electromyography (EMG), 
cerebrospinal fluid (CSF) evaluation, and nerve biopsy. NCS shows decreased sensory and 
motor amplitudes, and slow conduction velocity. The best prevention for DN is strict 
control of blood glucose. DN is treated with limited success by antioxidants, aldose 
reductase inhibitors, neurotrophic factors, and immunoglobulin for DLRPN patients [29, 45] 

Chronic idiopathic axonal polyneuropathy 
The pathogenesis of one third of neuropathy cases is unknown [46]. Chronic idiopathic 
axonal polyneuropathy (CIAP) is a common disease in elder people in their 60s with 
unknown etiology [47, 48]. The symptoms are mainly sensory affecting small nerve fibers, 
and they include numbness, pins and needles, coldness, tightness, muscle cramps, 
unsteadiness, and muscle weakness [47]. Risk factors that contribute to development of 
CIAP include hypertension, impaired glucose tolerance, obesity, hypercholesterolemia, and 
environmental toxins [47, 49–51]. All these risk factors cause oxidative stress [46]. 
CIAP is diagnosed by slowly progressive distal symmetric sensory or sensorimotor 
polyneuropathy [52]. NCS shows reduced amplitude [46], EMG examination shows 
abnormalities, laboratory tests show normal values, and skin biopsy confirms the diagnosis 
of CIAP by evaluation of density and structure of epidermal nerve fibers [46, 52]. Erdmann 
et al. (2010) found that 69% of CIAP patients have pain [52]. The number of people 
suffering from CIAP is expected to increase due to an increasing older population.  
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Inflammatory neuropathy 

Chronic inflammatory demyelinating polyneuropathy 

Around 10 – 20% of all cases of chronic neuropathies are diagnosed as chronic 
inflammatory demyelinating polyneuropathy (CIDP) [53]. CIDP is an immune-mediated 
inflammatory disease characterized by symmetrical weakness of muscles, macrophage-
mediated demyelination, and malfunction of sensory nerves. Symptoms include impaired 
sensation, absent tendon reflexes, reduced nerve conduction velocity, prolonged distal 
latencies, and temporal dispersion [54, 55]. Symptoms evolve over several months and are 
usually related to both sensory and motor nerves [56]. The disease may cause disability in 
about 50% of the patients [53]. CIDP is diagnosed by clinical symptoms, high protein levels 
in CSF, NCS revealing a demyelinating process, and sural nerve biopsy for detection of 
demyelination and inflammation [54, 56]. Histopathology of CIDP shows primary 
demyelination, onion bulbs formation, which is a hallmark of repeated demyelination and 
remyelination, and macrophages with granular debris [56]. Macrophage processes 
penetrating the basal lamina of myelinated fibers are the hallmark of primary demyelination 
in CIDP and Guillain–Barré syndrome (GBS). Macrophages attack nerve fibers at the node 
of Ranvier [56]. It is still unknown why the immune system attacks nerve fibers in CIDP. 
CIDP is treated effectively by corticosteroids and intravenous immunoglobulin 
administration [53, 56, 57]. 

Vasculitic neuropathy 

Vasculitis, which affects only peripheral nerves, is known as nonsystemic vasculitic 
neuropathy (NSVN) to distinguish it from systemic vasculitis, which can affect blood 
vessels in peripheral nerves among other tissues [58, 59]. In vasculitic neuropathy the 
immune system attacks the blood vessels of peripheral nerves causing ischemic damage; the 
cause is still unknown. The disease can be primary or secondary to other diseases such as 
rheumatoid arthritis, systemic lupus erythematosus, Sjögren's syndrome, systemic sclerosis, 
dermatomyositis, inflammatory bowel disease, and infectious diseases [58, 59]. 
Histopathology shows infiltered inflammatory cells, fibrinoid necrosis, endothelial 
degeneration, degeneration of vascular smooth muscle cells, and acute thrombosis [59]. 
There are many classifications for vasculitic neuropathy, but generally it can be divided into 
two classes depending on the size of the blood vessels affected in the nerve; large arteriole 
vasculitis, and microvasculitis [58]. Patients with vasculitic neuropathy suffer from painful 
sensorimotor neuropathy, and NCS shows reduced amplitude, while conduction velocity is 
normal or mildly reduced, and normal or slightly prolonged distal latency, which are all 
signs of axonal degeneration [59, 60]. The disease shows acute or subacute onset, and it 
causes weight loss and fever in most of the cases [58, 60]. Vasculitic neuropathy is 
diagnosed by clinical examination, NCS, laboratory test, and biopsy. Corticosteroids are 
used to treat the disease [58–60]. 
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Autophagy 

Autophagy is a cellular process preserved in all eukaryotic cells used to recycle damaged 
organelles and proteins. It maintains homeostasis, regulates immunity, prevents 
neurodegeneration, suppresses tumor, and in time of starvation it supplies cells with amino 
acids recycled from degraded proteins [61]. Three type of autophagy are well described; 
macroautophagy, microautophagy, and chaperon mediated autophagy (CMA) [62]. Here I 
exclusively describe macroautophagy (hereafter called autophagy). 
The autophagy process is activated by starvation, immune signals, cell stress, hormonal 
stimulation, infectious diseases, and drugs, like rapamycin and dopamine. Inhibitors of 
autophagy include diseases, like cancer, neurodegenerative disorders, and infectious 
diseases. Other inhibitors of autophagy pathway are aging, protease inhibitors, and drugs 
like bafilomycin, chloroquine, 3-methyladenine, and wortmannin [63, 64]. 
When activated, autophagy starts with a process called nucleation; a pre-autophagosomal 
structure (PAS) is formed and then a process of elongation of PAS starts. A double layer 
membrane called phagophore starts to form around the proteins or organelles to be degraded 
until it completely encapsulates them and forms a structure called an autophagosome in a 
process named maturation. The autophagosome then merges with a lysosome in a process 
called fusion, and the content of the autophagosome degrades with enzymes of the lysosome 
[62, 65] (Figure 5). 
 

Figure 5. The autophagy process starts by inhibition of mTOR. Phagophores, a double layer 

membrane, enclose damaged proteins and organelles, and transport them in autophagosome to fuse 

with a lysosome (autolysosome) for degradation. 

More than 40 proteins are known to regulate autophagy. These proteins are called 
autophagy proteins (ATGs), and they are evolutionary conserved from yeast to mammals. 
Activation of autophagy starts by inhibiting mammalian target of rapamycin (mTOR). 
Inhibition of mTOR activates ULK1/ATG1, which in turn activates PI3 kinase, which 
initiates the nucleation [62, 66, 67]. Microtubule-associated proteins 1A/1B light chain 3B 
(LC3/ATG8) is an important autophagy protein, and it has two isoforms. ProLC3 is cleaved 
at C-terminal by Cysteine protease (ATG4) to form LC3-I, which is a soluble protein and 
then a phospholipid called Phosphatidylethanolamine (PE) binds to LC3-I by ATG7 to form 
LC3-II which is membrane protein and plays an important role in elongation of the double 
layer membrane [62, 65, 68]. LC3-II is the only know marker of an autophagosome. 
Autophagosome-lysosome fusion requires involvement of several proteins such as 
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coordinated lysosomal expression and regulation (CLEAR) network and transcription factor 
EB (TFEB) [69, 70]. 
Autophagy receptors are proteins that bind to both LC3-II and the ubiquitinated proteins to 
be degraded, and ensure that the damaged proteins are localized inside the autophagosome. 
Many autophagy receptors have been identified, among them are SQSTM1/p62, NBR1, 
OPTN, NIX [71–73]. 
Autophagy can be divided into two types depending on the protein cargo to be degraded; 
bulk autophagy and selective autophagy. In bulk autophagy, the proteins, which are no 
longer needed, are non-selectively sequestered and introduced to lysosomes, and this 
usually happens during nutrient starvation. In selective autophagy, the autophagy receptors 
bind selectively to specific organelles and proteins. Examples of selective autophagy are 
mitophagy (mitochondria autophagy) [74], pexophagy (peroxisome autophagy) [75], 
xenophagy (autophagy of intracellular pathogens) [76], and myelinophagy (myelin 
autophagy) [77].  

Autophagy and diseases 

Malfunction of autophagy machinery has been connected to many diseases. In cancer, 
which was the first disease found to be associated with autophagy impairment, many 
autophagy proteins are found to be downregulated in some types of cancer, and upregulated 
in other types [64]. The role of autophagy in cancer depends on tumor developmental stage. 
In the early stages of cancer, autophagy plays a protective role against the tumor, and at a 
later stage tumor cells recruit autophagy mechanism for their own survival [78]. 
Neurons are differentiated non-dividing cells, and maintenance of homeostasis is very 
important for cell survival. In the nervous system, aggregation of misfolded proteins causes 
neurotoxicity, and leads to development of many neurodegenerative diseases, like 
Alzheimer's, Parkinson's, and Huntington's diseases. In Alzheimer's disease, the autophagy 
pathway was found to be impaired and autophagic vacuoles were accumulated in the cell 
[79, 80]. Autophagic vacuoles are rarely seen in healthy neurons. Yu et al. (2005) have 
reported that amyloid β generates and accumulates in autophagic vacuoles, and suggested 
that Aβ formation is associated with impaired autophagy [81]. In Parkinson's disease, 
accumulation of α-synuclein in the neurons of substantia nigra forms Lewy bodies and 
causes cell death. Cuervo et al. (2004) found that wild type α-synuclein is degraded by 
CMA, but the mutant α-synuclein block the degradation process and accumulate in the cell 
[82]. Neuronal cell death caused by accumulation of α-synuclein was associated with 
accumulation of autophagic vacuoles, which can be due to failure of autophagosome 
lysosome fusion [80]. Huntington’s disease is a neurodegenerative disease caused by 
aggregation of mutant huntingtin (HTT) protein in the striatum, which controls the 
movement of the body, leading to motor control disability that characterizes the disease. 
Ravikumar et al. (2004) showed that activation of autophagy by rapamycin decreases the 
accumulation of HTT and neurodegeneration in mice with Huntington's disease [83]. 
Inhibition of autophagy increases aggregation of HTT [80], which shows the importance of 
autophagy as cytoprotective mechanism against neurodegenerative diseases. 
Many studies have investigated the role of autophagy in the CNS, but less studies have been 
done concerning the process in PNS. Piao et al. (2004) found that autophagy plays a role in 
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clearing the degenerated axon in the sciatic nerve of rats [84]. In our lab, autophagy 
structures were observed in the peripheral nerves of diabetic rats [85]. However, no research 
has been done to investigate if autophagy machinery exists in the human PNS, and whether 
autophagy plays a role in peripheral neuropathy. 
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AIM 

The general aim of the research was to investigate the role of autophagy in peripheral 

neuropathy.  

Specific aims 
1. To find out if autophagy machinery exists in human peripheral nerves, and if so, to 

investigate whether there is any correlation between autophagy and neuropathy in 
diabetes. 

2. To evaluate autophagy-related structures in peripheral nerves of patients with CIAP and 
inflammatory neuropathy. In addition, to study the presence of microangiopathy in those 
patients. 

3. To investigate the effect of autophagy activation on axonal regeneration, to construct a 
biological nerve conduit to guide axonal regeneration, and to make proteome profile of 
transected nerve after reconstruction in GK rats. 
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METHODS 

Different methods were used to accomplish the aim of this study. In this section, I 
summarize these methods, and for more details please refer to the methods section in each 
paper. 

Nerve conduction study 
Nerve conduction study is a method used by clinicians and researcher to study the pathology 
of the peripheral nerves. NCS is used to evaluate the conduction of nerve signals in the 
nerve, and helps to understand the type of lesion and its location along the nerve. NCS is 
performed by electrically stimulating the nerve and recording the compound muscle action 
potential (CMAP) of the innervated muscle; in case of the motor nerve. CMAP represents 
the summation of the voltage response of muscle fibers' action potential. In sensory nerves, 
the sensory nerve action potential (SNAP) is recorded by electrically stimulating a sensory 
nerve and recording the nerve action potential at another place along the nerve [86, 87]. 
NCS can be performed orthodromically or antidromically, depending on the direction of the 
nerve signal. In the orthodromic approach, the nerve action potential is transferred in the 
physiological direction, while in the antidromic the action potential is transferred against the 
physiological direction of the nerve signal [88]. 
When a nerve is electrically stimulated, an action potential propagates in both directions. 
The signal that propagates distally shows the amplitude of CMAP or SNAP, while the 
signal that propagates proximally depolarizes the axon hillock and fires an action potential 
which appears at longer latency as an F-wave. This F-wave allows investigation of the 
proximal segment of the nerve. The latency shows the time between the stimulation and the 
response. Nerve conduction velocity is measured by stimulating the nerve at two points on 
the nerve, calculating the time signal traveled between the two points, then dividing the 
distance by the time [86, 89].  
Generally, prolonged latency indicates demyelination, while reduced amplitude indicates 
axonal loss. Temporal dispersion happens when the action potential of individual axons 
travels at different speeds and arrives at different times, which causes loss of CMAP and 
SNAP amplitude [86, 89]. NCS results were used as selection criteria for patients in papers 
1 and 2. 

Human nerve biopsies 
Biopsies from the posterior interosseous nerve of patients with diabetic peripheral 
neuropathy who underwent carpal tunnel release surgery, and biopsies from patients with 
CTS without diabetes were used as controls (paper 1). Sural nerve biopsies from patients 
with CIAP and inflammatory neuropathy (CIDP and vasculitic neuropathy), and sural nerve 
biopsies from controls were used (paper 2). 
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Electron microscopy 
Electron microscopy (EM) is a very useful method to study the structure of peripheral nerve 
tissue and was the tool used to detect autophagy for the first time in 1950 [90]. EM is 
considered as the gold standard technique to study autophagy, and it is the only method that 
can show the morphology of autophagy structures in high resolution. It is an accurate and 
reliable method for identification and quantification of autophagy structures. The 
disadvantages of EM are that it does not detect autophagic flux; autophagy is a dynamic 
process, and one should quantify the turnover of degraded proteins rather than just presence 
of autophagic proteins. Identification of autophagy structures by using EM requires 
experience and time. 
I have used transmission electron microscopy (TEM) in papers 1 and 2 to study the 
pathology in the posterior interosseous and sural nerves in patients with DN, CIAP, and 
inflammatory neuropathy. I have also used TEM to identify autophagy structures and 
quantify them by calculating their density (number per mm2) in nerve fascicles.  

Animal models and nerve injury 
The Goto-Kakizaki (GK) rats are non-obese Wistar rats that develop type 2 diabetes 
mellitus. GK rats have many characteristics similar to those in type 2 diabetic human 
patients, such as decreased insulin response to glucose, decreased glucose oxidation, and 
increased lipid profiles. The blood glucose level in GK rats is 50-55% higher than that in 
healthy Wistar rats [91].  
A sciatic nerve injury in rodents has been used as a model to study nerve regeneration for a 
long time. The sciatic nerve contains sensory, motor, and autonomic nerve fibers, and 
anatomically is easily accessed during surgery, which makes it the nerve of choice in 
peripheral nerve studies  [13].  
In order to investigate peripheral nerve injury and repair, rats are the preferred models 
because they show similarities in injury response to human response and also have similar 
microscopic structures.   
I used GK rats in paper 3. The sciatic nerve of the left hind limb of the rats was transected 
and reconnected with a collagen nerve conduit (CNC) containing either nerve growth factor 
(NGF), or NGF + rapamycin (autophagy activator). After 1, 4, and 8 weeks, rats were 
euthanized and samples were collected from distal and proximal stumps of the injured 
nerves, and the CNC. 

Immunohistochemistry 
Immunohistochemistry (IHC) is considered as one of the most powerful techniques to study 
the structure and composition of cells and tissues. IHC is used to study autophagy by 
detecting autophagic proteins (ATGs), like ATG8/LC3, ATG4, ATG9, ATG7, BECN1, 
AMBRA1, and autophagic receptors like SQSTM1/p62, NIX, NBR1, OPTN and others. 
There are many methods to monitor autophagic flux [90] one of which is to detect and 



 

 

Methods 

 

26 
 

quantify LC3-II (marker of autophagosome), or to quantify LC3 and one of the autophagy 
receptors such as (p62), which I have used in the research for paper 3 [90]. 
In paper 3, I used immunohistochemistry to detect, localize, and quantify proteins in nerve 
samples from GK rats 1, 4, and 8 weeks after injury. Samples from proximal and distal 
stumps of the injured sciatic nerve of GK rats were fixed, cryosectioned, and 
immunostained with antibodies against autophagy protein (LC3), autophagy receptor (p62), 
Schwann cell marker (S-100), and neurofilament marker (NF) (Figure 6). The confocal 
microscope was used for imaging, and ImageJ was used for image analysis.  

Mass spectrometry 
Mass spectrometry-based proteomics is a powerful technique to study the whole proteome 
of cells, tissues, and organisms. It helps to understand the molecular mechanisms of 
biological processes, pathogenesis of diseases, and it helps researchers to discover new drug 
targets. Liquid chromatography tandem mass spectrometry (LC-MS/MS) is used to study 
proteins in complex mixtures. Two approaches are used in mass spectrometry; top-down 
proteomics, in which the whole proteins are used for analysis, and bottom-up proteomics, in 
which the proteins are digested to peptides before analysis in the mass spectrometer. The 
proteins are digested using enzymes like trypsin. The mass spectrometer measures mass to 
charge ratio (m/z) of the fragmented peptides and this value is used later for identification of 
peptides and proteins by searching in protein databases. In MS/MS or tandem MS, the 
peptide mass is measured and the peptide is then fragmented and the mass of the fragments 
is measured again [92]. 
The advantage of proteomics compared to transcriptomics is that it gives more information 
about the biological sample. For instance, it allows to study post-translational modifications 
and protein-protein interaction, which gives a better understanding of functional and 
biological process of expressed proteins. 
In paper 3, I used (LC-MS/MS) to study the proteome of sciatic nerves of GK rats after 
injury in comparison with control nerves from GK rats without injury (Figure 6). Proteins 
were extracted from nerve samples, then digested with trypsin, and the peptides were 
analyzed with mass spectrometer. This method allowed us to identify and quantify the 
protein content of injured and non-injured nerves. 
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Figure 6. For immunohistochemistry (IHC) 1.5 mm of the nerve stumps, and sections from the 

whole collagen nerve conduits (CNC) were used. About 15 mm of proximal and distal nerve stumps 

were used for proteomics by mass spectrometry (MS).  

Bioinformatics 
Analyzing proteomics data is a great challenge since mass spectrometry produces such large 
amounts of data. Bioinformatics provides tools to be used in extracting meaningful 
knowledge of the output of the proteomics data. 
There are two levels of data analysis in the field of proteomics; basic level and advanced 
level. At the basic level the mass spectrometry data are analyzed to identify and quantify 
peptides and proteins, and at the advanced level the output of the basic level is used as input 
in specialized databases and analyzed to produce more useful information such as 
information about protein functions, annotations, and biological pathways [92]. 
I used bioinformatics to analyze mass spectrometry data in paper 3. Proteome Discoverer 
and Sequest HT were used to identify proteins and Scaffold was used to quantify the 
proteins in the nerve samples. NCBI GO annotations and STRING database were used to 
classify proteins according to their functions.  
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SUMMARY OF PAPERS 

Paper 1 

Aim:  

To find out if autophagy machinery exists in human peripheral nerves, and, if so, to 
investigate whether there is any correlation between autophagy and neuropathy in diabetes. 

Findings: 

 Patients with type 1 diabetes have a significantly lower density of myelinated 
nerve fibers in the posterior interosseous nerve compared to controls. 

 Patients with type 1 diabetes have significantly smaller myelinated and 
unmyelinated nerve fibers compared to both patients with type 2 diabetes and 
controls. Type 2 diabetic patients have smaller myelinated fibers than controls. 

 Patients with type 1 diabetes have significantly larger g-ratio than both type 2 and 
controls. 

 Type 1 diabetic patients have a higher density of unmyelinated fibers compared to 
controls. 

 Patients with type 1 diabetes have a significantly higher density of autophagy 
structures than patients with type 2 diabetes. 

Conclusion: 

Autophagy exists in human peripheral nerves, and it is regulated differently in the nerves of 
patients with type 1 and type 2 diabetes. 

Paper 2 

Aim:  

To evaluate autophagy-related structures in the peripheral nerves of patients with CIAP and 
inflammatory neuropathy. In addition, to study the presence of microangiopathy in these 
patients. 

Findings: 

 Patients with CIAP and inflammatory neuropathy had a lower density of myelinated 
nerve fibers in the sural nerve compared to controls. 

 Patients with inflammatory neuropathy had smaller unmyelinated fibers than both 
CIAP patients and controls. 

 Blood vessels of the sural nerve from patients with inflammatory neuropathy had 
significantly larger endothelial cell area and basal lamina area thickness (BLAT) 
compared to CIAP and controls. 

 The number of endothelial cell profiles and periendothelial cell nuclei was 
significantly higher in patients with inflammatory neuropathy compared to controls. 
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 The density of autophagy structures was significantly higher in patients with CIAP 
and inflammatory neuropathy compared to controls. 

Conclusion: 

Autophagy exists in peripheral nerves in different neuropathological conditions, and the 
density of autophagy structures is higher in neuropathic nerves. 

Paper 3 

Aim:  

To investigate the effect of autophagy activation on axonal regeneration, to construct 
biological nerve conduits to guide axonal regeneration, and to make proteome profile of 
injured nerves in GK rats. 

Findings: 

 Collagen nerve conduits support and guide axonal regrowth in the transected sciatic 
nerve of GK diabetic rats. 

 Injury to the sciatic nerve of GK diabetic rats increases LC3 and p62 levels in the 
first week after surgery. 

 Activation of autophagy by rapamycin increases LC3 levels after injury up to 8 
weeks, and decreases p62 levels up to 4 weeks of injury. 

 NGF incorporated in CNC increases axonal sprouting 4 weeks after injury, but many 
of the regenerated axons degenerate at 8 weeks after injury. 

 An injured sciatic nerve connected with CNC incorporated with NGF and rapamycin 
dissolved in DMSO showed significantly higher NF fluorescence intensity at 8 weeks 
after injury compared to non-injured control nerves. 

 Rapamycin regulates proteins involved in axonal regeneration and cell survival. 

Conclusion: 

Rapamycin increases long-term axonal regeneration, and regulates many proteins involved 
in nerve regeneration. 
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RESULTS AND DISCUSSION 

Here, I present and discuss the main results reported in the papers included in the thesis. 

Paper 1 

Background 

Most of the patients with diabetes mellitus suffer from peripheral neuropathy. The cause of 
diabetic neuropathy is unknown, and hyperglycemia is the major risk factor. Autophagy, the 
degradation mechanism used by a cell to remove the damaged organelles and proteins by 
lysosomes, has been found to be impaired in many experimental studies of neuropathies [85, 
93]. To my knowledge there is no published study concerned with the investigation of 
autophagy in peripheral neuropathy in humans. I hypothesized that impaired autophagy in 
peripheral nerves of patients with diabetes contributes to the pathogenesis of peripheral 
neuropathy. 
In this paper, I aimed to find out if autophagy machinery exists in human peripheral nerves, 
and if so, to investigate whether there is any correlation between autophagy and neuropathy 
in diabetes. I studied the pathology and autophagy in the posterior interosseous nerve of 
patients with type 1 and 2 diabetes mellitus. 

Results and discussion 

I observed signs of neuropathy in nerves of diabetic patients, and it was more severe in type 
1 diabetic patients. Controls with CTS also showed signs of neuropathy. The density of 
myelinated nerve fibers was significantly lower in type 1 diabetic patients compared to 
controls (p <0.05) (Figure 7). Axonal atrophy that is one of the characteristics of diabetic 
neuropathy (Figure 8a), as well as axonal degeneration (Figures 8b; 9) and demyelination 
(Figure 9) was observed in nerve samples from all diabetic patients. 
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Figure 7. Low density of myelinated fibers in posterior interosseous nerve of type 1 diabetic 

patient. Scale bar = 20 µm. (electron micrograph). 

               

Figure 8. (a) Axonal atrophy in type 1 diabetes. (b) Axonal degeneration in type 1 diabetes.     

Scale bar = 2 µm. Human posterior interosseous nerve (electron micrograph). 

Denervated Schwann cells (empty SCs) and collagen pockets occur normally in healthy 
axons, but they increase by age and neuropathy. I observed many denervated SCs (Figure 9) 
and collagen pockets (Figure 10a) in all groups, but they were observed more frequently in 
type 1 diabetic patients. 
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Figure 9. Axonal degeneration and demyelination (white arrow), and denervated SC (asterisk) in 

type 1 diabetes. Scale bar = 2 µm. Human posterior interosseous nerve (electron micrograph). 

 

           

Figure 10. (a) Collagen pockets in type 1 diabetic patients (arrows). (b) Bands of Büngner in type 1 

diabetic patients. Scale bar = 0.5 µm in (a), 1 µm in (b). Human posterior interosseous nerve 

(electron micrograph). 

 
Bands of Büngner (Figure 10b), as sign of initiation of axonal regeneration, were observed 
in samples from diabetic patients. Reich pi granules are inclusion bodies found in 
myelinating SC close to the nucleus. They are normally observed in healthy axons, but their 
number increases with age and pathology. I have observed many Reich pi granules in nerves 
of diabetic patients (paper 1). 
The results showed loss of large myelinated axons in patients with type 1 and type 2 
diabetes. The diameter of myelinated nerve fibers in patients with type 2 diabetes was 
significantly smaller than that in healthy controls, and patients with type 1 diabetes had 
significantly smaller myelinated and unmyelinated fibers than both type 2 diabetes and 
controls (Figure 11). Smaller nerve fibers indicate that there was either loss of large nerve 
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fibers and/or increase in small regenerated nerve fibers. I have also calculated the g-ratio, 
which shows the thickness of myelin sheath, by dividing axon diameter by diameter of the 
nerve fiber (axon + myelin sheath). The normal g-ratio in peripheral nerve is around 0.5 – 
0.7 [2] and is associated with optimal nerve conduction velocity. The larger g-ratio means 
thin myelin sheath, which indicate remyelination or hypomyelination, and the lower g-ratio 
means thick myelin sheath and occur in hypermyelination. I found that patients with type 1 
diabetes have significantly larger g-ratio than both type 2 and controls. The density of 
unmyelinated fibers was significantly higher in type 1 diabetic patients than controls. These 
results could mean that there are many regenerated axons in type 1 diabetic patients. 
 
 

               

Figure 11. Histograms show the distribution of myelinated nerve fibers diameter in the posterior 

interosseous nerve of controls and patients with type 2 and type 1 diabetes mellitus. Significant loss 

of large myelinated fibers was observed in type 1 and 2 diabetes compared to controls. **** p < 

0.0001.  

 
These results, for the first time, presented ultrastructural signs of autophagy in human 
peripheral nerves (Figure 12). 
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Figure 12. Autophagy structures in the human posterior interosseous nerve. (a) Phagophore 

(arrow) and electron dense lysosomes (arrowheads) in a fibroblast. (b) Autophagosomes in an 

axons, arrows show the double membrane of the autophagosomes. (c) Autophagosomes in 

myelinated axons. (d) electron-dense lysosomes in endothelial cells (arrows). (e) Autolysosomes in 

myelinated axon (arrows). (f) Autolysosomes (asterisk) and myelin ovoids in a Schwann cell. Scale 

bars, 500 nm (a, e), 1 μm (b) and 2 μm (c, d, f). (Electron micrograph). 

 

The density of autophagy-related structures in patients with type 1 diabetes was 
significantly higher than in type 2 diabetes patients, and tended to be higher compared to 
controls (p = 0.06) (paper 1). 
These findings show that autophagy exists in the human PNS, and the density of autophagy-
related structures was significantly higher in nerves of patients with type 1 than type 2 
diabetes. The results also showed extensive signs of neuropathy in the nerves of patients 
with type 1 diabetes compared to type 2. These findings suggest that autophagy is regulated 
differently in PNS of patients with type 1 and 2 diabetes, and this different regulation can be 
associated with the severity of neuropathy. The fact that type 1 diabetic patients had more 
autophagy structures than type 2 suggests that autophagy is either stimulated in type 1 
diabetic patients and therefore the formation of phagophores and autophagosomes is 
increased, or that the autophagic flux is blocked downstream, for instance the fusion of 
autophagosome and lysosome is inhibited, which leads to accumulation of autophagy 
structures. A limitation of my study is that EM was the only method used to detect 
autophagy. Autophagy is a dynamic process and EM does not show the autophagic flux (the 
turnover of degraded proteins). To confirm the results of EM another method should be 
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used to monitor autophagy flux in order to quantify autophagic proteins and receptors, as 
recommended by Klionsky et al. (2016) [90]. 
Autophagy has been observed in CNS in human [94] and was found to be upregulated in 
neurodegenerative diseases [79, 95]. My study is the first study to investigate autophagy in 
PNS of humans with neuropathy.   
I conclude that the density of autophagy structures correlates with the severity of 
neuropathy, and autophagy is regulated differently in PNS of patients with type 1 and 2 
diabetes. Further studies is needed to investigate the autophagy in other nerves and 
peripheral neuropathy conditions other than diabetes.  

Paper 2 

Background 

Chronic idiopathic axonal polyneuropathy (CIAP) and inflammatory neuropathies (chronic 
inflammatory demyelinating polyneuropathy and vasculitic neuropathy) affect millions of 
people globally. The etiology of these diseases is unknown. In paper 1, I showed that 
autophagy exists in human PNS. Furthermore, the more severe neuropathy in type 1 
diabetes vs type 2 diabetes was associated with a higher density of autophagy structures in 
the nerves. Here, I hypothesize that autophagy impairment is involved in the development 
of peripheral neuropathy in patients with CIAP and inflammatory neuropathy. 
In this paper, I aimed to evaluate autophagy-related structures in peripheral nerves of 
patients with CIAP and inflammatory neuropathy. In addition, to study the presence of 
microangiopathy in those patients. Samples from the sural nerve of patients with CIAP and 
inflammatory neuropathy were used in this study. 

Results and discussion 

 

Figure 13. (a) Large unmyelinated fibers, (b) remyelinated fiber and (c) bands of Büngner. Scale 

bar in (a, c) = 2 µm, in (b) = 1 µm. Human sural nerve (electron micrograph).  

 

Light and electron microscopy were used to study the pathology and autophagy in the sural 
nerve from patients with CIAP and inflammatory neuropathy. I observed large 
unmyelinated fibers (Figure 13a), collagen pockets, and bands of Büngner in all groups. 
Micrographs of sural nerves obtained from patients with CIAP showed sign of axonal 
degeneration, and regeneration. In the sural nerves of patients with inflammatory 
neuropathy, extensive axonal degeneration, remyelination (Figure 13b), and macrophages 
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containing degradation products (Figure 14; 15) were observed. Samples from inflammatory 
neuropathy patients also showed signs of microangiopathy. 
 
 

 
 
 
 
 
 
 
 
 

Figure 14. Myelin debris in Schwann cell (a) and macrophage (b). Scale bar = 2 µm. Human sural 

nerve (electron micrograph). 

 

 

 

                     

Figure 15. Macrophages in the sural nerve of patients with inflammatory neuropathy. Scale bar in 

(a, b) = 2 µm, in (c) = 3 µm, in (d) = 1 µm. Human sural nerve (electron micrograph). 
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The number of large myelinated fibers was significantly reduced in the nerves of patients 
with CIAP and inflammatory neuropathy compared to controls (Figure 16). Patients with 
inflammatory neuropathy had smaller unmyelinated nerve fibers compared to patients with 
CIAP and controls (Figure 17). The histopathology and morphometric findings confirm the 
diagnostic results of NCS in CIAP and inflammatory neuropathy patients. 
  

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Histograms show that sural nerve of patients with CIAP and inflammatory neuropathy 

have smaller myelinated fibers compared to controls.* p < 0.05, *** p < 0.001. 

 

 
 
 
 
 
 
 
 

 

 

 

 

Figure 17. Histograms show that the sural nerve of patients with inflammatory neuropathy had 

smaller unmyelinated fibers than both CIAP and controls. **** p < 0.0001. 

 
We also studied microangiopathy by analyzing endoneurial blood vessels with a focus on 
lumen area, endothelial cell area, and basal lamina area thickness (BLAT). Endothelial cell 
area and BLAT were significantly larger in patients with inflammatory neuropathy 
compared to CIAP and controls. The numbers of endothelial cell profile and periendothelial 
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cell nuclei were significantly higher in patients with inflammatory neuropathy compared to 
controls (paper 2). 

I quantified autophagy structures in the sural nerve samples and calculated their density per 
fascicle area. All types of autophagy structures were observed in samples from all groups 
(Figure 18). However, the density of autophagy structures was significantly higher in 
patients with CIAP and inflammatory neuropathy compared to controls.  

In CIAP patients, the density of autophagy structures in the SCs of unmyelinated fibers was 
found significantly higher than controls, while autophagy structures in myelinated axons 
were less frequent in samples from CIAP and inflammatory neuropathy compared to 
controls (paper 2). 

 

Figure 18. (a) Phagophore (white arrow) and autophagosome (black arrow) in a Schwann cell in a 

patient with inflammatory neuropathy. (b) Autophagosome in a myelinated axon (arrow) in a 

patient with CIAP. (c) Lysosomes in a Schwann cell (arrows) in a patient with inflammatory 

neuropathy. Scale bars = 1 μm. Human sural nerve (electron micrograph). 

 

Together, these results show that autophagy exists in different pathological conditions, and 
in different nerves in human. The results also show that autophagy is regulated differently in 
pathological conditions compared to normal nerves. The method used in this study (EM) is 
considered the gold standard for monitoring autophagy; it shows the existence of autophagy, 
and it can be used for the quantification of autophagy structures. As discussed in paper 1, 
autophagy is a dynamic process, and one of the limitations of EM is that it does not show 
the autophagic flux. Further investigation using robust autophagy assay, for instance 
quantification of autophagic proteins and receptors, is needed to understand how autophagy 
is regulated in peripheral neuropathy, and to understand if activation or inhibition of 
autophagy affects nerve healing after injury. 
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Paper 3 

Background 

Nerve repair and reconstruction after an injury in diabetic patients is a challenging task. 
Nerve conduits can be used to reconnect the injured nerve with good recovery when the gap 
between the proximal and distal nerve stumps is short. There are possibilities to also provide 
neurotrophic factors in such conduits, but there are challenges in using such factors due to 
the complexity of their effects. Previously, I found that autophagy is regulated differently in 
PNS of patients with peripheral neuropathy. Here, I hypothesize that activation of 
autophagy improves axonal regeneration in the sciatic nerve of rats with type 2 diabetes 
after nerve reconstruction using a conduit. 
The aim of this study was to investigate the effect of autophagy activation on axonal 
regeneration, to construct a biological nerve conduit to guide axonal regeneration, and to 
make proteome profile of the injured nerve in GK rats. Autophagy was activated with 
rapamycin in the injured and reconstructed sciatic nerve of GK rats. 
I used collagen nerve conduits (CNC) containing either NGF or NGF + rapamycin to 
reconstruct and reconnect the transected sciatic nerves. Samples from CNC, and proximal 
and distal stumps of the injured nerve were collected after 1, 4, and 8 weeks of injury. 

Results and discussion 

My results showed that the nerve injury in sciatic nerve of GK rats significantly increased 
LC3 after 1, 4, and 8 weeks of injury at both the proximal and distal stumps when conduits 
with NGF were used. Regarding p62, the immunoreactivity was significantly increased 1 
week after injury in both the proximal and distal stumps, but significantly decreased in the 
distal stump 4 weeks after injury. The high levels of LC3 suggest that autophagy was 
activated by nerve injury and reconstruction. On the other hand, the higher levels of p62 
mean that autophagic flux was either blocked at week 1 (and therefore the number of 
autophagosomes was increased), or that the expression of p62 was upregulated to a level 
more than the autophagy machinery could use (Figure 19a; b). 
Rapamycin with NGF also significantly increased LC3 levels 1, 4, and 8 weeks after injury 
in both the proximal and distal stumps, and significantly decreases p62 levels 1, and 4 
weeks after injury in both proximal and distal stumps. When treated with rapamycin 
autophagic flux was active from week 1 to week 4 as observed by high LC3 fluorescence 
intensity and low p62 fluorescence intensity (Figure 19a; b). 
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(a) 

 

(b) (c) 

 

Figure 19. (a) Immunostaining of the distal stumps of sciatic nerve with antibodies against LC3 

and NF 8 weeks after transection and reconstruction using collagen nerve conduits containing NGF 

or NGF + rapamycin (Rap). Controls were non-injured sciatic nerves from GK rats. (b) 

Densitometry of fluorescence intensity of anti-LC3 antibodies. (c) Densitometry of fluorescence 

intensity of anti-NF antibodies. NF (neurofilament).* < 0.05; ** < 0.01, *** < 0.001; **** < 

0.0001 vs control. † vs NGF. § vs different time points. 
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My results also showed that axonal regeneration was improved with administration of NGF 
4 weeks after injury compared to non-injured controls, and the axonal outgrowth (measured 
by NF-fluorescence intensity) was similar to that of the non-injured controls at week 8 after 
injury and reconstruction. In the presence of rapamycin and NGF, axonal outgrowth, as 
shown by NF-immunoreactivity, was significantly higher 8 weeks after injury in both distal 
and proximal stumps compared to non-injured controls. Treatment of the injured nerve with 
rapamycin delayed the axonal regeneration in the first 4 weeks, but at the later stage (week 
8) the axonal outgrowth was higher compared to non-injured nerves (Figure 19a; c). This 
delay in axonal regeneration could be due to the effect of DMSO that was used as solvent. 
Studies have shown that DMSO affects the structure and functions of sciatic nerve in rats 
[96], and induces apoptosis in the mouse brain [97]. 
My findings support the results of previous studies, which have shown that nerve injury 
upregulates LC3 [98, 99]. Rapamycin has been shown to protect against neurodegeneration 
by activating autophagy [100], and improves myelination in PNS [101].  
Proteomic study of the injured nerves of diabetic rats 4 weeks after surgery identified 798 
proteins, and among these 193 proteins were differentially expressed. I have identified and 
quantified many proteins involved in axonal growth and regeneration, endocytosis, 
apoptosis, glucose metabolism, and lysosomal function. 
ANOVA test showed that treatment of injured nerves with rapamycin + NGF upregulated 
many proteins that play roles in peripheral nerve growth and axonal regeneration (Figure 
20). For instance, Apolipoproteins (APOD and APOE) were upregulated in both proximal 
and distal stumps of nerves treated with rapamycin + NGF, as well as in the distal stump of 
nerve treated only with NGF. These proteins increase axonal regeneration in PNS, and 
regulate oligodendrocyte differentiation and myelination in CNS, as well as protect neurons 
from apoptosis [102–104]. Serotransferrin (TF), which increases remyelination [105, 106], 
was upregulated in both the proximal and distal stumps of nerves treated with rapamycin + 
NGF. 
Results of ANOVA test also showed that myelin-related proteins, i.e. the myelin basic 
protein (MBP), Myelin protein 0 (MPZ), myelin-associated glycoprotein (MAG), and 
myelin proteolipid protein (PLP1), were downregulated in nerves treated only with NGF, 
but in the proximal stump of nerves treated with rapamycin + NGF their expression was 
normalized. Protein Rab GDP dissociation inhibitor alpha (GDI1), dihydropyrimidinase-
related protein 2 (DPYSL2 - CRMP-2), PLP1, thioredoxin (TXN), MAG, MBP, CD9 
antigen (CD9), alpha-synuclein (SNCA), tubulin beta-3 chain (TUBB3), and protein 
NDRG1 (NDRG1) were found to be downregulated at proximal and distal stumps in the 
presence of NGF, and in the presence of rapamycin, the expression of these proteins was 
downregulated at distal stumps of nerves, but were normalized in the proximal stumps. 
These proteins regulate nervous system development, axonogenesis, glial cell 
differentiation, myelination, and myelin maintenance [107–115]. 
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Figure 20. Heatmap shows proteins involved in nerve development, axonal growth, and 

myelination in injured sciatic nerves treated with NGF or NGF + rapamycin (Rap) at proximal and 

distal stumps as well as controls. The distal stumps of NGF and NGF + rapamycin had similar 

proteome profiles while the effect of rapamycin was obvious in the proximal stump. 

 

Results of ANOVA also showed that many proteins involved in apoptosis (Figure 21) were 
regulated differentially in the sciatic nerve 4 weeks after injury. Among those proteins 
MPZ, SNCA, and alpha-crystallin B chain (CRYAB) were downregulated at the proximal 
and distal stumps of NGF group as well as distal stump of nerves treated with NGF + 
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rapamycin. MPZ and CRYAB have a protective role and they negatively regulate apoptosis 
in SC, while SNCA negatively regulate apoptosis in neurons [116–118].  

 

Figure 21. Heatmap shows proteins involved in apoptosis regulation in injured nerves treated with 

NGF or NGF + rapamycin (Rap) at the proximal and distal stumps as well as controls. Rapamycin 

in proximal stump of nerve upregulate many proteins negatively regulate glial and neuronal 

apoptosis. 
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Following ANOVA, a t-test was performed to find out which proteins are regulated by 
rapamycin. We found 69 proteins regulated by nerve injury in the proximal stump and 113 
proteins in the distal stump. We also identified 31 proteins in the proximal stump and 9 
proteins in the distal stump were regulated by rapamycin (Figure 22). These proteins were 
mainly downregulated by nerve injury and upregulated to levels similar to the level at non-
injured nerves by rapamycin. These proteins involved in response to oxidative stress, 
regulation of inflammatory response, and cell proliferation.  
Together, the results of proteomic analysis show that rapamycin upregulates many proteins 
involved in axonal regeneration and cell survival. 
In conclusion, these findings show that treatment of nerve injury with NGF + rapamycin 
significantly improves axonal regeneration, and the regenerating axons are stabilized at later 
stage of injury (8 weeks). Rapamycin regulates the expression of many proteins involved in 
axonal regeneration and cell survival. This study gives insight into the role of autophagy in 
peripheral nerve degeneration and regeneration at the molecular level. 

 



 

 

Results and discussion 

 

46 
 

 

Figure 22. Effect of nerve injury and rapamycin on proteome of the sciatic nerve of GK rats. (a) 

Venn diagrams illustrating the overlap of protein expression changes induced by nerve transection 

(NGF vs non-injured controls) and rapamycin treatment in injured nerves (NGF vs NGF + 

rapamycin). Proteins were identified by LC-MS/MS. (b) Plot of the magnitude and direction of 

change in proteins regulated both by nerve transection and rapamycin treatment. Note that the 

addition of rapamycin in the conduits tend to normalize the changes induced by transection (i.e. 

they change the protein levels in the opposite direction but with a similar magnitude). (c) List of the 

proteins that were regulated by transection and rapamycin. 
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CONCLUSION 

To my knowledge, this is the first report on the presence of autophagy in human peripheral 
nervous system. My results show that the density of autophagy structures correlates 
positively with the severity of neuropathy. In diabetic GK rats, I found that nerve injury 
increases the autophagy proteins LC3 and p62, and the administration of a neurotrophic 
factor, like NGF, is important for nerve regeneration in transected and reconstructed nerve 
of diabetic GK rats with a moderate blood glucose level. More importantly, I also conclude 
that activation of autophagy by rapamycin improves axonal regeneration. Rapamycin 
upregulates many proteins involved in axonal regeneration and cell survival. 

Future Perspectives 

In the future, I would like to study the effect of autophagy on the functional recovery of the 
re-innervated organs. I am also interested in developing methods for an optimal guiding of 
axonal regeneration and nerve repair and reconstruction. 
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