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1. Introduction 

Due to the nature of this work, it is loosely structured into two major parts. Part I focuses 

on the effects of the protein kinase inhibitor of nuclear factor kappa-B kinase subunit 

epsilon (IKKε) and the TANK-binding kinase 1 (TBK1) on human malignant melanoma. 

Part II discusses the localization and characterization of murine alpha Synuclein (α-Syn) 

in the nociceptive system and its role in different types of pain, including tumor-associated 

pain. 

 

1.1 The role of IKKε and TBK1 in the pathogenesis of malignant 

melanoma 

 

1.1.1 Malignant melanoma 

 

1.1.1.1 Definition, epidemiology 

Malignant melanoma is an aggressive and early metastatic type of tumor of the skin. In 

most cases the coloring is black, due to the origin of this tumor, which is often a mutation 

of melanin-producing cells, the melanocytes. Malignant melanoma is the most common 

fatal skin disease in the world1,2. As of now, every 20th diagnosed cancer is a cutaneous 

melanoma3. 

Although the number of cases in Germany almost quadrupled between 1980 and 2006, 

the death rate has remained constant4. This is due to the earlier detection and therapy of 

the disease. Nevertheless, these figures make it clear that the number of people suffering 

from the disease is increasing rapidly. Currently, the yearly incidence is ~ 35 cases per 

100,000 people in Australia and New Zealand, ~ 20 cases per 100,000 people in the USA, 

and 10-20 cases per 100,000 people in Central Europe2,5–7. In the USA, malignant 

melanoma ranks 5th among the most common tumor diseases in men and 7th in 

women8,9. 
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The increase in incidence is highest in the Caucasian population. Simulations of the 

incidence trend calculate a doubling of cases every 10-20 years8. People with African-

American, Asian, and Hispanic backgrounds are significantly less likely to develop 

malignant melanoma1,10. 

In the USA, malignant melanoma ranks third among the most common skin tumors, but 

first in the mortality rate, which is 75 %. The mean age of diagnosis of malignant 

melanoma is 55 years. The mean age at death is 67 years1,5,11. In recent years the median 

survival rate for patients with metastatic melanoma increased from 5.3 months to over 2 

years. This is due to new approaches like targeted- and immunotherapy12,13. 

 

 

1.1.1.2 Clinical aspects of melanoma 

The extremely high lethality of malignant melanoma is based on its very high potential to 

metastasize and penetrate foreign tissue, if not diagnosed early enough14. During 

development, melanocytes migrate from the neural crest into a variety of tissues. Possible 

progenitor cells of the malignant melanoma are therefore scattered throughout the body1. 

This is the reason why not only the skin can be affected by the development of malignant 

melanoma. Possible sites of origin are also found in non-cutaneous tissue, such as the 

vulva, the vagina, the anus, the central nervous system (CNS), the eye, the paranasal 

sinus, and the oral mucosa15,16. Identifying malignant melanoma in these tissues can be 

extremely difficult. Late diagnosis, if there is one at all, is usually too late and the tumor 

has already metastasized. It is therefore of utmost importance to classify and characterize 

the tumor as early as possible to start the treatment. This is done based on the localization 

and depth of the affected tissue. The different classification levels of malignant melanoma 

are the superficial spreading melanoma, lentigo maligna melanoma, nodular melanoma, 

and acral lentiginous melanoma (Fig. 1.1.1.2.1)2,11,14.  

Interestingly, a large difference is seen between men and women in the formation of 

malignant melanoma. Overall, men are more susceptible to melanoma than women. Even 

though in younger years up to the age of 40 years this rate is reversed and women are 

more susceptible to form a malignant melanoma17. Melanoma is reported to form most 
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often on the shoulders and back of men and the lower limbs of women18. This trend is not 

seen in areas with high UV exposure, though. In areas like Australia and New Zealand, 

the strongest melanoma formation is on body areas which exhibit a strong UV exposure. 

Mostly the face, neck, and arms19. 

 

 

Fig. 1.1.1.2.1: Malignant melanoma subtypes. Representations of the superficial spreading, lentigo 

maligna, nodular, and acral lentiginous melanoma subtypes. 

 

The early detection of malignant melanoma is based on the "ABCDE" criteria11. It is 

examined whether the affected area is asymmetric, has an irregular border, if the color is 

not uniform, if the diameter is larger than 6 mm, and whether it changes over time. 

Conspicuous areas then can be further characterized through tumor measurement 

according to Breslow20.  This type of measurement is still the most important prognostic 

factor for the possible diagnosis of malignant melanoma. The Breslow characterization 

measures tumor thickness and tumor invasion depth. Measurement starts from the upper 
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layer of the epidermis to the deepest layer of tumor invasion (Fig. 1.1.1.2.2 A). In parallel 

a classification system according to Clark has developed14. This also looks at the depth 

to which the tumor penetrates. This depth of penetration is classified from the epidermis 

to the subcutaneous fat with levels I-V (Fig. 1.1.1.2.2 B). 

 

 

Fig. 1.1.1.2.2: Pathophysiological classification systems for the characterization of melanocytes. 

The tumor size after Breslow measures the total thickness and depth of invasion of the tumor (A). The level 

as done by Clark measures the anatomical structures invaded by the tumor (Chin et al. 199814). 

 

 

1.1.1.3 Formation and progression of malignant melanoma 

Malignant melanoma originates from melanocytes, which are responsible for the 

pigmentation of the skin. It is assumed that melanoma cells, after their development, 

escape the control of keratinocytes. This happens through very precise regulation of 

specific keratinocyte and melanoma cell-cell receptors. The lack of control ultimately 

causes melanoma cells to detach from the basal cell layer and to metastasize21. 

There are many possibilities how a melanocyte becomes a melanoma cell. However, it is 

assumed that this happens because of an interplay of genetic, phenotypic, and 

environmental factors. The combination of these factors influences the incidence and the 

A B
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molecular signaling pathways involved in malignant melanoma formation and 

progression1,6,8. It is now generally agreed on that UV radiation is the biggest risk factor 

for the development of malignant melanoma22,23. As already described, countries such as 

Australia and New Zealand have a much higher incidence than any other country. The 

increased UV exposure not only leads to DNA damage and mutations but also oxidative 

stress in the form of increased ROS production. Recent studies are beginning to show an 

increasing correlation between oxidative stress and melanoma formation24. 

Phenotypic risk factors for the development of malignant melanoma are the number and 

localization of naevi, and skin, hair and eye color25. The incidence in the African American 

population is only a fraction compared to the Caucasian population. A possible reason for 

this is the increased pigmentation, and thus better protection against UV radiation, of this 

part of the population3.  

The genetic risk factors are manifold and some of them have not yet been very well 

investigated. The gene most frequently associated with malignant melanoma, which is 

also mutated in at least 50 % of all cases, is the rapidly accelerated fibrosarcoma (BRAF) 

gene. BRAF encodes the serine/threonine kinase b-Raf of the mitogen-activated protein 

kinase (MAPK) pathway. Mutations of the BRAF gene are not only the main genetic cause 

of malignant melanoma but also of non-Hodgkin lymphoma, colorectal cancer, papillary 

thyroid carcinoma, non-small cell lung cancer, and many other tumor types26,27. The most 

common mutation is the BRAF V600E mutation, which is often found in patients with 

advanced malignant melanoma28. 

Directly following BRAF, p53 is an extremely important target for genetic approaches in 

melanoma research and therapy. p53 is a strong activator of apoptosis and cell cycle 

arrest. It is regularly activated by cellular stress, such as UV radiation or increased ROS 

levels, but also by the activation of oncogenes. In about 90 % of all melanoma cells, a 

mutation in the p53 gene is present. Of these, 10 % have an inactivating point mutation. 

This high mutation rate of the tumor suppressor p53 suggests a decisive role in the 

development and progression of malignant melanoma. Recent studies used p53 gene 

therapy and showed that melanoma growth, migration, and invasion were significantly 

inhibited, and the survival rate in patients was increased29,30. 
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A variety of other genes was found to be mutated in different forms of malignant 

melanoma. The most important ones were CDKN2A, CDK4, NRAS, NF1, and SF3B131,32.  

Cyclin-dependent kinase inhibitor 2A (CDKN2A) and cyclin-dependent kinase 4 (CDK4) 

are involved in the cell cycle progression and regulation. The NRAS gene is involved in 

the control of cell growth. Neurofibromin 1 (NF1) inhibits the RAS/MAPK pathway and 

can, therefore, alter cell growth. SF3B1 encodes a splicing factor. It has a wide variety of 

functions, but was found to be mutated in melanoma, leukemia, and breast cancer33–38. 

In addition to the risk factors already mentioned, there are several others. A weakened 

immune system, either through previous illness or the intake of immunosuppressants, 

promotes the development of malignant melanoma. Also, a familial or personal history of 

melanoma diseases39. People with the rare autosomal recessive disease Xeroderma 

Pigmentosum also have an increased risk of developing malignant melanoma due to the 

genetic background of this disease. Furthermore, there is an unexpected risk factor for 

melanoma development: Parkinson's disease (PD). First studies suspected a connection 

between L-DOPA intake and the increased risk of melanoma. However, subsequent 

studies could not confirm this assumption. Still, a strong correlation between PD and 

melanoma formation is seen1,6,25,40–42. 

 

 

1.1.1.4 Autophagy in malignant melanoma 

Autophagy is a strongly regulated and natural process in cells. The function of this process 

is the removal of unnecessary or dysfunctional components by lysosomal degradation 

without activation of the immune system as seen in necrosis. The damaged particles are 

enclosed within a double-membraned vesicle. This so-called autophagosome fuses with 

available lysosomes, which leads to the process of degradation and recycling of the 

components43. 

Autophagy emerged as an important regulatory pathway in a wide variety of tumors. Many 

cancer cells hijack the autophagic process to create chemo- and radiotherapy immunity44. 

The correct regulation of this process is necessary for tumor survival and progression. 
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While the induction of autophagy resulted in tumor survival and progression in some 

tumors, it acted as a tumor suppressor in other tumors45,46. 

The current hypothesis for the role of autophagy in cancer, which is also true for malignant 

melanoma, is that the process acts tumor suppressive in the early stages of tumor 

development and tumor protective in the advanced stages (reviewed in 47). A study by 

Lazova et al. describes autophagy in malignant melanoma cells as “a constitutive 

metabolic state for invasive and metastatic melanoma cells”48. With the facts as they are 

discovered as of this time, it can be hypothesized that the inhibition of autophagy has 

inhibitory effects on melanoma development and increases the effect of other therapeutic 

options. 

 

 

1.1.1.5 Therapy strategies 

Currently, the most important and effective treatment option for malignant melanoma is 

removal. If the melanoma is detected early enough and removed, the prognosis for 

complete recovery is very good, despite the high mortality rate. In recent decades, the 

early detection of melanoma has become much better with the ABCDE criteria and the 

subsequent measurement according to Breslow, and Clark. As a result, the lethality of 

malignant melanoma relative to the diagnosed cases has decreased significantly9. If the 

melanoma is not removed early on, only more aggressive therapies remain.  

These include the usual radiotherapy or chemotherapy with interferon-α. However, these 

therapies are not effective to a satisfactory degree. This may be because melanomas are 

able to induce an anti-apoptotic phenotype that protects them from this type of therapy. In 

the meantime, however, new approaches for the therapy of malignant melanoma are 

being developed.  

One possible therapy is the targeted gene therapy of p53. In initial studies, this therapy 

has shown great success. Confirmation by further studies remains to be seen29.  

Another therapy option that has developed between 2011 and 2015 is a combination 

therapy of BRAF and MEK inhibitors. Studies have shown a significant improvement in 
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the patients’ survival rate after using this method. This therapy eventually became the 

worldwide standard for BRAF mutant and non-removable melanoma. Some successes 

were also seen with NRAS/MEK inhibitors.  

After the discovery of the PD-1 receptor, more and more studies on anti-PD1 therapies 

were conducted. These showed a positive effect on the 1-year survival rate of patients. 

The PD-1 therapies showed strong side effects, though. This made the search for other 

PD1 inhibitors mandatory (reviewed in 49). 

Since all these therapies, except for surgical removal, have strong side effects, lead to 

resistance development in the tumor, or don’t have any effect on the specific melanoma 

subtype, research is needed to find more effective therapies with fewer side effects. 

 

 

1.1.2 The NF-κB signaling pathway and associated proteins 

 

1.1.2.1 The NF-κB signaling pathway and Iκ-B proteins 

The modulation of the nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-

κB) signaling pathway is one of the most effective ways to influence cell growth, 

proliferation, survival, and apoptosis. This signaling pathway also plays an important role 

in the immune response to pathogens and inflammatory processes50,51. 

The classical canonical signaling pathway starts with the activation of different pro-

inflammatory receptors, e.g. T-/B-cell receptors, Toll-like receptors, or TNF receptors. 

Possible ligands are cytokines, TNFα, and lipopolysaccharides (LPS). Other activation 

factors are free radicals, heavy metals, and UV radiation, which is particularly important 

in the context of melanoma development. This activation of TNF-, toll-like-, or T-cell 

receptors starts the following cascade52,53:  

The different receptor subtypes activate a variety of enzymes, e.g. TRAF6 via ZAP-70 or 

SYK. TRAF6 activates TAB1/2/3, which can also be activated via TRAF2 activation by the 

TNF receptor. TAB1/2/3 forms a complex with TAK1 and activates the NEMO/IKK 

complex. Another way to activate this complex is the activation of growth factor receptors, 
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which activate Ras. Ras leads to PI3K phosphorylation. One end of this cascade is the 

activation of the NEMO/IKK complex. The indirect activation of the kinases IKKα and IKKβ, 

and of the complex partner NF-κB-essential modulator (NEMO) by proteins such as 

TRAF6 or Ras leads to phosphorylation of Iκ-Bα, followed by the proteasomal degradation 

of Iκ-Bα. The nuclear localization sequence of the NF-κB heterodimer is now available in 

an open form. A very common heterodimer is p50/p65. p50 is processed constitutively 

from p105 and serves mainly for binding to Iκ-Bα. p65, also known as RelA, has the 

transcription factor properties54,55. An additional way of p50/p65 activation is via p38 or 

JNK activation of the MAPK pathway. This pathway can be activated via cellular stress or 

UV radiation amongst other factors. The p50/p65 heterodimer translocates into the 

nucleus, where it acts as a transcription factor for a variety of genes, most of which 

regulate the immune response or cell growth (Fig. 1.1.2.1)51. 

In normal cells, this signaling pathway is activated as required. However, mutations in the 

signaling cascade can lead to permanent activation. The permanent activation of this 

signaling pathway has carcinogenic effects and has been linked to the development and 

progression of various tumors. These include breast, colon, prostate, ovarian and 

pancreatic cancer (reviewed in 56). 
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Fig. 1.1.2.1: Canonical NF-κB activation pathway. The classical canonical NF-κB signaling pathway leads 

to an activation of the NF-κB transcription factor. TCR/BCR T-cell receptor/B-cell receptor, TLR Toll-like 

receptor, TNF Tumor-necrosis factor, SYK Tyrosine kinase, ZAP-70 Zeta-chain-associated protein kinase 

70, LCK Lymphocyte-specific tyrosine kinase, TRAF TNF receptor-associated factor, IRAK Interleukin-1 

receptor-associated kinase, Tollip Toll interacting protein, MyD88 Myeloid differentiation primary response 

88, TRADD TNF receptor type 1-associated DEATH domain protein, RIP receptor-interacting protein 

kinase, TAB TGF-beta-activated kinase, TAK1 Mitogen-activated protein kinase kinase kinase, Ras Rat 

sarcoma GTPase, PI3K Phosphoinositide 3-kinase, PDK1 Pyruvate dehydrogenase lipoamide kinase 

isoenzyme 1, ATK Artichoke, JNK c-Jun N-terminal kinases, p38 Mitogen-activated protein kinase, CK2 
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Casein kinase 2, NEMO NF-κB essential modulator, IKK Iκ-B kinase, IK-Bα Inhibitor of NF-κB subunit alpha, 

P Phosphate group, Ub Ubiquitin, ROI Radical oxygen species, UV Ultraviolet light. 

 

 

1.1.2.2 The alternative IKKε and TBK1 NF-κB signaling pathway 

Alternative activation of the NF-κB signal pathway is achieved via the IKKε/TBK1 complex.  

The stimulation of LPS-, PMA-, or cytokine-sensing receptors activates the IKKε/TBK1 

kinase complex, which is involved in interferon 1 and NF-κB signaling. The IKKε/TBK1 

complex is able to directly phosphorylate IKKβ, Iκ-Bα, and p65. While the classical IKK 

subunits phosphorylate Iκ-Bα at serine 32 and 36, IKKε phosphorylates the inhibitory Iκ-

Bα only at serine 3657–59. The different phosphorylation targets lead to direct and indirect 

activation of the p50/p65 heterodimer and thus to its translocation into the nucleus.  

Another possibility for the IKKε/TBK1 complex to influence cellular processes is the 

activation of the interferon signaling pathway. IKKε/TBK1 form complexes with the TRAF-

associated NF-κB activator (TANK), the NAK-associated protein 1 (NAP1), and the similar 

to NAP1 and TBK1 adaptor (SINTBAD) protein60,61. This complex formation leads to the 

phosphorylation and activation of interferon regulatory factors 3 and 7 (IRF3/7). IRF3 and 

IRF7 homo- or heterodimerize and translocate into the nucleus, where they act as a 

transcription factor for type 1 interferon (Fig. 1.1.2.2)60,62–64. 
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Fig. 1.1.2.2: The alternative NF-κB signaling pathway. In addition to the classical canonical NF-κB 

signaling pathway, alternative activation pathways of NF-κB exist. The alternative NF-κB activation pathway 

is closely related to the interferon type 1 signaling cascade and leads to the expression of type 1 interferons, 

additionally to NF-κB related genes. Iκ-Bα Inhibitor of NF-κB subunit alpha, IKK Iκ-B kinase, IRF interferon 

regulating factor, LPS lipopolysaccharide, NAP1 NAK associated protein, NEMO NF-kappa-B essential 

modulator, PMA Phorbol-12-myristate-13-acetate, SINTBAD similar to NAP1 and TBK1 adaptor, TANK 

TRAF family member-associated NF-kappa-B activator, TBK1 TANK binding kinase 1, TCR T cell receptor, 

TLR Toll-like receptor. 
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1.1.2.2 The pathophysiological role of the NF-κB pathway in malignant 

melanoma 

Permanent activation of the NF-κB signaling pathway is observed in many different types 

of tumors (reviewed in 56). As described above, activation of this pathway leads to the 

expression of proteins that promote proliferation, growth, migration, and other oncogenic 

factors65.  

Ongoing activation of the NF-κB signaling pathway can occur through a wide range of 

events. These include mutations of components in the signaling pathway, chronic 

inflammation, and the activation of oncogenic factors. In vitro, NF-κB is permanently active 

in malignant melanoma cells and not activated as necessary57,63. In human melanoma 

cells, increased expression of p65, and p105/50 was found as well as increased 

expression and nuclear localization of the p50/65 heterodimer. The reason for this was 

described to be overactivity of the IKKs58. Interestingly, the upregulation of NF-κB 

monomers was also found in samples of uveal melanoma, but the inflammatory status of 

the samples differed between pro- and anti-inflammatory. This shows that not only the 

NF-κB pathway induced activation of the immune system, but a wide variety of factors 

influence the interplay between melanoma development and the immune system. But the 

effect of NF-κB on melanoma development is still confirmed with this study66. 

The activation of the NF-κB signaling pathway in melanoma cells also results in the 

secretion of CXCL1, CXCL8, and CCL5. These chemokines further contribute to cellular 

growth, apoptosis, the ability to metastasize and form a feedback loop to keep the NF-κB 

signaling pathway running59. 

The permanent activation of the NF-κB pathway has clear oncogenic effects and promotes 

the development and growth of melanomas. This signaling pathway can be activated 

directly, as described above, but also indirectly through the influence of other signaling 

pathways. 
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1.1.2.3 Associated pathways and key regulators 

The NF-κB pathway is integrated into a network of other signaling cascades. The influence 

of a single factor in this network has the potential to affect the entire network (Fig. 1.1.2.3). 

The deregulation of this complex network in tumor cells has several effects that ultimately 

ensure the survival of the tumor cell. The most important signaling pathways to be 

mentioned in this context are the MAPK signaling pathway and the PI3K/Akt signaling 

pathways (reviewed in 67). 

According to different studies, the invasion of melanoma cells into the surrounding tissue 

may result in the deregulation of the MAPK pathway68,69, which subsequently modulates 

expression and activation of Ras, b-Raf, MEK1, 2, and ERK1/2 in tumor cells. ERK1/2 

acts as an oncogenic transcription factor. Over 200 substrates of ERK1/2 are already 

described. The most famous of them are probably the transcription factors Elk1, c-Fos, 

and c-Jun. The phosphorylation of these factors by ERK1/2 leads to proliferative and 

migrative effects70. Also, ERK1/2 affects NF-κB and activates this transcription factor59,69. 

The MAPK pathway can be activated by the binding of EGF to EGF receptors or by the 

binding of LPS to TLR4. This leads to the phosphorylation of GTPase rat sarcoma (Ras), 

which phosphorylates b-Raf. b-Raf in turn activates, among others, MEK1, 2, which 

phosphorylate the extracellular signal-regulating kinase (ERK1/2), also known as p44-42. 

ERK1/2 regulates the transcription of genes important for proliferation and apoptosis61,71. 

According to the important role of MAPKs in melanoma pathophysiology, inhibitors of the 

pathway are used as antitumor therapy (reviewed in 72). 

The PI3K/Akt/mTOR pathway can be initiated by TLR4, EGFR, or Ras. PI3K modulates 

Akt, which has a very broad target spectrum. As an example, Akt has the ability to 

disinhibit CyclinD1, a very important factor in cell cycle progression73. Also, Akt can 

influence the IKKε/TBK1 complex activity and thus the alternative NF-κB signaling 

pathway74. Further targets of Akt are the p53 inhibitor mouse double minute 2 (MDM2), 

and the mammalian target of rapamycin (mTOR). p53 is the best-known tumor 

suppressor, and activation of its inhibitor leads to pro-oncogenic effects. It is also 

suspected that melanoma resistance against radiotherapy is induced by p53 inhibition. A 

study from Krayem et al. showed that reactivation of p53 renders melanomas more 

susceptible to radiotherapy75. mTOR is a key activator of various signaling pathways, all 
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of which are related to cell growth and metabolism76,77. Additionally, it was found that 

melanoma progression is often associated with the activation of Akt, which stabilizes 

TLR4. This leads to a feedback loop and melanoma progression78. 

Also, there are various cross-links between the PI3K initiated PKC signaling pathway and 

the canonical NF-κB signaling pathway58,68,71. The most important connector is the MAPK 

p38, which was found to promote vascular invasion and pro-survival autophagy in 

melanoma. The inhibition of p38 reversed these effects79,80. 

Figure 1.1.2.3 is intended to give an impression of the complexity of this signaling network 

and which factor has which influence on other factors. In this context, it is important to not 

only study the NF-κB signaling pathway, but also key proteins of other signaling pathways 

that have a direct or indirect influence on the NF-κB signaling pathway, or on key tumor 

characteristics, e.g. cell growth, proliferation, cell cycle, and apoptosis. 
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Fig. 1.1.2.3: NF-κB and associated signaling pathways. The signaling cascades of the NF-κB, MAPK, 

and PI3K/Akt signaling pathways influence each other in a complex intracellular signaling network. 

Activation/overexpression of the key regulators p38, ERK1/2, Akt, p65, CyclinD1, and p53 leads to cell cycle 

progression, angiogenesis, inhibition of apoptosis, cell proliferation, migration, adhesion, and invasion as 

well as the transcription of pro-inflammatory genes. Investigated interaction partners are highlighted in blue. 

Akt Protein kinase B, Bcl-2 B-cell lymphoma-2, b-Raf Rapidly accelerated fibrosarcoma, EGF Epidermal 

growth factor, EGFR Epidermal growth factor receptor, ERK1/2 Extracellular regulating kinases, GSK-3 
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Glycogen synthase kinase-3, Iκ-Bα Inhibitor of NF-κB subunit alpha, IKK Iκ-B kinase, IL-β interleukin-β, IL-

1R interleukin-1 receptor, LPS lipopolysaccharide, MDM2 mouse double minute 2, MEK1,2 MAP-ERK 

kinase 1,2, MKK 3/4/6 Mitogen-activated kinase kinase 3/4/6, mTOR mammalian target of rapamycin, 

NEMO NF-κB essential modulator, NIK NF-κB inducing kinase, PI3K Phosphoinositide-3-kinase, PKC 

Protein kinase C, TAK1 TGF-β activated kinase-1, TBK1 TANK binding kinase 1, TGF-α Tumor growth 

factor-α, TLR4 Toll-like receptor 4, TNF-α Tumor necrosis factor-α, TNFR Tumor necrosis factor receptor, 

RalB Ras-like GTPase B, Ras Rat sarcoma. 

 

 

1.1.3 IKKε and TBK1 

 

1.1.3.1 Characterization of IKKε and TBK1 

Iκ-B Kinase subunit epsilon (IKKε) and TANK-binding Kinase 1 (TBK1) both belong to the 

IKK family. IKKε is 80 kDa in size, its gene IKBKE is located on chromosome 1 q32.1. 

TBK1 is 83.6 kDa in size and the gene is encoded on chromosome 12 q14.2. The 

sequence of the kinase domain of these two kinases shows a similarity of 33 % to IKKα 

and 31 % to IKKβ. Due to this similarity, they were assigned to the IKK-affiliated 

kinases59,63,81. IKKε and TBK1 each consist of an N-terminal catalytic kinase domain, a 

helix-loop-helix motif, and a C-terminal leucine zipper. This motif enables homo- and 

heterodimerization of these proteins. The difference between IKKα and IKKβ is that IKKε 

and TBK1 do not have a NEMO-binding domain69. 

IKKε, often called inducible IKK, was originally discovered as an LPS-inducible protein in 

mouse macrophages. Sequence analysis showed a high similarity to the already known 

IKKs, so the term IKKε was chosen for this kinase81,82. The expression of IKKε can be 

induced via LPS, TNFα, IL-1, IL-6, PMA, viral pathogens, and IFN-γ57,65,68,82,83. 

TBK1, also known as NAK, was originally identified as a TNF receptor-associated factor 

2 (TRAF2)-associated kinase (T2K) in a yeast screening system for protein interactions65. 

Due to the high similarity, TBK1 was assigned to the IKKs and further experiments showed 

that TBK1 can activate NF-κB. Later experiments showed that the complexation of IKKε 

and TBK1 was necessary for NF-κB activation63. However, while IKKε is an inducible 

kinase, TBK1 is permanently expressed. 
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These two IKK-associated kinases share a 67 % identical sequence84. 

A major difference between these two kinases is their expression pattern. TBK1 is 

permanently expressed in almost all cells. Exceptions are, however, cells of the retina and 

blood. IKKε expression is mainly induced and the expression is more limited. High protein 

expression was found in the brain, endocrine tissue, lung, gastrointestinal tract, liver, 

kidney, male and female tissue, and lymphoid tissue. 

The IKKε/TBK1 complex is involved in inflammatory diseases, metabolic disorders, pain, 

and cancer65,69,85. Both kinases have been increasingly investigated and confirmed as 

oncogenes in recent years86,87 (reviewed in 88). 

 

 

1.1.3.3 The pathophysiological role of IKKε and TBK1 in cancer  

It has already been mentioned that mutations that activate the NF-κB pathway have 

oncogenic effects. IKKε as an activator of NF-κB forms a basis for exactly such mutations. 

Overexpression of IKKε is associated with viability, proliferation, and progression of tumor 

cells. Studies have already shown that overexpression of IKKε is additionally correlated 

with nuclear accumulation of p6569,76. This happens both via the direct activation of NF-

κB, and via activation of Akt. This kinase activates, among other signaling pathways, also 

NF-κB89. 

In 2007, IKKε was described as oncogenic for the development of breast cancer. IKKε is 

overexpressed in over 30 % of all breast cancers, due to an amplification of the IKKε gene 

locus 1q3290. According to this finding, it was shown that knockdown of IKKε leads to an 

inhibition of proliferation, migration, and invasion of breast and pancreatic cancer cells in 

vitro. Reduced activity of NF-κB was postulated as the reason for this91–93.  

Another important pathway for tumor development is the activation of the mTOR pathway 

via phosphorylation and thereby inhibition of TSC1 by IKKε. This deregulated activity of 

mTOR can contribute to tumor development94.  

Another example of the oncogenic effect of IKKε was found in connection with the 

deubiquitinating enzyme CYLD which acts as a tumor suppressor. IKKε can 
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phosphorylate CYLD, which inhibits its ability to deubiquitinate and leads to reduced tumor 

suppression97.  

IKKε is also overexpressed in esophageal squamous cell carcinoma. Its upregulation 

correlated negatively with the three-year survival rate of patients and positively with the 

tumor progression. Therefore, it was postulated that IKKε acts as an important marker in 

this type of cancer95. The same correlation between disease prognosis and IKKε 

expression was seen in stage I non-small cell lung cancer. TBK1 expression was also 

increased in this cancer type. Patients that showed an increased expression of both 

proteins had a worse disease progression than patients, which just showed an increase 

in either IKKε or TBK196. 

TBK1 acts in complex with RalB and Sec5. These proteins form the exocyst complex, 

which is involved in cellular growth and migration. Another TBK1 complex, together with 

Ras, RalGEF, and RalB, is known to act as an oncogenic complex which is closely related 

to the NF-κB signaling pathway71,98.  

In KRAS-dependent tumor cells, TBK1 promotes the degradation of Iκ-Bα, which leads to 

the activation of NF-κB. Also, TBK1 induces the expression of the anti-apoptotic factor 

Bcl-XL
99. Additionally, TBK1 was found to control autophagy initiation in cancer cells via 

phosphorylation of Syntaxin 17100. Especially in fibroblast and non-small cell lung cancer 

cells a tumorigenic potential of TBK1 on KRAS was observed84,101. 

In addition to the direct tumor-promoting properties of TBK1, it was discovered that it 

induces angiogenesis, which is essential for tumor growth. This is achieved by 

phosphorylation of proangiogenic factors, such as IFN-β102. 

In this paragraph, only some important examples and findings are listed. Due to the 

strongly cross-linked effects of IKKε and TBK1, these enzymes can intervene in many 

different signaling pathways. Deregulation of these enzymes leads to a variety of 

diseases. One of these diseases is certainly cancer, which can manifest itself in many 

different types. 
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1.1.3.4 Relevance of IKKε and TBK1 for the development and progression of 

malignant melanoma 

The role of IKKε in breast cancer, pancreatic cancer, and non-small cell lung cancer has 

already been studied in more detail. Initial studies have also shown an effect of IKKε in 

glioblastoma models103,104. However, the role of IKKε and TBK1 in melanoma has not yet 

been investigated in detail. 

A study from 2014 showed that TBK1 promotes the motility of melanoma cells by 

activating the Ras signaling pathway. Also, the activation of TBK1 by Ras was discovered 

in two melanoma cell lines. This feedback loop increased tumor cell invasion. According 

to these findings, it could also be shown that inhibition of TBK1 suppresses the ability of 

these cells to migrate and invade105. 

Our group investigated the influence of IKKε on murine B16 melanoma cells. Both the 

inhibition by the IKKε/TBK1 inhibitor amlexanox, and a specific knockdown of IKKε led to 

reduced proliferation and progression of these melanoma cells. One reason for this result 

was a blockade of the cell cycle in the G1 phase. The analysis of important key proteins 

of associated pathways led to the conclusion that the observed effect is not only due to 

an effect on NF-κB but also due to a regulation of Akt and MAPK signaling106. 

In the meantime, two other interesting studies on this topic have been published. In 2016 

it was postulated that IKKε inhibits the T-cell immune response by regulating NFATc1. 

This inhibition led to a worse disease progression in a murine in vivo melanoma model. 

The study concluded that IKKε would be an interesting target for immunotherapy in 

cancer107. 

In 2017, Eskiocak et al. discovered that IKKε/TBK1 inhibitors had a good outcome in the 

treatment of BRAF/MEK inhibitor-resistant melanomas. Since most therapies are based 

on a modulation of either BRAF or MEK this result is promising. It indicates, that 

IKKε/TBK1 inhibitors target other pathways than BRAF or MEK inhibitors108. 

The current study situation shows that IKKε alone, and in complex with TBK1, is a 

promising target for the therapy of malignant melanoma. The present study will further 

pursue this hypothesis. 

 



 Introduction 
_________________________________________________________________________________________________________ 

 21 

1.1.3.5 Amlexanox as a specific IKKε/TBK1 inhibitor 

Amlexanox is a specific inhibitor of the IKKε/TBK1 complex. This substance is used in 

many studies, including this one, for the inhibition of IKKε and TBK1. Amlexanox is a 

small-molecule inhibitor with an IC50 = 1-2 µM for IKKε and TBK1 inhibition in vitro. The 

kinase activity is competitively inhibited by the binding of amlexanox at the ATP binding 

site. Since the ATP binding site of IKKε and TBK1 share a 72 % homology, amlexanox 

acts identically on both kinases. Despite the high structural similarity between IKKε, TBK1, 

and the other IKKs, the classical IKKs are not inhibited by amlexanox109. Only one other 

kinase is known to be inhibited by amlexanox in this concentration.  

In the USA amlexanox was used primarily for the treatment of oral aphthae. In Japan, on 

the other hand, the range of applications was wider, as it was also used for the treatment 

of bronchial asthma and allergic rhinitis. Amlexanox inhibits the histamine and leukotriene 

release of leukocytes and mast cells and has a corresponding inhibitory effect on the 

immune system110,111. This effect is used in cases of immune system hyperactivity, for 

example in aphthae or allergic reactions. Medical trials have shown a very good tolerance 

of amlexanox. In the meantime, the molecular mechanisms have been clarified and the 

good tolerability has led to attempts to repurpose amlexanox for the treatment of other 

diseases112–115. 

In 2013, Reilly et al. discovered that amlexanox inhibits the IKKε/TBK1 complex and thus 

the activation of NF-κB and related signaling pathways. In their study the authors 

investigated obesity in a mouse model. Since obesity is always associated with chronic 

inflammation of the liver and fatty tissue, amlexanox was a good therapeutic option. The 

inflammatory reactions in obese mice were shown to be due to an upregulation of IKKε 

and TBK1. After the administration of amlexanox, the mice lost weight, showed increased 

insulin sensitivity, and the inflammation decreased109. 

Another study in 2015 investigated molecular processes in joint disease. Amlexanox was 

able to inhibit osteoclast formation. As causes, the authors name multiple effects in the 

NF-κB, MAPK, MEK, and PKC signaling pathways116. The complex interplay between 

these pathways makes an IKKε/TBK1-mediated effect plausible. 
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Studies from our group investigated the effect of amlexanox on the neural system and 

pain perception. It was found that IKKε contributes to nociceptive sensitization during 

neuroinflammatory processes. Amlexanox inhibited neuroinflammation by reducing the 

phosphorylation of p65, thereby reducing the nociceptive response in models of 

inflammatory pain117. 

In a first approach to the melanoma topic, our group showed that knockout of IKKε inhibits 

pain sensation in a murine melanoma model. Additionally, IKKε-/- melanoma cells barely 

showed any tumor growth at all after inoculation, while normal melanoma cells grew 

regularly in IKBKE-/- animals106. 

A few years ago another target of amlexanox was found. The competitive inhibition of the 

ATP binding site of enzymes seems to be effective not only in IKKε/TBK1 but also in some 

G-protein coupled receptor kinases (GRK). The investigated GRK 5 plays a role in 

arteriosclerosis and diabetes. Since these diseases are also characterized by 

inflammation, amlexanox can attack two sites, the GRKs and the NF-κB signaling 

pathway118,119. 

Amlexanox has proven to be a safe and specific drug. Probably the biggest advantage is 

that it can influence several signaling pathways that play a major role in inflammatory 

diseases without having strong side effects itself. The effect on IKKε and TBK1, which 

play a major role in many tumors, makes amlexanox an interesting therapeutic option for 

a wide range of tumors62,120,121. 

 

 

1.1.4 Objectives of part I 

The following hypotheses underlie this work:  

Compared to human melanocytes, IKKε and TBK1 are overexpressed in human 

malignant melanoma cells. The same goes for the expression in melanoma metastases 

compared to healthy naevi. 
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IKKε and TBK1 contribute to the proliferation and migration of human malignant 

melanoma cells via NF-κB, and associated pathways, and are therefore relevant for tumor 

growth. 

Inhibition of IKKε and TBK1 leads to reduced cell proliferation and migration of 

malignant melanoma cells. 

The expression of IKKε and TBK1 affects NF-κB activation as well as MAPKs, 

which are key factors in carcinogenesis.  

IKKε and TBK1 are colocalized with tumor markers, and additionally affect the 

immune system. 

 

The present study is aimed to further clarify the relevance of IKKε and TBK1 in the 

initiation, progression, and metastasis of human malignant melanoma. To test the 

hypothesis the expression of IKKε and TBK1 in melanocytes compared with melanoma 

cells, and samples of healthy naevi compared with melanoma metastases should be 

investigated. These results will clarify if IKKε or TBK1 are regulated during the melanoma 

tumor progression. Then, the effect of IKKε/TBK1 on different tumor characteristics, like 

proliferation, migration, and invasion, will be investigated via in vitro experiments of 

melanoma cells with and without IKKε/TBK1 inhibition. The in vitro experiments are 

completed with functional analysis of different relevant pathways by specific inhibition of 

these pathways, as well as molecular experiments concerning the expression and 

phosphorylation of key proteins. It is planned that the results obtained at this point are 

transferred into an in vivo model. Immune-deficient nude mice are inoculated with 

melanoma cells and treated with the IKKε/TBK1 inhibitor amlexanox, which was already 

used for the in vitro experiments. Finally, primary melanoma samples will be stained for 

IKKε, TBK1, structural, immune, and tumor markers. 

After finishing all these experiments a clearer picture of the involvement of IKKε and TBK1 

in the formation and progression of malignant melanoma should be obtained. 
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1.2 The role of alpha-Synuclein in the nociceptive system 

 

1.2.1 Characterization and physiological functions of alpha-Synuclein 

Alpha-Synuclein (α-Syn) is a 14 kDa protein with major implications in the neurological 

field. It is best known as the main component of Lewy bodies in Parkinson's disease (PD). 

Its physiological functions have not yet been fully understood and there are still many 

open questions about this protein. It was discovered that a possible causal connection 

between malignant melanoma and PD exists, though. Additionally, PD patients often 

experience pain as a symptom of the disease. Therefore, the investigation of the role of 

α-Syn in the nociceptive system is an important part of this work to find out about the 

physiological role of the protein and what implications it might have in malignant 

melanoma. 

α-Syn is encoded by the SNCA gene, which is located on chromosome 4q22.1. The 

protein consists of three domains (Fig. 1.2.1.1): 

The amphipathic region of α-Syn is encoded by amino acids 1-60. This region 

contains seven imperfect KTKEGV repeats, which are very similar to those of 

apolipoproteins. The proposed function is the binding of the protein to the lipid 

membrane122,123. A recent study found that the ubiquitination of this domain can 

lead to proteasomal degradation of α-Syn monomers and aggregates124. 

From amino acid 61-95 the non-amyloid-β component (NAC) domain is encoded. 

This domain regulates the conformational change from a random coil to a β-sheet 

structure. Previous research assumes that the NAC domain is responsible for the 

aggregation and toxicity of α-Syn125–127. Binding of this region by a synthesized 

compound inhibits α-Syn aggregration128. Additionally, this domain can bind and 

activate the protein phosphatase 2A, which is often associated with 

neurodegenerative disorders129. 

The acidic tail domain is encoded by amino acids 96-140. On the one hand this 

domain acts against the aggregation of the protein130,131, on the other hand it 

enables interaction with other proteins132. Truncation of this domain is often found 

in α-Syn deposits in PD patients. Artificial truncation of α-Syn leads to monomers 
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that easily oligomerize133. This domain is also believed to be important for the ability 

of α-Syn to bind calcium ions134,135. Additionally, α-Syn's chaperone-like function is 

assigned to this domain136. 

 

 

Fig 1.2.1.1: Schematic structure of α-Syn. The amphipathic region is marked in orange, the NAC 

domain in blue, and the acidic tail in green. The main task of the corresponding region is mentioned 

above. 

 

α-Syn is mainly expressed in nervous tissue where it is accumulated in presynaptic nerve 

terminals137. Also, its expression has been found in kidney, skin, fatty, and lymphoid 

tissue. 

α-Syn is part of a protein family called "intrinsically-disordered". Proteins from this family 

do not have a stable 3-dimensional structure and are described as hubs in protein 

interaction networks. Due to this property and the variable tissue expression, a broad 

spectrum of α-Syn functions is likely138,139. 

Originally, it was assumed that α-Syn physiologically occurs as a monomer and 

oligomerizes in pathophysiological states. However, recent studies found an equilibrium 

between monomers, membrane-bound oligomers, and helically folded tetramers as the 

most likely physiological α-Syn forms. It has been suggested that the misinterpretation of 

the monomeric form is due to the experimental setups. Recombinant bacterial expression 

protocols and overexpression studies have been used regularly for in vitro studies. 

Furthermore, the usual procedure in protein analysis is denaturation of the protein, which 

can lead to misleading results in a protein that exists as a physiological tetramer140. 

Currently, it is assumed that α-Syn oligomerizes in both the physiological and 

pathophysiological states. In its physiological form it is in equilibrium with monomeric and 
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oligomeric forms, as well as in soluble- and membrane-bound states (Fig. 1.2.1.2). 

However, if various factors, which will be discussed later, cause a pathophysiological 

oligomerization, α-Syn starts to fibrillate. The fibrils are then able to deposit and disturb 

physiological cell processes141. 

Several different physiological functions of α-Syn have been found. It is believed to have 

implications in exocytosis142, interactions with tubulin143, inhibition of the proapoptotic 

proteins caspase 3 and p53144, recycling of synaptic vesicles145, and support of synaptic 

transmission and plasticity146. α-Syn is also able to dilate the exocytic fusion pore147. This 

effect primarily affects the liberation of slowly-released cargo, like neuropeptides 

(reviewed in 148). Additionally, α-Syn is able to bind and activate the protein phosphatase 

2A, which is often associated with neurodegenerative diseases129. This finding opens the 

possibility of α-Syn binding and modulating a variety of similar enzymes and regulation of 

signaling pathways. Interestingly, α-Syn is able to bind to the insulin-degrading enzyme, 

which increases the proteolytic activity of the enzyme and arrests α-Syn in an oligomeric 

form149. Since the oligomeric form of α-Syn is discussed as a physiological form the 

binding and modulation of other proteins might very well be one of α-Syn’s main functions. 

 

Fig. 1.2.1.2: Hypothesized procedure of α-Syn oligomerization. Monomers gather to form oligomers, 

which in turn oligomerize to fibrils. There is an equilibrium between all these states (adapted from Roberts 

and Brown 2015150). 
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SNCA-/- mice were created to investigate the physiological functions of α-Syn. In these 

animals, which were also used for this project, the SNCA gene is disrupted by replacing 

exons 4 and 5 with a neomycin resistance gene. SNCA-/- animals are viable, fertile, and 

have a normal life span. They do not show any obvious abnormalities whatsoever151. The 

only difference to wildtype (WT) animals found so far is a slight anxiety-like phenotype. In 

an open field test, SNCA-/- animals spent less time in the middle of the setup. Molecular 

investigations showed that their synaptic transmission is influenced. These animals have 

fewer synaptic vesicles in hippocampal neurons and the vesicle reserve pool is reduced 

by 50 %152. Also, microglia from SNCA-/- animals reacted more strongly to pro-

inflammatory cytokines, such as TNF-α and IL-6153. This leads to the conclusion that α-

Syn acts as an anti-inflammatory agent, most likely via modulation of different molecular 

pathways. 

 

 

1.2.2 Pathophysiological functions of alpha-Synuclein 

Although the physiological properties of α-Syn are still quite unclear, its pathophysiological 

functions are already well understood. The reason for this is that α-Syn has been identified 

as a major hallmark of three neurodegenerative diseases, which are summarized as 

synucleinopathies. These are Parkinson's disease, dementia with Lewy bodies 

(DLB)154,155, and Multiple System Atrophy (MSA)156. The large involvement of α-Syn in 

these diseases, especially in PD, has led to very intensive research in this area.  

PD is the second most common neurodegenerative disease. It comes right after 

Alzheimer's disease. Statistically, 1-2/1,000 individuals suffer from PD at all times. The 

prevalence of PD increases with age. From 0.6 % at the age of 65-69 to 2.6 % at the age 

of 85-89. This results in a general prevalence of 1 % for people aged 60 and older157. The 

average age at disease onset is 65-70 years. About 5 % of cases are classified as young-

onset since patients are 40 years of age or younger158. Annually ~ 15/100,000 people are 

diagnosed with PD (reviewed in 159).  

PD is a progressive disease and affects the central nervous system. In 1817 it was first 

described by James Parkinson as "shaking palsy". As the name already indicates one of 
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the main symptoms of the disease is tremor. Other symptoms are rigidity, bradykinesia, 

akinesia, dystonia, dysphagia, and hypomimia. Furthermore, one of the main non-motor 

symptoms is pain. This symptom is often diagnosed before PD itself160. There are also 

psychiatric symptoms such as dementia depression, apathy, anxiety, and executive 

dysfunctions161–163. In 1912 the scientist Fritz H. Lewy discovered protein inclusions in 

neurons of PD patients. These inclusions consist to a very large extent of α-Syn and were 

named Lewy bodies according to the discoverer154,164. A little later the same kind of 

inclusions was found in neurites, which were accordingly termed Lewy neurites165. 

Interestingly, these types of protein inclusions are not only found in synucleinopathies, but 

also the hippocampus of Alzheimer's disease patients166. This finding strongly suggests 

that the role of α-Syn in neurodegenerative diseases is greater than originally thought. 

In α-Syn inclusions the protein is present in a fibrillary confirmation. The reason for this 

seems to be mutations of the SNCA gene or incorrect posttranslational modifications of 

the native protein167. This defective α-Syn is no longer regulated according to its 

physiological functions, oligomerizes, and finally forms pathophysiological fibrils. The 

deposition of these fibrils causes oxidative stress, and synaptic and mitochondrial 

dysfunctions168,169 (Fig. 1.2.2). These dysfunctions damage the cell and can finally lead to 

cell death. It is important to know, that even though α-Syn is found in these intraneuronal 

inclusions, a variety of additional factors influence the emergence and progression of PD 

(reviewed in 170). 

In the past few years, results also emerged that α-Syn may be involved in the formation 

and progression of malignant melanoma. A high correlation between PD and melanoma 

formation is seen. Different studies found a high expression of α-Syn in melanoma cells 

and an involvement of α-Syn in melanin production in melanoma cells171,172. There a no 

definitive results yet, but it seems that α-Syn can be associated with diseases apart from 

neurodegenerative ones. 
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Fig. 1.2.2: Pathological changes of the α-Syn protein. The protein misfolds due to a variety of reasons. 

The misfolded protein aggregates to pathological oligomers and fibrils. Finally, they form the so-called Lewy 

bodies and Lewy neurites, which damage the cell via different mechanisms (adapted from Stoker et al. 

2018173). 

 

 

1.2.3 The nociceptive system 

The term "Pain" has been defined as "an unpleasant, subjective, sensory, and emotional 

experience associated with actual or potential tissue damage" (International Association 

for the Study of Pain). Although it is often considered disturbing or annoying, acute pain 

is an extremely important physical function. The feeling of pain warns us of a potential or 

acute injury. Thus, the sensation of pain is one of the most important body defense 

mechanisms. This effect can be seen particularly well in diseases that impair pain 

sensation. These pain-insensitive patients tend to hurt themselves regularly because the 

body does not warn them of the potential or acute damage174. In addition to the term “pain” 

there is the term “nociception”, which is significantly different, even though they are often 

used as synonyms. "Pain" refers to the subjective sensation of the individual, while 

"nociception" refers to the objective, measurable neurobiological origin, transmission, and 

coding of the noxious stimulus and pain reaction175.  
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The sensation of pain usually leads to a withdrawal reaction to protect the body. It is a 

complex sensory and emotional process, which is influenced by various biological and 

psychological factors, such as the density of nociceptors in the skin, but also past 

experiences, fear, or anxiety176. Pain can be classified into many different types. In this 

thesis, I focused on physiological, inflammatory, neuropathic, and tumor-associated pain.  

 

 

1.2.3.1 Physiological pain 

Physiological pain describes an appropriate response to an acute noxious stimulus, which 

can be roughly divided into thermal, chemical, or mechanical stimuli. These stimuli must 

be strong enough to evoke a painful sensation usually leading to the withdrawal of the 

affected part of the body from the stimulus. The physiological sensation of pain is easily 

localized and rapidly fades away after the stimulus has gone177,178. 

Physiological pain is usually initiated by the activation of nociceptors. Nociceptors are free 

nerve endings that act as sensory receptors of the peripheral somatosensory nervous 

system. They have a high activation threshold and react to various thermal, chemical, and 

mechanical stimuli. The activation of nociceptors leads to the development of an action 

potential in the Aδ and C fibers involved (Fig. 1.2.3.1.1)177. One of the biggest receptor 

type families in the nociceptive system are the transient receptor potential (TRP) channels. 

TRP channels are non-selective cation channels that depolarize the membrane after 

activation and generate an action potential. The best-known subtypes are the TRPV1 

channels, which react to heat and capsaicin, and the TRPM8 channels, which react to 

cold and menthol179.  

Aδ fibers are myelinated neurons that generate a fast (conduction velocity 3-30 m/s) 

signal. The resulting pain is sharp and well localized. The activation of non-myelinated C 

fibers results in a slow (conduction velocity 0.5-2 m/s) signal. This creates a diffuse and 

dull pain. Additionally, a recent study indicated that some mechanical nociception of the 

skin is transmitted via “ultra-fast” Aβ fibers (conduction velocity 33-75 m/s)180. This is a 

pretty interesting result since until now it was believed that nociceptive fibers are exclusive 

of the Aδ and C fiber type. The cell bodies of the Aδ and C fiber neurons gather in the 

dorsal root ganglia (DRG). These have nociceptive extensions into the dorsal horn of the 



 Introduction 
_________________________________________________________________________________________________________ 

 31 

spinal cord. The synapses of the primary nociceptive neurons are in laminae I and II, 

which project on secondary afferent neurons181. These fibers transmit the signal into the 

thalamus, from where it is projected via third-order neurons into various areas, such as 

the cortex or the amygdala. A very important area in the processing of pain is the 

periaqueductal grey matter (PAG). This area processes the nociceptive signals and sends 

modulating signals back to the spinal cord, which can either increase (sensitize) or 

decrease (desensitize) the nociception (Fig. 1.2.3.1.2)182. This feedback mechanism 

provides a very fine-tuned and appropriate continued response to the noxious stimulus 

and the potential tissue damage183.  

 

 

Fig. 1.2.3.1.1: Nociceptive pain. Noxious stimuli, evoked by the activation of different receptors through 

thermal, chemical, or mechanical stimuli, are transduced into electrical activity. The signal is transmitted 

through the spinal cord into the brain, where it is processed. TRP Transient receptor potential, TREK 

Potassium channel subfamily K member 2, ASIC Acid-sensing ion channel, DRASIC Dorsal root acid-

sensing ion channel, MDEG Mammalian degenerin (Scholz and Woolf 2002142). 
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The most important excitatory neurotransmitter in the spinal cord is the amino acid 

glutamate. Glutamate is released from central terminals of primary afferent neurons. It 

acts on postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-, N-

methyl-D-aspartate (NMDA)-, and metabotropic glutamate (mGlu) receptors. Weak and 

short-lasting signals activate only AMPA receptors. NMDA and mGlu receptors require an 

already pre-depolarized postsynaptic membrane and high glutamate levels to be 

activated. The activation of these receptors leads to modulations of protein expression in 

the affected neuron, which makes reactivation more likely (reviewed in 184). 

Injury or cell damage, followed by the release of neuropeptides, can lead to peripheral 

sensitization. This results in an increased sensitivity to different stimuli. A pathological 

long-term activation of the nociceptive signaling pathway followed by corresponding 

molecular adaptations leads to the central sensitization of the signaling pathway. This 

manifests itself in the form of hyperalgesia and allodynia177,185. Hyperalgesia is an 

enhanced response to a noxious stimulus, while allodynia is a nociceptive response to a 

non-noxious stimulus. 
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Fig. 1.2.3.1.2: The nociceptive pathway. After the activation of peripheral nociceptors, the action potential 

is transmitted into the dorsal horn of the spinal cord. From there, the signal is transmitted onto second-order 

neurons, which project into the brain. The signal is processed, and a descending pathway is able to 

modulate the nociceptive transmission (adapted from Bingham et al. 2009186). 

 

 

1.2.3.2 Tumor-associated pain 

Tumor-associated pain can occur at any point in a tumor disease. Either as a symptom of 

the disease, or as a result of treatment by chemotherapy, radiation therapy, or 

surgery187,188. As of this point 64 % of patients with advanced cancer report pain189. 

Depending on the cause of the tumor-associated pain, the pain quality is described as 

either localized and dull, or as diffuse, crampy, and deep190. Uncontrollable pain is a 

common problem in cancer and effective treatment is currently still a major challenge. 

The neurobiological and neurochemical mechanisms are multimodal and have 

characteristics of physiological, inflammatory, and neuropathic nociception191. The tumor, 

surrounding stroma, and immune cells release neuroimmune mediators, which interact 

with a variety of receptors and induce amplified signals and hyperstimulation of primary 

nociceptive afferences192,193. Some of these factors are endothelin, bradykinin, IL-6, 

granulocyte macrophage colony-stimulating factor, TNF-α, and NGF194. Another 

mechanism of tumor-associated pain that has already been investigated is the 

pathophysiological acidification of the tumor environment. The anaerobic conditions in the 

tumor microenvironment increase the metabolism in the tumor cells, which leads to a 

release of protons. Protons sensitize the primary sensory afferents. Another mechanism 

triggered by protons is the direct activation of the TRPV1 channel. Furthermore, the 

acidification of the tumor environment affects the expression of pain-relevant ion channels 

in the corresponding afferences195,196. 

The greatly increased metabolism of tumors also increases the proteolytic activity in this 

tissue. The cleavage products of this proteolytic activity bind to protease-activated 

receptors (PAR)195,197,198. PAR1-4 are able to initiate the release of the neurotransmitters 

CGRP and substance P from nociceptive afferents, which consequently activate other 
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nociceptors in the surrounding tissue. CGRP and substance P are considered as a cause 

of tumor-associated mechanical allodynia195,199. 

In addition to the molecular cascades induced by the release of various transmitters, tumor 

growth, migration, and invasion also play a decisive role in tumor-associated pain. Tumor 

growth into surrounding tissue mechanically damages nociceptive neurons and 

hypersensitizes them. This process is known as the neuropathic component of tumor 

pain200,201. Another phenomenon that can trigger tumor-associated neuropathy is the 

active proliferation of skeletal-inherent, primary sensory, and sympathetic afferents. The 

new formation of distal nerve endings leads to neuroma-like structures and appears to be 

NGF-dependent202,203. The increase in sensory afferents can lead to increased stimulation 

of the nociceptive system. 

The standard therapy for tumor-associated pain is the administration of opioid and non-

opioid analgesics. The therapy is adjusted according to pathophysiology and pain 

intensity. For mild pain, non-opioid analgesics, especially NSAIDs, are administered. 

Some countries also allow the use of cannabinoids, as it proved effective in some types 

of cancer189. For moderate to severe pain, different opioids are administered as required. 

Often a combination therapy is used to increase the effectiveness of the treatment190. Still, 

the effectiveness is not sufficient and approx. 30 % of cancer patients continue to 

experience tumor-associated pain189. Interestingly, a recent study showed that pain also 

affects tumor growth. They found that animals experiencing neuropathic pain had larger 

and heavier tumors in a xenograft model compared to animals without a neuropathic pain 

model. Additionally, they reported that animals who were treated for the pain had smaller 

and lighter tumors compared to untreated animals204. This finding makes the investigation 

of effective analgesics even more important. It seems like the correct analgesic treatment 

does not only help the patients deal with the disease but also affects tumor growth. 
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1.2.3.3 Inflammatory pain 

Inflammatory pain is triggered or promoted by inflammatory processes. Stimulation of 

immune cells, for example by tissue damage or infections, plays an important role in this 

process. The immune cells secrete pro-inflammatory markers, such as interleukins, 

bradykinin, but also protons (Fig. 1.2.3.3)205 which lower the activation threshold of 

nociceptors. The consequences are a facilitated activation, or spontaneous activity, of 

these nociceptors leading to hyperalgesia and allodynia. 

Other important mediators of inflammatory pain are prostaglandins (PG). PGs are 

produced from arachidonic acid by cyclooxygenase (COX)-1 and COX-2. While COX-1 

produces the basal level of PGs, COX-2 is induced by pro-inflammatory cytokines or 

growth factors. Different PGs can trigger a variety of effects by binding to GPCRs. In the 

nociceptive pathway, PG E2 (PGE2) plays the most important role as it is responsible for 

the prostaglandin-mediated effects, including hyperalgesia206,207. 

The pain qualities of inflammatory pain can be very different reaching from a local dull or 

stabbing pain to an unspecific discomfort. In general, inflammatory pain has a longer 

duration than physiological pain and can last from days to weeks. Some diseases, such 

as rheumatoid arthritis, trigger inflammation that can last for many years208. This unusually 

long duration of inflammation is a major problem since it is a chronic pain disease.  

Chronic inflammatory diseases are considered to be the greatest threat to human health. 

Currently, about 60 % of all people die from chronic inflammatory diseases, such as 

chronic respiratory diseases, and diabetes. It is assumed that the number of patients 

suffering from chronic inflammatory diseases will continue to rise steadily for at least the 

next 30 years. New therapy approaches may act against this prognosis. These 

inflammatory diseases cause a long-lasting sensitization of the CNS and the pain 

processing system (reviewed in 209). For the health and well-being of the patients, it is 

necessary to intervene as early as possible and decrease or stop inflammation210. 

Standard therapeutics are non-steroidal anti-inflammatory drugs (NSAIDs) such as 

Ibuprofen and Diclofenac. Drugs from this group reversibly inhibit COX-1 and COX-2, 

thereby inhibiting the production of PGs211. The different PGs can sensitize nociceptive 

nerve endings by decreasing the threshold of sodium channels, they induce vasodilation 

and an increase in body temperature, and they modulate the immune system. By blocking 
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these effects inflammatory nociception is reduced. Typical side effects of NSAIDs are 

nausea, diarrhea, constipation, gastrointestinal ulceration, and headache. The chronic 

intake of NSAIDs can also increase the risk of hypertension. Since PGs have a broad 

physiological spectrum the side effects can be just as variable. 

 

 

Fig. 1.2.3.3 Initiation of inflammatory pain. Pro-inflammatory activation of immune cells leads to the 

secretion of inflammatory mediators. These mediators decrease the activation threshold of nociceptors, 

which leads to allodynia and hyperalgesia (Scholz and Woolf 2002177). 
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1.2.3.4 Neuropathic pain 

Neuropathic pain is an abnormal type of pain that arises after the damage of neurons due 

to various reasons. The most common causes of nerve damage are traumatic injuries 

affecting the PNS or CNS. In addition, metabolic diseases, e.g. diabetes mellitus212, 

neurological diseases, e.g. multiple sclerosis, or viral diseases, e.g. herpes zoster213–215 

induce modifications in the neuronal and immune system that lead to this pathological 

type of pain. Another way to develop neuropathic pain is by intake of neurotoxic drugs, 

e.g. chemotherapeutics, such as Oxaliplatin or Cisplatin216. 

Neuropathic pain is described as shooting, burning, prickling, or electrical. In addition to 

the spontaneous occurrence of this pain, dysesthesia, allodynia, and hyperalgesia may 

also occur217. About 3-4.5 % of the world population and 7-8 % of the European population 

suffer from neuropathic pain218. Due to the almost permanent pain and the very poor 

therapeutic possibilities, this type of pain results in a reduced quality of life, reduced 

mobility, and often in an incapacity to work. Patients suffering from neuropathic pain often 

develop depression as an accompanying symptom219. 

The exact mechanism of neuropathic pain is still not precisely researched but many 

mechanisms are already discovered. Studies found long-lasting alterations at the 

molecular level of pain processing cells, e.g. upregulation of calcitonin gene-related 

peptide (CGRP), brain-derived neurotrophic factor (BDNF), c-Fos, TRPV1, and TRPA1, 

and hypersensitivity to TNF-α220 (reviewed in 221). These changes are triggered by nerve 

damage via metabolic, neurological, or traumatic damage. Many hypotheses of how these 

changes are initiated, and which mechanisms and pathways are involved exist. Most 

often, neuropathic pain is initiated by traumatic nerve injury. A faulty regeneration leads 

to a sensitization of the system. The neurons become hyperactive and develop 

spontaneous activity and abnormal excitability222. A faulty regeneration that is often found 

involves the deregulated expression and functionality of Nav channel types223–225, 

hyperpolarization-activated cyclic nucleotide-gated (HCN) cation channels226–228, as well 

as a decrease in the resting-potential generating potassium equilibrium current. These 

effects lead to an easier excitation and signal transmission in the affected neuronal 

systems. Mechanisms in the CNS include functional changes in dorsal horn neurons, 

reduced activity of inhibitory interneurons, and hypoactivity associated with the 
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descending antinociceptive pathway229. Glial cells have also been shown to influence the 

central sensitization. After a nerve injury, glial cells release pro-inflammatory cytokines 

and the excitatory neurotransmitter glutamate, which sensitizes the surrounding neuronal 

tissue230. One study also found a strong connection between lysophosphatidic acid (LPA) 

signaling and the development and maintenance of neuropathic pain. LPA released by 

spinal neurons acts on microglia and astrocytes, which release BDNF and cytokines. 

These molecules sensitize the spinal neurons in a pathophysiological loop mechanism. 

Accordingly, the inhibition of this pathway by the usage of LPA receptor antagonists was 

able to inhibit the neuropathic pain in the mouse model used (reviewed in 231). 

Even today, the treatment of neuropathic pain is still very difficult and incomplete. The 

painkillers available, such as the NSAIDs Ibuprofen and Diclofenac, or Paracetamol, are 

generally ineffective. The treatment strategy usually includes a combination of 

antidepressants, anticonvulsants, sodium channel blockers, NMDAR antagonists, and 

opioids. Individual therapy has to be found out for every patient. However, even with this 

combination therapy, about 30 % of patients still suffer from pain232,233. Also, this mass of 

drugs is associated with several partially severe side effects. Paracetamol intake can lead 

to liver damage, kidney failure, and depression. Opioids induce respiratory depression 

and have an addiction risk. Alternative therapeutic approaches such as neurostimulation 

techniques have been developed, but the long-term effect remains to be seen234. 

Capsaicin patches or the injection of botulinum neurotoxin A are also used235,236. In the 

meantime, the therapeutic benefit of cannabinoids is also being evaluated. Cannabinoids 

act on the endocannabinoid system by binding to CB1 and CB2 receptors where they 

exert analgesic and anti-inflammatory effects237,238 (reviewed in 239). However, all these 

treatment strategies do not provide complete relief for the patients. Therefore, it is 

imperative to understand the mechanisms of neuropathic pain more precisely to open up 

new therapeutic options. 
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1.2.4 Objectives of part II 

Not much is known about the function of α-Syn in physiological, inflammatory, 

neuropathic, and tumor-associated nociception in vivo. The pain symptom of PD implies 

at least a correlation between α-Syn expression and pain. Since α-Syn acts as a molecular 

hub, a causal connection between it and the nociceptive system is plausible. Furthermore, 

α-Syn plays a role in tumor development and progression, which makes a role in tumor-

associated pain likely. Therefore, part II of the present study aims to investigate the impact 

of α-Syn in models of acute, inflammatory, neuropathic, and tumor-associated pain by 

analyzing behavioral and molecular differences between WT and SNCA-/- mice.  

For a start, it should be investigated where, and if at all, α-Syn is expressed in the spinal 

cord and if a co-expression with different neuronal markers is seen. Then it will be checked 

for motor function and behavioral differences in models of acute pain using wild type and 

α-Syn knock-out mice. After that, the behavior and molecular changes during and after 

models of inflammatory, neuropathic, and tumor-associated pain will be investigated. At 

the end of this work, I intend to gain more insight into the role of α-Syn in the nociceptive 

pathway.  
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2. Material 

 

2.1 Chemicals and assays 

 

2.1.1 Chemicals 

Tab. 2.1.1: List of chemicals. 

Substance Manufacturer 

4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-

5-tetrazolio]-1,3-benzene disulfonate 

(WST-1) 

Sigma-Aldrich, St. Louis, USA 

4’,6-diamidino-2-phenylindole (DAPI) AppliChem GmbH, Darmstadt, Ger 

Acetic acid 99 – 100 % Thermo Fisher Scientific, Waltham, USA 

Acetone Carl Roth GmbH & Co, Karlsruhe, Ger 

Acrylamide Carl Roth GmbH & Co, Karlsruhe, Ger 

Agarose Sigma-Aldrich, St. Louis, USA 

Amlexanox Cayman Chemical, Hamburg, Ger 

Ammonium persulfate (APS) Carl Roth GmbH & Co, Karlsruhe, Ger 

Aqua-Poly/Mount Polysciences, Warrington, USA 

B-27 supplement Invitrogen GmbH, Karlsruhe, Ger 

Bafilomycin A1 (BafA) 
Cell Signaling Technology, Cambridge, 

UK 

Bovine serum albumin (BSA) AppliChem GmbH, Darmstadt, Ger 

Bradford reagent Sigma-Aldrich, St. Louis, USA 
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Bromphenol blue 
Serva Electrophoresis GmbH, Heidelberg, 

Ger 

Chloroform (CHCl3) Merck KGaA, Darmstadt, Ger 

Cholera toxin Sigma-Aldrich, St. Louis, USA 

Collagenase I Sigma-Aldrich, St. Louis, USA 

Dimethyl sulfoxide (DMSO) Thermo Fisher Scientific, Waltham, USA 

Dispase I 
Roche Diagnostics GmbH, Mannheim, 

Ger 

DNA Ladder Mix 100-10.000 bp Carl Roth GmbH & Co, Karlsruhe, Ger 

DNAse I Promega GmbH, Mannheim, Ger 

Endothelin1 Sigma-Aldrich, St. Louis, USA 

Ethanol 70 % Carl Roth GmbH & Co, Karlsruhe, Ger 

Ethanol absolute Sigma-Aldrich, St. Louis, USA 

Fetal calf serum (FCS), hormone-free Biochrom GmbH, Berlin, Ger 

Glutamine Life technologies GmbH, Darmstadt, Ger 

Glycerol Carl Roth GmbH & Co, Karlsruhe, Ger 

Glycine Sigma-Aldrich, St. Louis, USA 

Human stem cell factor Sigma-Aldrich, St. Louis, USA 

Isoflurane Abbott GmbH & Co KG, Wiesbaden, Ger 

Isopropanol (2-Propanol) 100 % Carl Roth GmbH & Co, Karlsruhe, Ger 

KH2PO4 Carl Roth GmbH & Co, Karlsruhe, Ger 

Laminin BD GmbH, Heidelberg, Ger 

LB-Medium (Lennox) Carl Roth GmbH & Co, Karlsruhe, Ger 
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Matrigel Basement Membrane HC Corning Inc., NY, USA 

Methanol Sigma-Aldrich, St. Louis, USA 

Na2HPO4 x H2O VWR International, Radnor, USA 

Nerve growth factor (NGF) Merck KGaA, Darmstadt, Ger 

Normal goat serum (NGS) Sigma-Aldrich, St. Louis, USA 

Odyssey blocking buffer Li-COR GmbH, Bad Homburg, Ger 

PD98059 (PD) 
Cell Signaling Technology, Cambridge, 

UK 

Pefabloc SC-protease-inhibitor Carl Roth GmbH & Co, Karlsruhe, Ger 

Penicillin/Streptomycin Sigma-Aldrich, St. Louis, USA 

Phosphate-buffered saline (PBS) Thermo Fisher Scientific, Waltham, USA 

PhosphosafeTM reagent Life technologies GmbH, Darmstadt, Ger 

Poly-L-lysine Sigma-Aldrich, St. Louis, USA 

Ponceau S Carl Roth GmbH & Co, Karlsruhe, Ger 

Potassium chloride (KCl) AppliChem, Darmstadt, Ger 

Propidium Iodide Sigma-Aldrich, St. Louis, USA 

Pyrrolidinedithiocarbamate ammonium 

(PDTC) 
Bio-Techne GmbH, Minneapolis, USA 

RNAse A VWR International, Radnor, USA 

RNAse free water Qiagen GmbH, Hilden, Ger 

RNAse ZAP Sigma-Aldrich, St. Louis, USA 

Roti®-Histofix 4.5 % Carl Roth GmbH & Co, Karlsruhe, Ger 

Rotiphorese Gel30 (37.5:1) [Acrylamid] Carl Roth GmbH & Co, Karlsruhe, Ger 
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Roti-Safe Gel stain Carl Roth GmbH & Co, Karlsruhe, Ger 

Sodium chloride (NaCl) Sigma-Aldrich, St. Louis, USA 

Sodium dodecyl sulfate (SDS) AppliChem GmbH, Darmstadt, Ger 

Sucrose Sigma-Aldrich, St. Louis, USA 

Sulforhodamine B (SRB) MP Biomedicals, Santa Ana, USA 

Tetradecanoyl phorbol acetate Sigma-Aldrich, St. Louis, USA 

Tetramethylethylendiamine (TEMED) Carl Roth GmbH & Co, Karlsruhe, Ger 

Tissue-Tek O.C.T. compound Sakura GmbH, Staufen, Ger 

Transfer buffer Bio-Rad Laboratories Inc, Munich, Ger 

Trichloroacetic acid 99 % Carl Roth GmbH & Co, Karlsruhe, Ger 

Tris base AppliChem GmbH, Darmstadt, Ger 

Tris-HCl Carl Roth GmbH & Co, Karlsruhe, Ger 

Triton X-100 Merck KGaA, Darmstadt, Ger 

Tween 20 Sigma-Aldrich, St. Louis, USA 

Zymosan A Sigma-Aldrich, St. Louis, USA 

β-Mercaptoethanol Sigma-Aldrich, St. Louis, USA 

 

 

2.1.2 Assays 

 

Tab. 2.1.2: List of assays. 

Assay Manufacturer 

Glutamate-Glo Assay Promega GmbH, Mannheim, Ger 

REDExtract-N-Amp PCR ReadyMix Sigma-Aldrich, St. Louis, USA 
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Verso cDNA Synthesis Kit Thermo Fisher Scientific, Waltham, USA 

 

 

2.2 Antibodies 

 

2.2.1 Primary Antibodies 

Tab. 2.2.1: List of primary antibodies. 

Antibody Host Manufacturer 

Akt1 Rabbit 
Cell Signaling Technology, 

Cambridge, UK 

alpha-Synuclein Mouse 

Becton, Dickinson and 

Company, Franklin Lakes, 

USA 

beta Actin Rabbit 
Thermo Fisher Scientific, 

Waltham, USA 

beta Actin Mouse 
Thermo Fisher Scientific, 

Waltham, USA 

CD3 Rabbit 
Ventana Medical Systems, 

Inc., Oro Valley, USA 

CD45 Rabbit Abcam, Cambridge, UK 

CGRP Mouse 
Santa Cruz Biotechnology, 

Dallas, USA 

CGRP-647 Mouse 
Santa Cruz Biotechnology, 

Dallas, USA 
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CyclinD1 Rabbit 
Cell Signaling Technology, 

Cambridge, UK 

GABA-A Guinea Pig 
Synaptic Systems GmbH, 

Göttingen, Ger 

GAD67 Mouse Abcam, Cambridge, UK 

HSP90 Rabbit 

Becton, Dickinson and 

Company, Franklin Lakes, 

USA 

IB4 – 488 Griffonia simplicifolia 
Thermo Fisher Scientific, 

Waltham, USA 

IKK epsilon Rabbit 
Cell Signaling Technology, 

Cambridge, UK 

IKK epsilon Mouse Active Motif, La Hulpe, Bel 

IKK epsilon Mouse 
Bio-Techne GmbH, 

Wiesbaden, Ger 

LC3b Rabbit 
Cell Signaling Technology, 

Cambridge, UK 

p38 Rabbit 
Cell Signaling Technology, 

Cambridge, UK 

p44-42 Rabbit 
Cell Signaling Technology, 

Cambridge, UK 

p53 Mouse 
Dako Deutschland GmbH, 

Hamburg, Ger 

p62 Mouse Abcam, Cambridge, UK 

p65 Rabbit 
Cell Signaling Technology, 

Cambridge, UK 
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P-Akt1 Rabbit 
Cell Signaling Technology, 

Cambridge, UK 

Pan-Cytokeratin Mouse Abcam, Cambridge, UK 

PD1 Rabbit Abcam, Cambridge, UK 

P-p38 Rabbit 
Cell Signaling Technology, 

Cambridge, UK 

P-p44-42 Rabbit 
Cell Signaling Technology, 

Cambridge, UK 

P-p65 Rabbit 
Cell Signaling Technology, 

Cambridge, UK 

TBK1/NAK Rabbit 
Cell Signaling Technology, 

Cambridge, UK 

Tyrosine Hydroxylase Rabbit 
Thermo Fisher Scientific, 

Waltham, USA 

V-Glut1 Rabbit Abcam, Cambridge, UK 

 

 

2.2.2 Secondary Antibodies 

Tab. 2.2.2: List of secondary antibodies. 

Target species – dye Host Manufacturer 

Guinea Pig – AF594 Goat 
Thermo Fisher Scientific, 

Waltham, USA 

Mouse – 680  Goat 
Li-COR GmbH, Bad 

Homburg, Ger 
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Mouse – 800 Goat 
Li-COR GmbH, Bad 

Homburg, Ger 

Mouse – AF488 Goat 
Thermo Fisher Scientific, 

Waltham, USA 

Mouse – AF647 Goat 
Thermo Fisher Scientific, 

Waltham, USA 

Mouse – Cy3 Sheep 
Sigma-Aldrich, St. Louis, 

USA 

Rabbit – 680  Goat 
Li-COR GmbH, Bad 

Homburg, Ger 

Rabbit – 800 Goat 
Li-COR GmbH, Bad 

Homburg, Ger 

Rabbit – AF488 Goat 
Thermo Fisher Scientific, 

Waltham, USA 

Rabbit – AF647 Goat 
Thermo Fisher Scientific, 

Waltham, USA 

Rabbit – Cy3 Sheep 
Sigma-Aldrich, St. Louis, 

USA 

Ms + Rb - HRP Goat 
PerkinElmer, Waltham, 

USA 
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2.3 Cell culture media and buffer 

 

2.3.1 Cell culture media 

Tab. 2.3.1: List of cell culture media. 

Medium Manufacturer 

Dulbecco’s Phosphate Buffered Saline 

(DPBS) (1x) 
Thermo Fisher Scientific, Waltham, USA 

Dulbecco's Modified Eagle's Medium 

(DMEM) 
ATCC, Wesel, Ger 

Dulbecco's Modified Eagle's Medium 

(DMEM) + GlutaMAX-I 
Thermo Fisher Scientific, Waltham, USA 

Eagle's Minimum Essential Medium 

(EMEM) 
ATCC, Wesel, Ger 

Neurobasal Medium (1x) Thermo Fisher Scientific, Waltham, USA 

RPMI Medium 1640 (1x) + GlutaMAX-I Thermo Fisher Scientific, Waltham, USA 

 

 

2.3.2 Buffers and solutions 

Tab. 2.3.2: List of buffers and solutions, their composition, and manufacturer, if bought. 

Buffer Composition Manufacturer 

0.1 % PBST 

1 L PBS 

1 mL Tween 20 

- 

0.1 % PBSTx 

1 L PBS 

1 mL TritonX 100 

- 



 Material 
_________________________________________________________________________________________________________ 

 49 

0.5 M Tris 

6.06 g Tris base 

100 mL H2O 

- 

1.5 M Tris 

18.18 g Tris base 

100 mL H2O 

- 

10x SDS buffer 

30 g Tris Base 

150 g Glycine 

10 g SDS 

1 L H2O 

- 

10x TBE buffer 

108 g Tris 

55 g boric acid 

40 mL 0.5 M EDTA, pH 8.0 

Ad 1 L H2O 

- 

4x Lämmli buffer 

277.8 mM Tris-HCL, pH6.8 

44.4 % (v/v) Glycerol 

4.4 % LDS 

0.02 % Bromphenol blue 

Bio-Rad Laboratories Inc, 

Munich, Ger 

 

Antibody buffer (IHC) 

10 % NGS 

3 % BSA 

PBSTx 

 

- 

Antibody buffer 

(Phenoptics) 

TBS 

1 % BSA 

- 
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Antibody buffer (WB) 

50 % Odyssey Blocking 

buffer 

50 % PBST 

- 

AR6 Buffer - 
PerkinElmer, Waltham, 

USA 

AR9 Buffer - 
PerkinElmer, Waltham, 

USA 

Blocking buffer (IHC) 

3 % BSA 

PBS 

- 

Blocking Buffer 

(Phenoptics) 

10 % FCS 

0.5 % TritonX-100 

PBS 

- 

LB-Medium 

20 g LB-Medium 

1 L H2O 

- 

Odyssey Blocking buffer - 
Li-COR GmbH, Bad 

Homburg, Ger 

PBS 

10 g NaCl 

0.25 g KCl 

1.77 g Na2HPO4 x H2O 

0.25 g KH2PO4 

1 L H2O 

- 

Propidium iodide staining 

solution (PI-solution) 

200 µg PI 

2 mg RNAse A 

10 mg PBS 

- 
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TBS 

0.1 M Tris-HCl 

0.15 M NaCl 

0.05 % Tween20 

- 

TBST 

0.1 M Tris-HCl 

0.15 M NaCl 

0.05 % Tween20 

H2O 

- 

TRI reagent 

0.4 M Ammonium-

thiocyanate 

0.8 M Guanidinium-

thiocyanate 

0.1 M Sodium acetate 

5 % Glycerin 

1 kg Phenol 

Acetic acid 

2.6 L H2O 

Sigma-Aldrich, St. Louis, 

USA 

Wet Blot buffer (WB) 

15.5 g Tris base 

72 g Glycine 

1 L Methanol 

4 L H2O 

- 
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2.4 Consumables and equipment 

 

2.4.1 Consumables 

Tab. 2.4.1: List of consumables. 

Consumable Manufacturer 

µ-Plate, 24 Well, Black ibidi, Martinsried, Ger 

0.45 µM Filter Sarstedt, Nürnbrecht, Ger 

1.2 mL syringes B.Braun Melsungen AG, Melsungen, Ger 

1.5 and 2 mL reaction vessels Eppendorf, Hamburg, Ger 

15 and 50 mL Falcon tubes 
Greiner Bio-one CELLSTAR, 

Kremsmünster, Aus 

20, 200 and 1000 µL pipette tips Sarstedt, Nürnbrecht, Ger 

23 G and 27 G microlance 
Becton, Dickinson and Company, Franklin 

Lakes, USA 

5, 10, and 25 mL serological pipettes 
Greiner Bio-one CELLSTAR, 

Kremsmünster, Aus 

6, 12, 24 and 96-well plates 
Greiner Bio-one CELLSTAR, 

Kremsmünster, Aus 

Disposable scalpel 
FEATHER Safety Razor Co., Ltd., Osaka, 

Jap 

Ep T.I.P.S Standard/Bulk 100-5000 µL 

pipette tips 
Eppendorf, Hamburg, Ger 

Glass coverslip Thermo Fisher Scientific, Waltham, USA 

IncuCyte Image Lock 96-well plates Essen BioScience, Ltd., Hertfordshire, UK 

Ja! Cornflakes Rewe, Köln, Ger 
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KwikFil Borosilicate Glass Capillaries 
World Precision Instruments, Sarasota, 

USA 

MicroAmp Fast Optical 96-Well Reaction 

Plate with Barcode (0.1 mL) 
Applied Biosystems, Waltham, USA 

MicroAmp Optical Adhesive Film Applied Biosystems, Waltham, USA 

Microscope slide Superfrost PLUS Thermo Fisher Scientific, Waltham, USA 

PAP pen Sigma-Aldrich, St. Louis, USA 

Parafilm M Sigma-Aldrich, St. Louis, USA 

Pasteur pipettes WU Mainz, Mainz, Ger 

ThinCerts, 24 Well, 8.0 µM 
Greiner Bio-one CELLSTAR, 

Kremsmünster, Aus 

TransBlot Turbo Mini-size nitrocellulose 

membrane 
Bio-Rad Laboratories, Hercules, USA 

TransBlot Turbo Mini-size transfer stacks Bio-Rad Laboratories, Hercules, USA 

Vasco nitrile gloves B.Braun Melsungen AG, Melsungen, Ger 

 

 

2.4.2 Equipment 

Tab. 2.4.2: List of equipment. 

Equipment Manufacturer 

BeadBug 6 Microtube Homogenizer Benchmark Scientific, Sayreville, USA 

BZ-9000 (BIOREVO) Keyence, Neu-Isenburg, Ger 

Centrifuge 5804R & 5810R Eppendorf, Hamburg, Ger 

Cryostat CM 3050S Leica Biosystems, Wetzlar, Ger 
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Dynamic Plantar Aesthesiometer 3745 Ugo Basile, Gemonio, Ita 

Eppendorf Thermomixer Compact Eppendorf, Hamburg, Ger 

FACS Canto II 
Becton, Dickinson and Company, Franklin 

Lakes, USA 

Fluorescence microscope AXIO Observer 

Z1, AxioCam MRm, HXP120 Fluoreszenz 
Carl Zeiss, Oberkochen, Ger 

Gastight syringes Hamilton Company, Reno, USA 

Gel Documentation System Bio-Rad Laboratories, Hercules, USA 

GFL incubator 3031 & 7601 
Gesellschaft für Labortechnik, Burgwedel, 

Ger 

Hot/Cold Plate Stoelting, Wood Dale, USA 

Image Xpress Micro XLS Widefield High-

Content Imaging System 
Molecular Devices, LLC., San Jose, USA 

IncuCyte 96-pin wound making tool Essen BioScience, Ltd., Hertfordshire, UK 

Laboratory hood HERA Safe Heraeus, Hanau, Ger 

Laboratory scale KERN & Sohn GmbH, Balingen, Ger 

Mastercycler Eppendorf, Hamburg, Ger 

Microcentrifuge 5415R Eppendorf, Hamburg, Ger 

Microplate reader Tecan, Männedorf, Swi 

Mixer Mill Retsch Technology GmbH, Haan, Ger 

Mouse Rota-Rod Ugo Basile, Gemonio, Ita 

NALGENE Cryo 1 °C Freezing Container Thermo Fisher Scientific, Waltham, USA 

NanoDrop One/One microvolume 

spectrophotometer 
Thermo Fisher Scientific, Waltham, USA 
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Odyssey Infrared Scanner Li-COR GmbH, Bad Homburg, Ger 

Pipetus 
Hirschmann Laborgeräte GmbH & Co. 

KG, Eberstadt, Ger 

Platform shaker Duomax 1030 Heidolph Instruments, Schwabach, Ger 

Quant Studio 5 Thermo Fisher Scientific, Waltham, USA 

Surgical equipment 
World Precision Instruments, Sarasota, 

USA 

Trans-Blot Turbo Bio-Rad Laboratories, Hercules, USA 

Vacuum centrifuge concentrator 5301 Eppendorf, Hamburg, Ger 

Vortex-Genie 2 Scientific Industries, Inc., New York, USA 

Water bath SW22 Julabo, Seelbach, Ger 

Western Blotting equipment Bio-Rad Laboratories, Hercules, USA 

 

 

2.5 Primer 

Tab. 2.5: List of primers 

Target Gene Sequence Manufacturer 

TRPM8 (ms) 

FW 5’-CGCACTCCTCACCTT 

TTGTCT-3’ 

RV 5’-CCTGCTGCTTCTG 

TCCTCTT-3’ 

Biomers.net GmbH, 

Ulm, Ger 
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GAPDH (ms) 

FW 5′-CAATGTGTCCGTC 

GTGGATCT-3′ 

RV 5′-GTCCTCAGTGTAGC 

CCAAGATG-3′ 

Biomers.net GmbH, 

Ulm, Ger 

COX-2 

FW 5’-AGACACTCAGGTAGA 

CATGATCTACCCT-3’ 

RV 5’- GGCACCAGACCAAA 

GACTTCC-3’ 

Biomers.net GmbH, 

Ulm, Ger 

c-Fos 

FW 5’- ACCATGATGTTCTCG 

GGTTTCAA-3’ 

RV 5’- GCTGGTGGAGATGG 

CTGTCAC-3’ 

Biomers.net GmbH, 

Ulm, Ger 

IKKε 

FW 5’- GTACAAGGCCCGAA 

ACAAGA-3’ 

RV 5’- TCCTCCACTGCGAA 

TAGCTT-3’ 

Biomers.net GmbH, 

Ulm, Ger 

TBK1 

FW 5’- TGCTTACCCCAGTT 

CTTGCA-3’ 

RV 5’- CCCCAGCACTTCTC 

CTGATC-3’ 

Biomers.net GmbH, 

Ulm, Ger 
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Akt1 

FW 5’- GGCTGGCTGCAC 

AAACG-3’ 

RV 5’- GACTCTCGCTGAT 

CCACATCCT-3’ 

Biomers.net GmbH, 

Ulm, Ger 

 

 

2.6 Cell lines and mouse strains 

 

2.6.1 Cell lines 

Tab. 2.6.1: List of cell lines. 

Cell line Vendor 

A375M ATCC, Wesel, Ger 

B16-F10 
Wellcome Trust Functional Genomics Cell 

Bank, London, UK 

HERMES1 
Wellcome Trust Functional Genomics Cell 

Bank, London, UK 

SK-Mel-28 CLS, Eppelheim, Ger 

 

 

2.6.2 Mouse strains 

Tab. 2.6.2: List of mouse strains. 

Background Mutation Breeder 

C57Bl/6J x 129 SNCA 
The Jackson Laboratory, 

Bar Harbor, USA 
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C57Bl/6J Foxn1 
Janvier Labs, Le Genest-

Saint-Isle, Fra 

C57Bl/6J - 
Charles River 

Laboratories, Sulzfeld, Ger 

 

 

2.6.2.1 Animal ethics 

All mice were either bought from a commercial vendor or transferred from a commercial 

breeding facility one to two weeks before the start of an experiment. They were housed 

under constant conditions, including a 12 h light-dark cycle and a room temperature of 21 

± 1 °C. Food and water were available ad libitum. For the experiments, adult mice at the 

age of 6-12 weeks were used, unless stated otherwise. 

The experiments complied with the guidelines of GV-SOLAS for animal welfare in science 

and were in line with the European and German regulations for animal research. 

Additionally, all experiments were approved by the local Ethics Committee for Animal 

Research (Regierungspräsidium Darmstadt, Germany). The approval identifications are 

FK/1081 and FK/1092. All efforts were made to minimize animal suffering and to reduce 

the number of animals used. 

 

 

2.7 Software 

Tab. 2.7: List of software. 

Software Version Manufacturer 

Citavi 5 
Swiss Academic Software, 

Wädenswil, Swi 
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FlowJo 10 

Becton, Dickinson and 

Company, Franklin Lakes, 

USA 

Gel Doc QuantityOne 

Software 
4.6.8 

Bio-Rad Laboratories, 

Hercules, USA 

Image Studio Lite 4 
Li-COR Biosciences, 

Lincoln, USA 

ImageJ 1.52e Wayne Rasband (Dev.) 

IncuCyte ZOOM Software 2016A 
Essen BioScience, Ltd., 

Hertfordshire, UK 

inForm 2.4 
PerkinElmer, Waltham, 

USA 

Office 2019 
Microsoft Corporation, 

Redmond, USA 

Prism 7 
GraphPad Software, Inc., 

La Jolla, USA 

Quant Studio Design and 

Analysis Software 
1.2 

Applied Biosystems, 

Waltham, USA 

Windows 10 
Microsoft Corporation, 

Redmond, USA 

Zen (blue edition) 3.1 
Carl Zeiss, Oberkochen, 

Ger 
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3. Methods 

 

3.1 Animal experiments 

 

3.1.1 Behavioral experiments 

Before nociceptive behavioral experiments could be performed, the motor coordination of 

the animals was assessed with the Rotarod and the Hanging wire test. Animals that 

couldn’t perform these tests were excluded from further behavioral experiments. Well-

functioning motor control is necessary for the following nociceptive behavioral tests since 

they are based on motoric reactions of the animals.  

The behavioral tests were all done at a similar time of the day (10 am – 3 pm) to make 

sure the animals were all in the same activity phase. Before each behavioral test, the 

animals were allowed to habituate to the experimental room and the experimenter for at 

least 30 min before testing.  

The experimenter was blinded for the genotype or treatment of the animals, respectively. 

A similar number of male and female animals were used for all experiments, except the 

melanoma xenograft where only males were used. 

 

 

3.1.1.1 Rotarod test 

The animal was placed headfirst on top of the rotating rod (Fig. 3.1.1.1). It was allowed to 

freely move around. The goal of the animal was to stay on the rod. It didn’t matter if the 

animal walked or clung to it since both behaviors indicate an intact motoric function. The 

speed was adjusted to 18 rpm and the cut off time for this experiment was 90 s. The 

animals were allowed to perform three to four training units to become used to the 

procedure. If the animals stayed on the rod for 90 s during the experiment, they were 

defined as motoric well-functioning. 



 Methods 
_________________________________________________________________________________________________________ 

 61 

 

Fig. 3.1.1.1: Rotarod test to assess motoric functions. The speed was adjusted to 18 rpm and the cut-

off time was 90 s. The animals had to balance on the rotating black rod. 

 

 

3.1.1.2 Hanging wire test 

An animal was placed on top of a metal grid, which was then lifted approx. 40 cm into the 

air. The grid with the animal was turned upside down above a cage filled with bedding 

material to cushion a potential fall. The goal of the test for the animal was to hold onto the 

downside of the grid for 60 s. Animals without motoric deficits accomplished this task 

easily. If mice failed in this test they were excluded from further behavioral experiments. 

 



 Methods 
_________________________________________________________________________________________________________ 

 62 

3.1.1.2 Hot/Cold Plate test 

The device was either heated up to 52 °C or cooled down to 4 °C. Then, the animal was 

placed on the metal plate of the Hot/Cold Plate test (Fig. 3.1.1.2). The time was stopped 

until the animal showed some avoidance or painful behavior, e.g. walking up the plastic 

cage, licking/flinching of the paws, or jumping. The cut off time for the Hot Plate test was 

25 s, and for the Cold Plate test 40 s to avoid tissue damage.  

 

 

Fig. 3.1.1.2: Hot/Cold Plate test for the measurement of thermal nociception. The device was set to 

either 52 °C or 4 °C and the cut-off time was 25 s or 40 s, respectively. 
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3.1.1.3 Dynamic Plantar test for mechanical sensitivity 

The paw withdrawal latency (PWL) to mechanical stimulation was assessed with an 

automated testing device (Aesthesiometer). It consisted of a steel rod, which was pushed 

against the plantar side of the hind paws, and a metal grid (Fig. 3.1.1.3). Before the test 

started the animals were placed on top of the metal grid, each under an upside-down 

water glass to restrict movement. The animals were habituated to the environment for 

60-90 min. Then, the test was started. The force of the rod increased with 0.5 g/s for 10 s. 

5 g was set as maximum force to prevent mechanical tissue damage. After a 10 s ramp, 

the force was hold for an additional 10 s to enable the animals to react to the stimulus. If 

the animal reacted and lifted the paw the device stopped the time and the metal rod sank 

to its starting position. The PWL of both hind paws was measured three to five times and 

the mean was calculated. The ΔPWL was calculated with the equation: 

 “((ipsi-contra)/contra*100) * (-1) “.  

 

 

Fig. 3.1.1.3: Aesthesiometer for the Dynamic Plantar test. Mice were habituated for 60-90 min before 

the test started. Paws were measured 3-5 times. 
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3.1.1.4 Formalin test for inflammatory nociception 

For this model of short-lasting inflammatory pain, a mouse was placed in a clear plastic 

cylinder for 30 min with the experimenter in front of it to habituate (Fig. 3.1.1.4). After the 

30 min were over, an inflammation of the left hind paw was induced by injection of 20 µL 

of a 5 % formalin/PBS solution subcutaneously into the dorsal side of the left hind paw. 

The mouse was put back into the cylinder and the time spent licking of the injected paw 

was recorded in 5 min intervals for 45 min. The licking time correlates to the pain intensity 

and was plotted against the 5 min intervals. The responses between SNCA-/- and wildtype 

littermates were compared. The animals were sacrificed at indicated time points after 

injection (2 h or 8 h) for organ collection. 

 

 

Fig. 3.1.1.4: Mouse during its 30 min habituation for the formalin test. Rodents don’t like to be in an 

open space without a possibility to hide. Therefore, the habituation was necessary to achieve constant 

results between different individuals. 
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3.1.1.5 Zymosan test for inflammatory nociception 

The Zymosan test is a model for longer-lasting inflammatory pain. The animals were 

habituated to the Dynamic Plantar Aesthesiometer. Then, the left hind paw was injected 

with 20 µL of a 10 mg/mL solution Zymosan A in PBS. Unlike formalin, Zymosan A was 

injected subcutaneously into the plantar side of the paw. The animals were put back into 

the test device and the mechanical pain threshold was recorded hourly from two to eight 

hours. The process of the inflammation could easily be detected with the observation of 

the paw. It increased in size and reddened. The animals were sacrificed after the last 

measurement and tissue was collected. 

 

 

3.1.2 Spared Nerve Injury for neuropathic pain behavior 

The SNI model is based on the lesion of two of the three terminal branches of the sciatic 

nerve (tibial and common peroneal branches) leaving the third branch (sural branch) 

intact. This model produces neuropathic pain without the regeneration of the damaged 

nerve240. 

The animal was anesthetized with a 2 % isoflurane-carbogen anesthetic. The left hind leg 

was shaved, and the animal was placed with the nose in an inhalation mask. The skin 

caudal to the femur was cut which exposed the thigh muscle. The muscle was opened via 

blunt dissection to expose the sciatic nerve. The tibial and common peroneal branches of 

the nerve were tied off with suture thread (5 – 0) and an approx. 2 mm piece of the two 

branches was transected distal to the knot (Fig. 3.1.2). The two parts of the nerve were 

put back under the muscle and the skin was stitched with the same type of thread as used 

before. The mouse was put back in its home cage and observed until it woke up from 

anesthesia.  

A successful operation took between seven and ten minutes and it took the mouse approx. 

one to two minutes in its home cage to recover.  

The dynamic plantar test was performed before the induction of neuropathic pain and 3, 

7, 14, 21, and 28 days after the operation. The animals were sacrificed after the last 

measurement and tissue was collected. 
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Fig. 3.1.2: Illustration of the SNI. For the SNI, two of the three branches of the sciatic nerve, the tibial and 

common peroneal branches, are tied off and transected. The sural nerve is left intact. The dotted red line 

indicates the position where the branches are tied off. This results in neuropathic pain (adapted from 

Decosterd and Woolf, 2000240).  

 

 

3.1.3 Melanoma model for tumor-associated pain 

 

3.1.3.1 Melanoma cell inoculation 

To create a model of tumor pain, mouse melanoma cells were injected into the left hind 

paw of the animals. 2.5 * 105 cells of the cell line B16-F10 were resuspended in 20 µL 

PBS. The mouse was anesthetized with a 2 % isoflurane-carbogen anesthetic and 20 µL 

of the cell solution were injected subcutaneously into the plantar side of the left hind paw. 

Since the cell line originates from a mouse melanoma no immunoreactivity was given and 
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the tumor growth could be observed under physiological conditions. The animals were put 

back into the home cage and observed until they regained consciousness.  

The Dynamic Plantar test and paw volume measurement were done before the injection 

as a baseline measurement and on days 3, 7, 14, and 21 after injection to assess 

mechanical hyperalgesia.  

The animals were sacrificed after the last measurement and tissue was collected. 

 

3.1.3.2 Paw volume measurement 

To assess the size of the tumor, the paw volume was measured with a plethysmometer. 

The animal was put in a forced handle and the paw was immersed into the water-filled 

cylinder of the device up to a constant mark on the ankle. The volume of displaced water 

was recorded by the plethysmometer and was equal to the volume of the paw. The growth 

of the tumor led to an increased paw volume. 

 

 

3.1.4 Melanoma xenograft 

A human melanoma was created in Foxn1 mice by injection of human melanoma cells 

subcutaneously into the flanks of the animal. For this model, the cell line SK-Mel28 was 

used. 5 x 106 cells / 100 µL PBS were resuspended. The mouse was anesthetized with a 

2 % isoflurane-carbogen anesthetic and 100 µL of the cell solution were injected 

subcutaneously into the flank of the mouse. The animals were injected into both flanks. 

After injection, they were put back into the home cage and observed until they regained 

consciousness.  

 

3.1.4.1 Treatment 

Animals were systemically treated with the IKKε/TBK1 complex inhibitor amlexanox or the 

vehicle DMSO. The substances were administered via feeding with cornflakes. Two to 

three days before injection of the melanoma cells, the animals got 2 g cornflakes per 
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animal put in their cage to habituate the animals to the cornflakes. Starting with the 

injection of the melanoma cells into the mouse paw, DMSO or amlexanox were added to 

the cornflakes. Amlexanox was dissolved in DMSO to achieve a 13.3 mg/mL stock 

solution. 200 µL of a 10 % sucrose/water solution containing amlexanox at a final 

concentration of 25 mg/kg body weight or the corresponding 0.1875 % DMSO were added 

per 1 g of cornflakes.  

The cornflakes were air dried for about 30 min to prevent them to be soggy. They were 

put into the cage of the corresponding animal group. Our group already showed that this 

way of drug administration leads to a stable uptake of the drug241. The cornflakes were 

added on five consecutive days, followed by a pause of two days. The weight of the 

animals was monitored every 2-3 days.  

 

3.1.4.2 Tumor size measurement 

The size of the tumor was measured on days 4, 7, 9, 11, 14, 16, 18, 21, 23, 25, and 28 

with a digital caliper. The length (L) and the width (W) were measured while the animal 

was in a forced grip. The volume of the tumor was calculated with the equation 

“V = π / 6 * 1.69 * (L * W)1.5”242. 

The animals were sacrificed on day 28. The tumor was dissected, weighed, and frozen in 

liquid nitrogen until further use.  

 

 

3.1.5 Cerebrospinal fluid extraction 

The animal was sacrificed by CO2 inhalation and final blood withdrawal. The head of the 

animal was placed in a stereotaxic instrument and secured with headpins. The neck was 

stretched by pushing down the snout. Then, the skin of the neck was cut, and the muscles 

were opened by blunt dissection. This uncovered the dura mater, which borders the 

cisterna magna (Fig. 3.1.5). A glass capillary was inserted through the dura mater into the 

cisterna magna and placed there. It filled up with a clear liquid, the cerebrospinal fluid 

(CSF). After approx. 20 s, it wouldn’t fill up further. The capillary was removed and put into 
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a sample tube. The tube with the capillary was briefly centrifuged to gather the CSF in the 

tube. Then, the capillary was removed, and the sample frozen in liquid nitrogen. Normally, 

a CSF volume of about 5 – 15 µL was extracted.  

 

 

Fig. 3.1.5: The uncovered dura mater, bordering the cisterna magna, of a mouse. The black arrow 

indicates the point of CSF extraction via a glass capillary (Liu et al. 2008243). 

 

 

3.1.6 Perfusion and fixation of mice for immunohistochemistry 

The animal was subjected to CO2 inhalation until the state of asphyxia was reached. It 

was then placed in a laboratory hood and the chest cavity was opened. The dissection 

was very careful and as blunt as possible to ensure that no organ was damaged. Then, a 

blunt needle, which was attached to a liquid pump, was inserted into the left ventricle of 

the heart, the right atrium was opened with a scissor and the pump was started. The 

organism was flushed with an isotonic saline solution for 2 min. The flow rate of the pump 

was set to 25 mL per minute. Then, the pump was stopped, the solution switched to 2 % 

PFA in PBS, and started again. The time and flow rate were the same as for the saline 
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solution. During the perfusion with PFA, the mouse was fixated, and the muscles started 

to cramp. It was made sure that the spinal cord remained straight. 

The perfused animal was dissected, and tissue was taken. It was handled extremely 

carefully to not damage it. After dissection, the tissue was stored in 2 % PFA for 30-60 

min.  

 

3.1.6.1 Tissue embedding 

After PFA storage, the tissue was incubated in 20 % sucrose in PBS for 4-6 hours at 4 °C. 

After that, the 20 % sucrose was replaced with 30 % sucrose in PBS o/n at 4 °C. The next 

day, the tissue was prepared further by removing residues from other tissues, e.g. 

connective tissue, with the help of a binocular. The tissue was placed in a cryomold, which 

in turn was filled with the Tissue-Tek O.C.T. compound. The mold was placed on dry ice 

for at least 2 min to freeze the Tissue-Tek. The mold was stored at -80 °C until slices were 

prepared. 

 

3.1.6.2 Object slide preparation 

The mold was stored at -20 °C o/n to warm it up. On the next day, the tissue block was 

pushed out of the mold and fixated on the metal mount of the cryostat with Tissue-Tek. 

The Tissue-Tek hardened at -20 °C in the cryostat for 60 min. Then, the mount was 

adjusted in the cryostat and 50 µm thick slices were cut off until the tissue was reached. 

Slices of 12 to 14 µm were cut with the automatic cutting option of the cryostat. The slice 

stretcher was tipped to the side and a specimen slide was put on top of the slice. The slice 

clung onto the relatively warm specimen slide 

At the end of a cutting session, the rest of a tissue block, if not used up entirely, was cut 

off the mount and pushed back into the mold. The exposed tissue was covered with 

Tissue-Tek and the mold was stored at -80 °C.  
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3.2 Cell culture experiments 

 

3.2.1 Cell lines and culture 

The cells were cultured in a humidified incubator at 37 °C with 5 % CO2 and the cell culture 

media contained 10 % FCS if not stated otherwise. 

 

3.2.1.1 B16-F10 

The murine melanoma cell line B16-F10 was obtained from the Wellcome Trust Functional 

Genomics Cell Bank. The cell line originates from the melanoma of a C57Bl/6J mouse. 

They were cultivated in ATCC’s DMEM medium. Since B16-F10 cells tend to differentiate 

if they grow too sparely or too dense, they were passaged three times a week. Mondays 

8 x 105 cells were passaged, Wednesdays they were split 1:10, and Fridays 6 x 105 cells 

were passaged. Cells were washed with PBS and treated with Trypsin to dispense them 

from the cell culture flask. The enzymatic reaction was stopped by the addition of FCS-

containing cell culture medium. The cell solution was centrifuged for 3 min at 200 g. The 

supernatant was discarded, and the cells were resuspended in medium. 

 

3.2.1.2 SK-Mel28 

The human SK-Mel28 cell line originates from the melanoma of a 51-year-old male. The 

cells express mutant BRAF, EGFR and TP53, and wildtype CDKN2A and N-Ras. The cell 

line was commercially bought from CLS. The cells were cultivated in ATCC’s EMEM 

medium and passaged two to three times a week when they were around 80-90 % 

confluent. Cells were washed with PBS and treated with Trypsin to dispense them from 

the cell culture flask. The reaction was stopped, the cells were centrifuged, and 

resuspended in fresh medium. 
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3.2.1.3 A375M 

The human A375M cell line originates from the melanoma of a 54-year-old female. The 

cells express mutant BRAF and CDKN2A, and wildtype EGFR, TP53, and N-Ras. The 

cell line was commercially bought from ATCC. The cells were cultivated in ATCC’s DMEM 

medium and treated the same as SK-Mel28 cells. 

 

3.2.1.4 HERMES1 

This human cell line originates from the melanocyte of a 24-year-old male. The cells were 

cultivated with RPMI 1640 medium. The cell line was obtained from the Wellcome Trust.  

For the optimization of cell culture conditions 220 nM tetradecanoyl phorbol acetate, 220 

pM cholera toxin, 11 nM endothelin1, and 10 ng/mL human stem cell factor were added 

to the medium. The cells were cultivated at 10 % CO2, and they were split every two to 

three days to keep the confluency at max. 70 %. 

 

 

3.2.2 Proliferation analysis 

To analyze the effects of IKKε inhibition on cell proliferation the WST-1 and SRB assays 

were used as endpoint analysis. The WST-1 assay is based on the number of 

metabolically active cells, while the SRB assay is based on cellular proteins of fixated cells 

in the well of a cell culture plate. These assays could be done directly after one another.  

 

3.2.2.1 WST-1 assay 

5 x 104 cells were disseminated in 500 µL medium into a well of a 24-well plate. Cells were 

allowed to set for 24 h. Then, the medium was changed to fresh medium with the 

treatment. As conditions, negative control, vehicle (DMSO), and 10, 20, 30, and 50 µM 

amlexanox were used, all incubated in duplicate for 48 h.  

The medium was discarded and 300 µL fresh medium were added per well. 30 µL WST-1 

reagent were added and the cells were incubated for 90 min at 37 °C. During this time, 

the cells metabolized WST-1 to Formazan. Finally, the absorption of the wells at 450 and 
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620 nm was measured with a microplate reader. The 620 nm measurement was used as 

a reference for calculations.  

 

3.2.2.2 SRB assay 

After the measurement of the WST-1 assay, the SRB assay was done. 60 µL of 50 % 

TCA were added to the WST-1 containing medium. The plate was incubated for 1 h at 

4 °C. This precipitated proteins and fixated the cells. The supernatant was discarded, and 

the plate was rinsed five times with H2O. Then, it was dried for 1-2 h at 60 °C. 

300 µL SRB solution (0.4 % in 1 % acetic acid) were added to the wells and incubated for 

30 min on a shaker at RT. The SRB solution was discarded and the wells were rinsed five 

times with 1 % acetic acid. The plate was dried for 1-2 h at 60 °C. 

750 µL 10 mM Tris/HCl solution were added to dissolve the dye. The plate was incubated 

for 10 min on a shaker at RT. The absorption at 540 nm was measured with a microplate 

reader and used for further calculations.  

 

 

3.2.3 Migration assays 

Migration is one of the most important factors for tumor growth and development. Three 

different types of migration assays to assess the effect of IKKε inhibition on the migrative 

abilities of human melanoma cells were used. 

 

3.2.3.1 Transwell assay 

This assay is based on the migration of cells through a membrane with a pore size of 

8 µM. The inserts with the membranes were positioned into the wells of a 24-well plate. 

The wells were filled up with 750 µL culture medium. For the negative control, FCS-free 

medium was used. Then, 5 x 104 cells were disseminated in 300 µL FCS-free medium 

into the inserts. Amlexanox or DMSO were added as treatment into the inserts. The cells 
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were incubated for 48 h at 37 °C. During this time, the cells were able to migrate towards 

the FCS-rich medium through the membrane. 

The medium was discarded and the wells, as well as the inserts, were washed twice with 

PBS. 1 mL 4 % PFA was added for 2 min per insert to fixate the migrated cells. The PFA 

was discarded and the inserts were washed twice with PBS. Then, the cells were 

permeabilized with 1 mL 100 % methanol for 20 min. The methanol was discarded, and 

the inserts were washed twice with PBS. The inside of the insert was freed from cells by 

cleaning it with a cotton bud. 800 µL DAPI solution were added per insert for 2 min to stain 

the remaining cells. The inserts were washed twice with PBS. Finally, the membrane was 

cut free from the insert with a scalpel and placed on a specimen slide with the outside up. 

A drop of Aqua-Poly/Mount was put on top of the membrane and a cover slide was added 

on top of that. 

The number of migrated cells was assessed on a microscope. Pictures of three different 

areas of the membrane were taken with 10x magnification and the number of cells was 

counted with the help of ImageJ’s automated cell counting tool. The mean of the three 

areas was taken as cell count.  

 

3.2.3.2 ibidi migration assay 

The second migration assay is based on cells growing into a gap and closing it. The assay 

was performed in cooperation with the group of Dr. S. Schiffmann (Fraunhofer IME-TMP, 

Frankfurt, Ger). 

For this assay, ibidi’s 24-well, black µ-plates with two-chamber culture inserts were used. 

30,000 (SK-Mel28) or 40,000 (A375M) cells were disseminated in 70 µL medium per 

chamber. The medium already contained the treatment, if one was used. After 24 h at 

37 °C, the inserts were carefully removed with sterile forceps and the wells were washed 

once and then filled with 500 µL medium containing 2 % FCS and the corresponding 

treatment. The plate was closed with adhesive film and placed under the Image Xpress 

microscope at 37 °C. Pictures of the cell-free gap were taken on two positions per gap 

every 2 h for a total of 36 h.  
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The width of the cell-free gap was measured in every picture and the change was 

analyzed over time.  

 

 

3.2.4 Invasion assay 

The invasion assay was used to assess the invasive abilities of the melanoma cells by 

adding an additional physical barrier to the Transwell assay.  

Matrigel was diluted with FCS-free medium to a concentration of 0.3 mg/mL. To do that, 

the frozen Matrigel was thawed on ice. Matrigel is liquid at approx. 0 °C. At higher and 

lower temperatures, it becomes more viscous. 100 µL of this Matrigel dilution were added 

into a Transwell insert and incubated for 24 h at 37 °C. 

After that, the protocol was the same as the Transwell assay. The invasive capacity was 

calculated with “Number of invasive cells / Number of migrated cells * 100”.  

 

 

3.2.5 Autophagy assay 

5 x 105 cells were disseminated in 3 mL medium into a 6 cm cell culture dish. The cells 

were incubated for 24 h at 37 °C. The medium was changed to FCS-free medium 

containing 20 µM Chloroquine. Chloroquine inhibits autophagosome and lysosome fusion 

and therefore the dissociation and degradation of LC3b. The relevant treatments were 

added to the dishes and the cells were incubated for 24 h at 37 °C. The cells were 

harvested, and proteins were isolated. 

The autophagic activity was assessed by Western Blot analysis of LC3b-II and p62 

expression.  
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3.2.6 Cell cycle analysis 

A cell cycle analysis was done to assess if the treatment with amlexanox influences cell 

cycle progression. The cells were all arrested in the same phase of the cell cycle and were 

then allowed to start proliferating from there. The analysis of the cell cycle was done by 

staining with propidium iodide (PI) with subsequent FACS analysis. 

6 x 105 cells were disseminated in 10 mL medium into 10 cm cell culture dishes and 

incubated for 24 h at 37 °C. Then, the medium was changed to an FCS-free medium and 

the cells were incubated for another 24 h. This was done to align the cell cycle stage, so 

all cells start at the G1/G0 phase. 

The medium was changed to the normal cell culture medium and the treatment was 

added. The cells were incubated for 24 h at 37 °C. The cells were harvested, washed 

once with PBS, and were then resuspended in 500 µL PBS. 4.5 mL 70 % ethanol (4 °C) 

were added to the cell suspension. This solution was stored for at least 24 h at -20 °C. 

On the day of the FACS analysis, the cells were centrifuged for 5 min at 1200 g at 4 °C. 

The supernatant was discarded, and the pellet was resuspended in 5 mL cold PBS. The 

cells were centrifuged a second time, the supernatant was discarded, and the cells were 

resuspended in 500 µL cold PBS. The suspension was transferred into a FACS tube. 

500 µL 0.25 % PBSTx were added for 5 min on ice. The cells were centrifuged for 5 min 

at 1200 g at 4 °C and the supernatant was discarded. 

The pellet was resuspended in 200-500 µL PI staining solution and incubated in the dark 

for 30 min on ice. Meanwhile, the FACS scanner was turned on and the measurement 

was prepared. 

The unstained negative control was measured first. Living single cells were gated. Cells 

from this gate were analyzed for PI staining. The negative control gave the reference for 

a negative PI signal. Then, 100,000 events were measured for every stained sample.  

For analysis, FlowJo’s cell cycle analysis tool was used. PI-positive single cells were 

gated. The tool analyzed all positive cells and calculated the number of cells in the G1, S, 

G2, <G1, and >G2 phase (Fig. 3.2.6). The distribution of cells in these different cell cycle 

phases was compared between the different treatments. 
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Fig. 3.2.6: Gating schematic for cell cycle analysis. Events were recorded and single cells were gated 

via SSC-A and FSC-A splitting (A). FlowJo’s Cell Cycle Analysis tool was used on this single-cell gate. The 

tool resulted in an analysis of the different cell cycle phases (B). Blue = G1-, Yellow = S-, and Green = G2-

Phase. 

 

 

3.3 Molecular experiments 

 

3.3.1 Genotyping via polymerase chain reaction 

Genotyping of SNCA-/- mice was done with ear punch biopsies. The DNA was isolated 

with the REDExtract-N-Amp Kit. Briefly, the biopsy was cut with a scissor. Per Sample 

12.5 µL of Tissue Preparation Buffer and 50 µL Extraction Solution were added. The 

samples were incubated for 10 min at RT. Then, the samples were incubated at 95 °C for 

3 min. The reaction was stopped by the addition of 50 µL neutralizing buffer. The DNA 

could be stored at 4 °C or used directly for a PCR.  
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For the genotyping of every sample, two reactions were done. One for the SNCA wildtype 

sequence and one for the SNCA knock-out sequence. Each reaction consisted of 2 µL 

DNA, 0.5 µL forward primer (10 µM), 0.5 µL reverse primer (10 µM), 10 µL Amplicon Mix 

and 7 µL PCR-grade water. The PCR was run with the following protocol: 

 

Tab. 3.3.1: Protocol used for the PCR. 

Temperature [°C] Time Phase Number of cycles 

95 3 min Enzyme activity 1 

95 30 s Denaturation 35 

50 30 s Annealing 35 

72 90 s Elongation 35 

72 3 min Inactivation 1 

4 ∞ Storage 1 

 

After the PCR, gel electrophoresis was done to separate DNA extracts according to their 

size. DNA Ladder Mix 100-10,000 bp was used as marker. Marker and samples were 

loaded onto a 1.5 % agarose gel containing 50 µL/mL Rotisafe. TBE buffer was used for 

electrophoresis. The DNA was separated for 45 min at 100 V and the fluorescence 

staining of the gel was analyzed using UV light of the Gel Documentation System. 

 

 

3.3.2 RNA isolation and Verso cDNA synthesis 

 

3.3.2.1 RNA isolation 

RNA was isolated from cells, soft tissue, e.g. spinal cord and brain, and firmer tissue, e.g. 

skin and melanoma. Different approaches were used for different tissues. 

Cells were harvested and washed with PBS. The PBS was discarded after centrifugation 

and 400 µL TRI-reagent were added to the pellet. The pellet was vortexed vigorously and 

incubated for 10 min at RT. 



 Methods 
_________________________________________________________________________________________________________ 

 79 

For soft tissue 400 µL Tri-reagent were added to the tissue. Three ceramic beads were 

added, and the samples were homogenized with the BeadBug Microtube Homogenizer 

for 1 min and 2 cycles at 1200 g. The samples were then incubated for 10 min at RT. 

The firmer tissue was treated with 400 µL TRI-reagent and homogenized with the Ultra-

Turrax. The homogenization took approx. 30 s per tissue. The Ultra-Turrax was cleaned 

with 70 % ethanol and H2O after each sample. The samples were incubated for 10 min at 

RT after homogenization. 

After incubation, the treatment of the different tissues was the same. 80 µL chloroform 

were added. The samples were vortexed and incubated for another 10 min at RT. Then, 

the samples were centrifuged for 7 min at 16,100 g at RT. This led to a separation of the 

sample into three phases. The upper aqueous phase was transferred into a fresh tube, 

without disruption of the middle phase, which would lead to a phenol contamination. 

200 µL isopropanol were added for precipitation of the RNA, the samples were vortexed 

and incubated for another 10 min at RT. Then, they were centrifuged for 10 min at 

16,100 g at 4 °C. The supernatant was discarded, and the pellet was resuspended in 75 % 

ethanol. The samples were centrifuged for 7 min at 16,100 g at 4 °C and the supernatant 

was discarded. The pellet was left to air dry for 2-3 hours at RT. Then, it was resuspended 

in 30-40 µL RNAse-free H2O. The RNA concentration was measured with the Nanodrop 

microvolume spectrophotometer.  

 

3.3.2.2. Verso cDNA synthesis 

For the reverse transcription of RNA to cDNA, the Verso cDNA Synthesis Kit was used. 

The manufacturer’s protocol was followed. Briefly, the kit was thawed on ice. A master 

mix for the total number of samples + 10 % was prepared.  
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Component Volume [µL] 

(5x) Synthesis Buffer 4 

dNTP Mix 2 

Hexamer Primer 0.7 

OligodT Primer 0.3 

Verso Enzyme Mix 1 

RT-Enhancer 1 

RNA Corresponding 800 ng 

RNAse-free H2O Ad 20 µL 

 

The sample volume corresponding to 800 ng RNA were pipetted into a PCR tube. 9 µL 

master mix were added. Then, RNAse-free H2O was added to reach a volume of 20 µL. 

The program for the cDNA synthesis was 42 °C for 30 min, followed by 95 °C for 2 min. 

After that, the samples could be stored at 4 °C. Long-time storage was done at -20 °C. 

For further experiments, the samples were diluted to a concentration of 10 ng/µL with 

RNAse-free H2O. 

 

 

3.3.3 Real-time quantitative PCR 

The expression of genes was analyzed on the mRNA level via quantitative real-time PCR 

(qPCR) on a Quant Studio 5 system. Primers for specific genes were designed and tested 

for specificity. The SYBR Select Mastermix was used according to the manufacturer’s 

protocol. A master mix + 10 % was prepared with the SYBR Select reagent, forward and 

reverse primers, and RNAse-free H2O. 
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Component Volume [µL] 

SYBR Select 5 

Forward Primer (10 µM) 1 

Reverse Primer (10 µM) 1 

RNAse-free H2O 2 

cDNA 1 

 

The master mix without the cDNA was prepared and 9 µL were pipetted into every well of 

the 96- or 384-well plate. Then, 1 µL cDNA was added to every well. The samples were 

measured as triplicates. An unregulated housekeeping gene was measured to compare 

the amount of cDNA in each sample to other samples. Template-free samples were used 

as a negative control. The plate was closed with adhesive film and the samples were spun 

down in a tabletop centrifuge. Then, the qPCR was started with the Quant Studio 5. The 

following protocol was used: 

 

Tab. 3.3.3: Protocol used for the qPCR. 

Temperature [°C] Time Phase Number of Cycles 

50 2 min Holding Stage 1 

95 2 min Activation 1 

95 15 s Denaturation 40 

60 1 min Annealing/Replication 40 

95 15 s Denaturation 1 

60 1 min Annealing/Replication 1 

95 15 s Dissociation 1 

4 ∞ Storage 1 

 

The amplification of specific cDNA fragments was quantified by the intercalation of the 

SYBR Green cysteine dye into the double-stranded cDNA in real-time. Therefore, the 

increase of the fluorescence signal was proportional to the amount of cDNA in the sample. 

The fluorescence was plotted as a function of the number of cycles. For the calculation of 
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the relative mRNA amount, the ΔΔCT method was used. The CT-value is the number of 

cycles at which the fluorescence signal is higher than the background for the first time. 

The more of the specific mRNA corresponding cDNA is in the sample, the faster this 

threshold is reached. The QuantStudio Software calculated the CT-value automatically. 

The unregulated housekeeping gene GAPDH was used as a reference gene. 

The relative expression of the target gene relative to the reference gene was calculated 

as follows: 

ΔCT = CT (target gene) – CT (reference gene) 

ΔΔCT = ΔCT (sample) – ΔCT (control) 

Ratio = 2-ΔΔC
T 

  

 

3.3.4 Protein isolation and Bradford assay 

Pefabloc was added to the phosphosafe buffer to achieve a final concentration of 1 mM. 

Then, 100 µL were added to the spinal cord or cell pellets. For larger tissue samples like 

melanomas larger volumes depending on the size of the sample were used. To 

homogenize the tissue samples and break down cells three ceramic beads were added, 

and they were homogenized for approx. 3 min at 25 Hz with the Mixer Mill. For cell pellets, 

it was enough to vortex the still frozen pellet with the phosphosafe buffer for approx. 10 s. 

For melanomas and skin tissue, the Ultra-Turrax was used. Then, the tissue samples were 

centrifuged for 60 min, and the cell samples for 30 min at 16,100 g at 4 °C. The 

supernatants were transferred to fresh tubes. 

The protein concentration was assessed with the Bradford assay. For that, samples were 

diluted with H2O, and Bradford reagent was added, which led to a color change. A 96-well 

plate was used for this assay. A standard curve was created by pipetting 0-5 µL 1 mg/mL 

BSA into the wells. 10-5 µL H2O were added, respectively. This was done as a duplicate 

measurement. For the samples, 1 µL sample was added to 9 µL H2O in the wells. This 

was done as triplicate. 200 µL Bradford reagent were added and the plate was shaken for 

60 s. The absorption of the samples at 595 nm was measured in the microplate reader. 
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The protein concentrations of the samples were calculated by comparison with the 

standard curve. 

 

 

3.3.5 Western Blot analysis 

 

3.3.5.1 SDS gel preparation 

The Western Blot (WB) is a method for the analysis and quantification of proteins. Before 

starting the WB, the proteins needed to be split up by size via a sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE).  

The percentage of polyacrylamide in the SDS gel was adjusted to the size of the proteins 

of interest. Smaller proteins, like α-Syn (14 kDa), needed a higher percentage gel (approx. 

15 %), while larger proteins, like IKKε (80 kDa), needed a lower percentage gel (approx. 

10 %). The higher percentage gel separates smaller proteins better than lower percentage 

gels, while lower percentage gels separate larger proteins better. A 10 % separating gel 

was prepared: 

 

Substance Volume [µL] 

H2O 2080 

Tris, 1.5 M, pH 8.8 1230 

Acrylamide 1640 

SDS 49.2 

APS 24.6 

TEMED 2.46 

 

The gel was filled between the glass plates of the gel cast and overlaid with isopropanol. 

This ensured a clean and smooth border of the separating gel. After about 30 min the gel 

solidified, and the collecting gel was prepared: 
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Substance Volume [µL] 

H2O 1200 

Tris, 0.5 M, pH 6.8 500 

Acrylamide 250 

SDS 20 

APS 20 

TEMED 2 

 

The isopropanol was discarded, and the collecting gel was filled on top of the separating 

gel. A 10- or 15-pocket comb was pushed into the collecting gel. It took the gel another 

30 min to solidify. After that, it could either be used directly for the SDS-PAGE or it could 

be stored, wrapped in a wet towel, at 4 °C.  

 

3.3.5.2 SDS-PAGE 

For the SDS-PAGE, a volume corresponding to 30 µg of total protein was pipetted into a 

tube. 5 µL of 4x Lämmli buffer/mercaptoethanol (5:1) were added to the tubes. They were 

briefly centrifuged and incubated at 95 °C for 5 min at 550 rpm in a heating block. This 

was done to denature the proteins. Meanwhile, the SDS gel was placed in a gel 

electrophoresis chamber, which was filled with SDS buffer. The comb was removed from 

the gel. After the 5 min denaturation period, the tubes were centrifuged again. Then, 3 µL 

protein marker and the complete samples were pipetted into the pockets of the gel. The 

chamber was closed, and an electrical current of 80 V was applied. After about 30 min the 

marker reached the separating gel and started to spread out. After this happened, the 

current was increased to 120 V. The run was finished when the bromophenol blue border 

reached the lower end of the gel. 

 

3.3.5.3 Semi-dry blotting 

This blotting technique was used as a standard method for all proteins, except for α-Syn. 

A piece of nitrocellulose membrane and two filter stacks were soaked in Blotting buffer for 

5 min. The gel was taken out of the gel cast and the collecting gel was removed. The 
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separating gel was also placed in the Blotting buffer. Then, a filter stack was placed in the 

chamber of a semi-dry blotting device. The membrane was placed on top of it, then the 

gel. The second filter stack was put on top of that. Air bubbles were removed by pushing 

a roller over the blotting sandwich. The chamber was closed and inserted into the semi-

dry blotting device. The program for mixed molecular weight proteins was used to achieve 

a good transfer of proteins between 20 and 100 kDa to the membrane. After it was 

finished, the chamber was taken out of the blotter and opened. The sandwich was 

removed, and the membrane was taken out of it. The filter stacks were cleaned with H2O 

and were air-dried. The gel was discarded. The membrane was blocked with Blocking 

buffer for 1 h at RT with mild shaking.  

 

3.3.5.4 Wet blotting 

The wet blotting method was used for the detection of α-Syn to improve the transfer onto 

the membrane. No detection was possible with the semi-dry blotting method. 

For this method, the nitrocellulose membrane and two membrane-sized pieces of blotting 

paper were soaked in Wetblot Buffer for 5 min. Then, the gel was also transferred into the 

buffer. A blotting sandwich was created between the two parts of the clamp as follows: 

 

Cathode 

Filter 

Blotting Paper 

Gel 

Membrane 

Blotting Paper 

Filter 

Anode 
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The clamp was closed and transferred into the blotting chamber. A cooling pack was 

placed next to it and the chamber was filled with Wetblot buffer. The electrodes were 

attached, and a voltage of 50 V was applied for 90 min. 

After the blotting was done, the membrane was taken out of the sandwich and was 

transferred to 0.4 % PFA for 30 min at RT. This was done to help fixate small proteins to 

the membrane and was shown to increase the strength of the signal. After the incubation, 

the membrane was washed twice with PBS for 10 min. Then, the membrane was blocked 

with Blocking buffer for 1 h at RT with mild shaking. 

 

3.3.5.5 Antibody staining 

After blocking, the membrane was incubated with 2 mL of primary antibody solution. This 

was done according to Tab. 3.3.5.5. After the incubation, the membrane was washed 

twice for 10 min at RT with PBST. Then, it was incubated with the secondary antibody 

(Tab. 3.3.5.5). The membrane was washed twice for 10 min at RT with PBST after 

incubation and it was scanned with the Odyssey scanner to record the antibody signal. 

The next primary antibody was applied after scanning. 

 

Tab. 3.3.5.5: Antibodies, dilutions, incubation time, and temperature used for WB.  

Antibody (Host) Dilution Time [h] Temperature [°C] 

a-Syn (ms) 1:1000 24 4 

IKKe (ms) 1:500 24 4 

TBK1 (rb) 1:250 24 4 

Actin (ms) 1:1200 1 22 

Actin (rb) 1:2000 1 22 

HSP90 (ms) 1:1000 1 22 

LC3b 1:250 24 4 

p62 1:400 24 4 

CyclinD1 1:500 24 4 

p53 1:250 24 4 
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p65 1:250 24 4 

P-p65 1:250 24 4 

p44-42 1:250 24 4 

P-p44-42 1:250 24 4 

p38 1:250 24 4 

P-p38 1:250 24 4 

Akt1 1:250 24 4 

P-Akt1 1:250 24 4 

Secondary 1:10,000 1 22 

 

The relative amount of protein was calculated by densitometric analysis of the bands and 

comparison of the protein of interest with an unregulated housekeeping protein. 

 

 

3.3.6 Immunohistochemistry 

The specimen slides prepared beforehand were taken out of the -80 °C freezer and were 

brought to RT. Water drops were carefully removed and the tissue slices were surrounded 

with a Dako pen to create a fatty border, which reduced the amount of antibody needed 

for staining. The slides were washed for 10 min with PBSTx at RT with mild shaking. Then, 

they were taken out of the PBSTx and air-dried for 2-3 min. IHC blocking buffer was 

pipetted onto the slices and they were incubated for 2 h at RT. After that, the blocking 

buffer was removed and a solution of primary antibodies, diluted in IHC antibody buffer, 

was applied to the slices. The dilution, time, and temperature for every antibody are given 

in Tab. 3.3.6. The slices were covered with Parafilm for the time of the incubation. 

After the incubation, the Parafilm was removed and the slides were washed three times 

for 10 min with PBSTx at RT. Then, a mix of secondary antibodies, diluted in IHC antibody 

buffer, was applied to the slices (Tab. 3.3.6).  

After the last staining step, the slides were washed twice for 10 min with PBSTx and once 

with PBS at RT. Then, Aqua-Poly/Mount was added to the slices and they were covered 

with a glass slide. 
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The slices were analyzed using either the Axio Observer Z1 or the BIOREVO microscope. 

 

Tab. 3.3.6: Antibodies, dilutions, incubation time, and temperature used for IHC. 

Antibody (Host) Dilution Time [h] Temperature [°C] 

a-Syn 1:100 24 4 

CGRP 1:200 24 4 

IB4 1:50 24 4 

GABA-A 1:500 24 4 

TH 1:200 24 4 

VGlut1 1:100 24 4 

GAD67 1:200 24 4 

Secondary 1:800 2 22 

 

 

3.3.7 Glutamate measurement in the CSF 

For the glutamate measurement in the spinal cord, Promega’s Glutamate-Glo assay was 

used. The manufacturer's protocol was followed. Briefly, the kit was thawed, and a 

glutamate standard was prepared. The necessary amount of glutamate detection reagent 

was prepared. It consisted of a luciferin detection solution, reductase, reductase 

substrate, glutamate dehydrogenase, and NAD+.  

For CSF measurement, 5-10 µL of detection reagent were needed per reaction. The same 

amount of CSF and detection reagent was used. 

The CSF sample was pipetted into the well of a white 96-well plate and the same amount 

of detection reagent was added. The same was done for the glutamate standard. The 

plate was shaken for 30-60 s and was incubated for 60 min at RT. Then, the luminescence 

was measured with the microplate reader. 

The glutamate concentration of the samples was calculated by comparison with the 

standard curve. 
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3.3.8 Multiplex staining of human melanoma samples (Phenoptics) 

Skin and melanoma samples from human patients were obtained from the university 

cancer center (UCT). The samples were already embedded in paraffin and were ready to 

be cut. The tissue was cut (4 µm) and placed on specimen slides. They were stored at 

4 °C until used. 

For the staining of these samples, PerkinElmer’s Phenoptics approach was used. The 

slides were dewaxed and rehydrated by placing them two times for 5 min in xylol and then 

in a descending line of ethanol for 2 min each. In the end, they were placed twice in H2O 

for 2 min each. Then, antigen retrieval was done. Depending on the primary antibody used 

for staining, the slides were placed in Antigen Retrieval Buffer 6 or 9. They were then 

boiled for 15 min in a microwave in the corresponding buffer. The buffer and slides were 

cooled down to RT. 

Then, the slices were circled with a Dako pen. They were washed once with TBST for 

2 min at RT. The TBST was discarded and they were blocked with Phenoptics Blocking 

Buffer for 15 min at RT. The blocking buffer was discarded, and the slices were incubated 

with the primary antibody as indicated in Table 3.3.8. 

 

Tab. 3.3.8: Antibodies, dilutions, incubation time, and temperature used for Phenoptics. 

Antibody (Host) Dilution Antigen Retrieval Buffer Time [h] Temperature [°C] 

IKKe (ms) 1:400 AR6 24 4 

TBK1 (rb) 1:400 AR6 24 4 

CD3 (rb) 
ready to 

use 
AR6 0.5 22 

Pan-Cytokeratin 

(ms) 
1:100 AR9 0.5 22 

PD1 (rb) 1:500 AR6 0.5 22 

CD45(rb) 1:100 AR6 0.5 22 

DAPI 1:5000 AR9 0.17 22 

Ms + Rb HRP 
ready to 

use 
- 0.25 22 
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After the incubation, the primary antibody solution was discarded, and the slides were 

washed three times with TBST for 2 min each. Then, the opal polymer anti-rabbit anti-

mouse HRP mix was applied to the slices and incubated for 15 min at RT. The secondary 

antibody mix was discarded, and the slides were washed three times with TBST for 2 min 

each. Then, the opal fluorophore, diluted 1:100 in PerkinElmer’s Amplification Diluent, was 

applied to the slices and incubated for 10 min at RT. The fluorophore was discarded, and 

the slides were washed twice with TBST for 2 min each.  

At this point, the antigen retrieval was repeated for the next primary antibody. After all 

antibodies were incubated, the last antigen retrieval was done, and the slices were stained 

with DAPI. The slides were washed three times with TBST for 2 min each. Aqua-

Poly/Mount was applied, and a glass slide was added on top.  

The slices were analyzed with the Vectra microscope and PerkinElmer’s inForm software. 

 

 

3.3.9 Statistical analysis 

For the statistical analysis, GraphPad Prism 7 was used in this work. Data are presented 

as mean ± SEM.  

Data were analyzed using two-way ANOVA for time courses and one-way ANOVA or 

t-Tests for single time point measurements. Significance was defined as *P < 0.05, 

**P < 0.01, ***P < 0.001 and ****P < 0.0001. 

For the calculation of the p-value, Bonferroni’s post hoc test for two-way ANOVA, 

Dunnett’s post hoc test for one-way ANOVA and Student’s two-tailed, unpaired t-Test 

were used. The number of animals used or repetitions (n) for every experiment are given 

in the figure legends.  
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4. Results 

 

4.1 The role of IKKε and TBK1 in the pathogenesis of malignant 

melanoma 

 

The first half of this work investigates the effect of IKKε and TBK1 on melanoma growth 

and invasiveness. In vitro experiments were done using the melanoma cell lines SK-Mel28 

and A375M. Amlexanox was used for pharmacological inhibition of the IKKε/TBK1 

complex. Furthermore, a xenograft mouse model was applied. The results shown here 

are already published in a peer-reviewed journal. 

 

4.1.1 Expression of IKKε and TBK1 in human melanoma and melanoma cell 

lines 

To find out if the protein kinase IKKε has a role in melanoma development and growth the 

expression of IKKε and its functional partner TBK1 was assessed in one melanocyte and 

two melanoma cell lines (Fig. 4.1.1 A-D), as well as in naevi and melanoma metastasis 

samples of patients (Fig. 4.1.1 E-F). 

IKKε and TBK1 showed higher protein expression in the melanoma cell lines SK-Mel28 

and A375M compared to the melanocyte cell line HERMES1 (Fig. 4.1.1 A-D). The same 

upregulation of protein expression was seen in the naevi and melanoma metastasis tissue 

samples of patients (Fig. 4.1.1 E-F) with relatively high inter-individual variations. 
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Fig. 4.1.1: Western Blot analysis of IKKε and TBK1 expression in melanoma cell lines and tissue 

samples compared to controls. Relative IKKε expression in SK-Mel28 cells compared to HERMES1 cells 

(A [n = 4]). Relative TBK1 expression in SK-Mel28 cells compared to HERMES1 cells (B [n = 5]). Relative 
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IKKε expression in A375M cells compared to HERMES1 cells (C [n = 4]). Relative TBK1 expression in 

A375M cells compared to HERMES1 cells (D [n = 8]). Relative expression of IKKε and TBK1 in patient 

samples of naevi and melanoma metastasis (E [n = 4-9], F [n = 3-6]). Blots show representative WB signal, 

the diagrams show the densitometric analysis of all blots. * p<0.05, ** p<0.01, *** p<0.001 (adapted from 

Möller et al. 2020244). 

 

 

4.1.2 Proliferation of melanoma cells is inhibited by amlexanox treatment 

The increase in IKKε and TBK1 expression shown in 4.1.1 is an indicator that these 

proteins have some impact on the characteristics of melanoma cells. Therefore, the 

proliferation of SK-Mel28 and A375M cells after treatment with 10, 20, 30, and 50 µM 

amlexanox and the vehicle DMSO was investigated.  

The WST and SRB assays were performed for both cell lines and it was found that 

treatment with 20, 30, and 50 µM amlexanox resulted in a decreased proliferation in SK-

Mel28 cells in the SRB assay (Fig. 4.1.2 B). In the WST assay, only the treatment with 30 

and 50 µM amlexanox resulted in a significant decrease (Fig. 4.1.2 A). These results were 

obtained by my predecessor, Julia Wasel, and are shown to deliver a full overview of this 

project. 

In A375M cells the WST assay showed no significant change of proliferation (Fig. 4.1.2 

C), but the SRB assay showed a decreased cell number after treatment with 30 and 50 

µM amlexanox (Fig. 4.1.2 D). 

Since the highest effect on proliferation was seen after treatment with 30 and 50 µM 

amlexanox further experiments were done with these concentrations. The cell line SK-

Mel28 was used for further experiments since it showed a promising effect on cellular 

proliferation after amlexanox treatment.  
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Fig. 4.1.2: Results of the WST and SRB assays of SK-Mel28 and A375M cells. The results of the WST 

assay show a significant decrease in the proliferation of SK-Mel28, but not A375M cells (A [n = 3], C [n = 

3]). The SRB proliferation assay shows a significant decrease of proliferation in both cell lines (B [n = 9], D 

[n = 5]). ** p<0.01, *** p<0.001, **** p<0.0001 (adapted from Möller et al. 2020244). 
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4.1.3 Autophagy is inhibited in human melanoma cells after amlexanox 

treatment 

One reason for the decreased proliferation shown in 4.1.2 could have been a change of 

autophagy after amlexanox treatment. Therefore, SK-Mel28 cells were treated with 

amlexanox for 24 h, and protein was isolated.  

Autophagy is a process of cellular protection but can also influence the proliferation of 

cancer cells. The Western Blot revealed a decreased LC3b-II and an increased p62 

expression after treatment with 30 and 50 µM amlexanox compared to vehicle-treated 

cells (Fig. 4.1.3 A, B). These proteins are indicators for autophagy in cells and are 

expected to be correlated inversely. LC3b-II is an important regulator protein for the 

formation of autophagosomes, while p62 constitutes an autophagy receptor, which is 

degraded during autophagy. The downregulation of LC3b-II after amlexanox treatment 

indicates an inhibitory effect of amlexanox on autophagy, which is supported by the 

upregulation of p62 after amlexanox treatment.  

The same regulation of autophagic markers was seen in xenograft tumors, grown from 

SK-Mel28 cells in the flanks of nude mice. The animals were treated with the vehicle 

DMSO or with 25 mg/kg body weight amlexanox, respectively. The tumors from the 

amlexanox treated group showed autophagy inhibition compared to the tumors of the 

vehicle-treated group (Fig. 4.1.3 C, D). These results lead to the hypothesis, that inhibition 

of the autophagy pathway might be one of the main factors in influencing tumor 

characteristics, like proliferation und migration. To confirm this hypothesis, a cytotoxicity 

assay was done using a standard inhibitor of autophagy. 
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Fig. 4.1.3: Western Blot results of LC3b-II and p62 as indicators of autophagy. LC3b-II is 

downregulated after treatment with 30 and 50 µM amlexanox (A). p62 is upregulated after amlexanox 

treatment (B). n = 4. The same results were seen in the SK-Mel xenograft tumors of nude mice treated with 

DMSO or 25 mg/kg amlexanox, respectively (C, D). Blots show representative WB signal, the diagrams 

show the densitometric analysis of all blots. n = 5-6. * p<0.05, ** p<0.01 (adapted from Möller et al. 2020244). 
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4.1.4 Amlexanox has no impact on the cell cycle of SK-Mel28 cells 

Next, the cell cycle of SK-Mel28 cells was investigated after amlexanox treatment to 

examine its impact on cell cycle progression. The cells were treated with amlexanox at 

the indicated concentrations or DMSO, stained with PI and the cell cycle distribution was 

measured via FACS analysis. 

The percentages of cells in the different phases were compared between the different 

groups (Fig. 4.1.4 A). There was no significant difference in the relative distribution of cells 

between the G1, S, G2, <G1, and >G2 phase of the vehicle and amlexanox treated 

groups. 

To confirm these results the CyclinD1 and p53 expression on the protein level were 

analyzed via WB and no significant differences between untreated, vehicle-treated, and 

amlexanox treated cells were found (Fig. 4.1.4 B). CyclinD1 acts as a regulatory subunit 

of CDK4, and CDK6. This regulation is required for the G1/S phase transition. p53, which 

also impacts the cell cycle via various mechanisms, was also not regulated after 

amlexanox treatment (Fig. 4.1.4 C). A simplified representation of the cell cycle shows 

how and where CyclinD1 and p53 influence the cell cycle progression (Fig. 4.1.4 D). While 

CyclinD1 is the key regulator of G1-phase to S-phase transition p53 inhibits a large 

number of cell cycle regulatory proteins, like CyclinD1/CDK4/6 complex, and CDC2. 

Since no significant difference was seen in the relative cell cycle-specific distribution of 

cells and CyclinD1 and p53 expression, it seems very likely that amlexanox had no effect 

on the cell cycle and didn’t lead to a cell cycle arrest in SK-Mel28 cells. These results were 

obtained by my predecessor, Julia Wasel, and are shown to deliver a full overview of this 

project. 
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Fig. 4.1.4: Cell cycle analysis of SK-Mel28 cells. The percentages of 100,000 measured SK-Mel28 cells 

that are in the G1, S, G2, <G1, and >G2 phases are shown. There is no significant difference between the 

different treatments (A [n = 3]). Expression of the cell cycle relevant protein CyclinD1 was analyzed with 

WB. No difference was detected (B [n = 4]). p53 was also analyzed and showed no difference after 

amlexanox treatment (C [n = 4]). A simplified representation of the cell cycle and the points where CyclinD1 
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and p53 interact. Blots show representative WB signal, the diagrams show the densitometric analysis of all 

blots (adapted from Möller et al. 2020244). 

 

 

4.1.5 Regulation of MAPK proteins after treatment with amlexanox 

Several IKKε/TBK1 target genes have already been associated with melanoma initiation 

and progression. Therefore, the expression and activation of important proteins of the NF-

κB, MAPK, and Akt pathways were investigated. They were shown to play an important 

role in tumor proliferation and progression via activation of a variety of target genes. 

Cells were treated with 30 and 50 µM amlexanox and reduced activation of p65 and p44-

42 were detected in cells treated with 50 µM amlexanox (Fig. 4.1.5 A, B). No difference 

was seen in untreated cells or cells treated with 30 µM amlexanox compared to vehicle-

treated cells. 

Also, no change in activation was seen at the level of MAPK pathway p38, and Akt1, no 

matter the treatment (Fig. 4.1.5 C, D). Even though, a trend to a significantly decreased 

Akt1 activation was seen after treatment with 50 µM amlexanox. These results were 

obtained by my predecessor, Julia Wasel, and are shown to deliver a full overview of this 

project. 

The impact of amlexanox on the NF-κB and MAPK pathways is shown here. These 

regulations may influence the proliferation, as it was seen in 4.1.2, as well as migrative 

and invasive properties of melanoma cells, as seen in 4.1.6. To confirm this hypothesis a 

cytotoxicity assay was done using standard inhibitors of p42/44 and NF-κB. The results 

indicate that the inhibitory effect of amlexanox on the autophagy pathway has a much 

more prominent effect than the inhibition of the NF-κB and MAPK pathways (Fig. 4.1.7). 
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Fig. 4.1.5: Western Blot results of protein activation involved in melanoma development in SK-Mel28 

cells. The expression of NF-κB-p65, MAPK, Akt1, and the phosphorylated proteins was measured, and the 

ratio was calculated. This was used as an indicator of protein activation. p65 and p44-42 activation is 

reduced after treatment with 50 µM amlexanox (A [n = 3] and B [n = 4]). No significant difference is seen in 
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p38 and Akt1 activation (C [n = 3] and D [n = 4]). Blots show representative WB signal, the diagrams show 

the densitometric analysis of all blots. * p<0.05 (adapted from Möller et al. 2020244). 

 

 

4.1.6 Migrative and invasive capacities of SK-Mel28 cells are inhibited by 

amlexanox treatment 

In the next step, the effect of amlexanox on the migrative and invasive capacities of SK-

Mel28 cells was investigated. My predecessor on this project used the Transwell migration 

assay and the scratch migration assay. In the Transwell migration assays, the cells have 

to overcome a physical barrier and migrate in the direction of an increasing FCS gradient. 

In the scratch migration assay, a defined scratch is created in a confluent cell layer and 

cells have to migrate into the scratch. To confirm the results of these assays I used ibidi’s 

migration assay. Here, cells are grown in a two-chamber insert in a cell culture plate. After 

they settled down the insert is removed, and the cells migrate into the cell-free gap. The 

difference to the scratch migration assay is that no cells are damaged or killed in the 

process of gap creation. Therefore, each assay investigates different aspects of migration. 

From the migration through a physical barrier, over the migration into a cell-free gap, to 

the migration in a cell-free gap in the company of damaged cells which secrete a variety 

of transmitter molecules. 

The Transwell migration assay showed a significant decrease in the number of migrated 

cells after the treatment with 30 and 50 µM amlexanox compared with vehicle-treated cells 

(Fig. 4.1.6.1 A). The effect was more pronounced with the higher amlexanox 

concentration. The negative control showed that almost no cells migrated without the FCS 

cue, which confirmed the method. 

Ibidi’s migration assay confirmed these results. SK-Mek28’s migrative capacities 

decreased after amlexanox treatment compared to vehicle treatment, with a slightly 

stronger effect at higher concentrations (Fig. 4.1.6.1 B). The same result was observed 

with the scratch migration assay (not shown). Representative images of the cell growth 

are shown at the beginning of the experiments and after 6 h, which were used for 

calculation (Fig. 4.1.6.1 C). 
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The Transwell migration assay was performed by Julia Wasel. ibidi’s migration assay was 

performed by me in cooperation with Dr. S. Schiffmann from the Fraunhofer IME-TMP, 

Frankfurt, Ger. Julia Wasel’s results are shown to give a full picture of the different assays.  

With the combination of the different assays and the same results confirming each assay, 

it is likely that amlexanox inhibits the migrative capacities of SK-Mel28 melanoma cells in 

vitro. 

After the migration assay, an invasion assay was also done. This assay was based on the 

Transwell assay. 0.3 mg/mL Matrigel was divided into the Transwell insert. Matrigel adds 

a second, complex physical barrier on top of the already existing porous membrane. Then, 

the cells and the different treatments were put on top of the Matrigel. This assay resulted 

in a decrease in the invasive capacity of SK-Mel28 cells after treatment with 50 µM 

amlexanox compared to vehicle-treated cells. No significant decrease was observed after 

treatment with 30 µM amlexanox. The negative control showed no invasion of cells without 

the FCS cue (Fig. 4.1.6.2). This assay was performed by Julia Wasel, and the results are 

shown to deliver a full picture of this project.  
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Fig. 4.1.6.1: Migration assays of SK-Mel28 cells. Transwell migration assay of SK-Mel28 cells after 

amlexanox treatment. The number of migrated cells was counted (A [n = 5]). ibidi’s migration assay was 

done to confirm the results of the Transwell assay. The percentage of gap closure was measured at different 

time points (B [n = 3]). Representative pictures used for the analysis of ibidi’s migration assay. Cell-free gap 

= 500 µM (C). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 (adapted from Möller et al. 2020244). 
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Fig. 4.1.6.2: Transwell invasion assay. The percentage of invaded cells compared with migrated cells was 

calculated. 50 µM amlexanox showed a significant decrease in invasive capacity. n = 5. *** p<0.001, **** 

p<0.0001 (adapted from Möller et al. 2020244). 

 

 

4.1.7 The inhibition of the autophagy pathway is the most prominent effect 

of amlexanox treatment 

To evaluate the importance of amlexanox-mediated inhibition of the NF-κB, MAPK, and 

autophagy pathways the WST and SRB assays were used. Cells were treated with 

DMSO, 30 µM amlexanox, and 2.5 nM of the autophagy inhibitor Bafilomycin A1 (BafA), 

10 µM the MAPK inhibitor PD98059, or 100 µM of the NF-κB inhibitor PDTC, respectively. 

Cell growth was measured 48 h after treatment.  

The SRB assay didn’t show significant results, but a trend to an inhibition of cell growth 

by 30 µM amlexanox treatment. A similar effect was seen after treatment with the 

autophagy inhibitor BafA and the MAPK inhibitor PD98059. No difference between these 

treatments and additional amlexanox treatment, as well as the treatment with PDTC, was 
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seen (Fig. 4.1.7 B). The WST assay resulted in strongly significant inhibition of cell growth 

after treatment with BafA, and a significant difference after treatment with PDTC. No 

additional effects after amlexanox treatment were seen (Fig. 4.1.7 A).  

 

 

Fig. 4.1.7: Cytotoxicity assay. Effects on cell growth of SK-Mel28 cells after treatment with amlexanox, 

BafA, PD, PDTC, and combinations of these. Results of the WST (A) and SRB (B) assay. n = 3-4. * p<0.05, 

** p<0.01 (adapted from Möller et al. 2020244). 

 

These were the first results to evaluate which amlexanox-mediated effect is the most 

important for the results that were seen earlier. The strong effect of autophagy inhibition, 

together with the fact that amlexanox didn’t exert additional effects, implies that the 

autophagy pathway is the most important one of the three pathways investigated so far. 

The NF-κB inhibitor also showed a significant reduction in cell growth with no additional 

amlexanox-mediated effect. This implies that the NF-κB is also an important pathway in 

the amlexanox-mediated effects, even though not as important as the autophagy pathway. 

The inhibition of the MAPK pathway with PD98059 didn’t result in any significant results, 
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but a trend is seen. This pathway may add some importance to the amlexanox-mediated 

effects, but not nearly as strong as the other two pathways. 

 

 

4.1.8 Xenograft model in nude mice 

After the already promising in vitro results, the experiments were continued in vivo. The 

SK-Mel28 cells were injected into the flanks of immunodeficient Foxn1 nude mice. The 

tumor growth was measured for 28 days. Then, the animals were sacrificed, and the tumor 

was dissected. 

The animals were treated by feeding them with cornflakes which were soaked either with 

DMSO or with 25 mg/kg amlexanox. Both groups showed slow tumor growth in the 

beginning. Most likely during this time, the tumor had to settle and acted on its 

microenvironment. After approx. seven to nine days the growth rate of the control group 

increased until day 25. Between days 25 and 28 the growth rate decreased again. The 

amlexanox treated animals showed a lower rate of tumor growth and a trend to a 

significantly decreased tumor volume at the end of the experiment (Fig. 4.1.8 A, C). The 

growth rate was similar up to day 21, at which the growth rate already decreased. Between 

days 21 and 23, and days 25 and 28 no tumor growth at all could be detected. The 

calculation of the AUC confirmed the decrease in tumor volume (Fig. 4.1.8 B). The tumor 

volume was reduced by 32 % (DMSO: 623 mm3 ± 93; Aml: 423 mm3 ± 59) with amlexanox 

treatment. 

The tumor was weighed directly after dissection. The tumors of treated animals tended to 

be lighter than the tumors of untreated animals. Even though the result was not statistically 

significant, the reduction of the weight was 36 % (DMSO: 95.84 g ± 23.87; Aml: 61.37 g ± 

10.02) (Fig. 4.1.8 C, D). 
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Fig. 4.1.8: Reduction of melanoma size after amlexanox treatment. The treatment of nude mice with 

amlexanox at a dose of 25 mg/kg body weight led to a significant reduction in the size of the tumor, compared 

to DMSO treatment (A). This is confirmed by the calculation of the area under the curve. Calculation of the 

area under the tumor volume vs. time curve (B). After sacrificing the animals, the tumor was dissected and 

weighed. The weight of the tumors dissected from amlexanox treated animals tended to be lower than the 
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weight of the control group (C). Representative pictures of eight tumors per group after dissection (D). n = 

12-18. * p<0.05, *** p<0.001 (adapted from Möller et al. 2020244). 

 

 

4.1.9 Expression of IKKε and TBK1 in human melanoma tissue 

This experiment was started with the staining of IKKε, TBK1, and DAPI alone. The 

melanoma was well-defined and strong IKKε expression was just found in the melanoma. 

TBK1 expression was found in the melanoma, as well as the epidermis of the healthy skin 

(Fig. 4.1.9 A, B). After the enlargement of the antibody panel, the phenoptics tissue 

stainings of the primary melanoma samples revealed a strong colocalization of IKKε and 

the T-cell marker CD3, as well as IKKε and the tumor treatment marker PD1 (Fig. 4.1.9 

C, E). PD1 is mostly expressed in cytotoxic T-cells and the inhibition of PD1 by antibody 

therapy is mostly used for non-removable, and metastasizing melanomas245. 

Combinational therapy of PD1 inhibitors and IKKε inhibitors may be a useful approach for 

melanoma therapy. Barely any colocalization of IKKε and the leukocyte marker CD45 was 

seen (Fig. 4.1.9 D). This is likely due to the staining intensity of the antigens since IKKε 

and CD3 are colocalized, and CD3 has to be colocalized with CD45. TBK1 was more 

widely distributed than IKKε and weak colocalizations with CD45 and PD1, but none with 

CD3 were found (Fig. 4.1.9 F-H). IKKε and TBK1 showed some colocalizations, but not in 

every cell (Fig. 4.1.9 I). The representative picture was taken directly in the melanoma 

(Fig. 4.1.9 H). A CD3 and CD45 colocalization was expected but is barely seen. Most 

likely the exposure time for the CD45 staining should have been longer to increase the 

signal. In this case, an overlay of CD3 and CD45 markers should have been seen. 

The stainings showed that CD3 and CD45 positive leukocytes infiltrate the malignant 

melanoma and that IKKε as well as TBK1 are expressed in the tumor. IKKε was barely 

expressed at all in healthy skin, while TBK1 was expressed in the epidermis. An additional 

finding is that IKKε and CD3 are often colocalized, which indicates an effect of IKKε on 

the immune system in the tumor microenvironment. 
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Fig. 4.1.9: Multiplex IHC staining of human malignant melanoma. Staining of IKKε (orange), TBK1 (red), 

and DAPI (blue) in the primary melanoma sample of a patient. Scale bar = 300 µM. Colocalization of IKKε 

(red) and CD3 (green) (A), IKKε and CD45 (magenta) (B), IKKε and PD1 (white) (C), TBK1 (blue) and CD3 

(D), TBK1 and CD45 (E), TBK1 and PD1 (F), IKKε and TBK1 (G), and a transmitted light image of the tissue 

sample (H). The tumor is marked with the red square and the position where the picture was taken is marked 

with the black square. Scale bar = 100 µM. Representative images out of 5 different patient samples 

(adapted from Möller et al. 2020244).  
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4.2 The role of alpha-Synuclein in the nociceptive system 

 

4.2.1 Control of α-Syn knockout in SNCA-/- animals 

The knockout of α-Syn in the SNCA-/- animals was controlled by Western Blot and IHC 

analysis. Additionally, the α-Syn antibody specificity was established. 

Western Blot results of the spinal cord (Fig. 4.2.1 A) of WT and SNCA-/- mice resulted in 

a signal at approx. 16 kDa only in WT tissue. No signal was detected in SNCA-/- tissue. 

The height of the band correlates with the manufacturer’s description.  

Similar results were obtained with the IHC. Staining was seen in the dorsal horn of the 

spinal cord of WT (Fig. 4.2.1 B), but not SNCA-/- animals (Fig. 4.2.1 C). The specificity of 

the secondary antibody was tested by staining of the spinal cord without the primary 

antibody. No signal was detected from the secondary antibody alone (Fig. 4.2.1 D). 

The focus on the spinal cord in this experiment is because later experiments focus almost 

entirely on changes in the spinal cord. This areal of the CNS is one of the most important 

and regulated in the entire nociceptive pathway. 
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Fig. 4.2.1: Western Blot and IHC results of α-Syn knockout animals. WB results of WT vs SNCA-/- 

animals showed no signal in the spinal cord (A) of knockout animals. IHC staining of α-Syn in the spinal 

cord of WT (B) and SNCA-/- (C) animals resulted in no staining of the SNCA-/- spinal cord. The negative 

control of the secondary antibody didn’t show any signal (D). Scale bar = 20 µM. The blot shows a 

representative WB signal. 
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4.2.2 Expression of α-Syn in the spinal cord of mice 

The upper laminae of the dorsal horn are one of the most important areas in the CNS for 

nociceptive transmission. Most of the nociceptive signal transmission is transmitted from 

first-order neurons to second-order neurons in laminae I and II of the dorsal horn. The 

exclusive expression of α-Syn in these laminae indicates the participation of it in the 

nociceptive pathway.  

IHC staining of α-Syn in the SC showed an exclusive localization in the dorsal horn. 

Staining of CGRP as a marker for lamina I and IB4 as a marker for lamina II revealed a 

co-localization of α-Syn with these markers. However, α-Syn is also expressed in even 

deeper laminae of the dorsal horn and is not limited on laminae I and II (Fig. 4.2.2.1) No 

other expression than in the dorsal horn was found in the cross-section of the SC (Fig. 

4.2.2.1 B). 

After finding α-Syn exclusively expressed in the dorsal horn of the SC different neuronal 

population markers were stained for a co-localization with α-Syn. Co-localizations of α-

Syn with some of these populations would place it in the corresponding neurons and might 

shed light on the mechanism of how α-Syn influences the nociceptive pathway.  

IHC of α-Syn and four different neuronal population markers revealed a co-localization of 

α-Syn with inhibitory interneurons. A co-localization with GAD67 and GABA-A was found. 

GAD67 is a glutamate decarboxylase that catalyzes the decarboxylation of glutamate to 

GABA. GABA-A is a receptor for the inhibitory neurotransmitter GABA. 

No co-localization of α-Syn with markers for excitatory neurotransmitters was seen. The 

spinal cord was stained for tyrosine hydroxylase (TH), the enzyme that catalyzes the 

reaction of L-tyrosine to L-3,4-dihydroxyphenylalanine, also known as the precursor of 

dopamine L-DOPA. The expression of α-Syn in glutamatergic neurons via expression of 

the vesicular glutamate receptor VGlut1 was also investigated. Barely any co-localization 

between α-Syn and VGlut1 was seen. The co-localization that is seen is most likely 

artificial due to a strong α-Syn signal. Therefore, barely any to none co-expression or co-

localization of α-Syn and excitatory neurons was detected (Fig. 4.2.2.2). 
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Fig. 4.2.2.1: Expression of a-Syn in the murine spinal cord. Expression of α-Syn (red), CGRP (blue) and 

IB4 (green) in the dorsal horn of the spinal cord. 40x magnification (A). Scale bar = 20 µM. Expression of α-

Syn (red), CGRP (turquoise) and IB4 (green) in a complete cross-section of the spinal cord (B). α-Syn is 

exclusively expressed in the dorsal horn. Scale bar = 200 µM. 
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Fig. 4.2.2.2: IHC co-staining of α-Syn and a variety of neuronal markers. Cross-sections of the spinal 

cord are stained for α-Syn (red) and GAD67, GABA-A, TH, and VGlut1 (green), respectively. The merged 

image on the right-hand side indicates a co-localization of α-Syn with GAD67 and GABA-A, but barely to no 

co-localization with TH and VGlut1. Scale bar = 20 µM. 
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4.2.3 α-Syn’s impact on tumor-associated pain 

To investigate if α-Syn has an impact on tumor-associated pain and tumor growth, as 

indicated for malignant melanoma, B16 mouse melanoma cells were harvested and 

injected subcutaneously into the left hind paw of the animals. The animals developed a 

tumor in this paw. The tumor started to grow between days 3 and 7 and grew with an 

increasing growth rate until the end of the experiment. The mechanical pain threshold 

(Δ PWL) and the paw volume were measured over a time course of 21 days. 

There was no difference in the Δ PWL between both groups on days 0-14. At day 21 the 

Δ PWL of WT animals increased further, while it stayed constant in SNCA-/- animals. The 

difference at day 21 between the genotypes was highly significant (p < 0.01) (Fig. 4.2.3.1 

A). The paw volume between the genotypes was the same for the complete experiment, 

even though there seemed to be a trend to a decreased volume in SNCA-/- animals at day 

21 (Fig. 4.2.3.1 B). Representative pictures of four WT and four SNCA-/- animals show a 

decreased tumor size in SNCA-/- animals (Fig. 4.2.3.1 C). The increase in the sample size 

from four to eight animals per group revealed no difference in tumor development. 

Therefore, the decrease of Δ PWL is most likely due to the effects of α-Syn on the 

nociceptive pathway and not on tumor development. 

To start the exploration of the mechanisms involved an analysis of nociceptive relevant 

genes was done. The SC was dissected 21 days after B16 inoculation. The investigated 

genes are frequently regulated in nociceptive models and have a high implication in 

regulating nociception. The analysis is often used in projects investigating these types of 

experiments. 

COX-2 encodes the PG producing enzyme COX-2. This enzyme is one of the basic 

regulators in all nociceptive pathways. The screening revealed a significant decrease of 

COX-2 in the SC of SNCA-/- animals compared to WT (Fig. 4.2.3.2 A). iNOS encodes the 

inducible nitric oxide (NO) enzyme iNOS. NOs lead to vasodilatation and are a reliable 

marker for the activation of the immune system. Additionally, diabetic neuropathy is often 

caused by a reduced blood flow, which is regulated by NO. Nevertheless, even with its 

large implication in nociception and immune activation no regulation of this gene was seen 

here. The same is true for IL1B, which encodes for the cytokine interleukin-1β (IL-1β). IL-
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1β activates the immune system via different pathways and can even induce the 

expression of COX-2 (Fig. 4.2.3.2 B, C). TNFA encodes for the cytokine TNF-α. This 

cytokine modulates the immune response and is a key regulator in inflammation and 

inflammatory nociception. A trend to downregulation of TNFA was seen in SNCA-/- animals 

compared to WT (Fig. 4.2.3.2 D). MMP9 encodes for the enzyme matrix metalloproteinase 

9. The modulating role of this enzyme is often connected with neutrophil action, such as 

activation of IL-1β. Elevated levels are also found in patients with rheumatoid arthritis. 

Additionally, this enzyme is described to possess potential implications in tumor 

development. The screening revealed a significant decrease of MMP9 in the SC of    

SNCA-/- animals compared to WT (Fig. 4.2.3.2 E). AKT1 encodes for the enzyme Akt1. 

This enzyme is the key regulator of the Akt pathway and additionally modulates other, 

adjacent pathways. All these pathways influence nociception, the immune response, and 

tumor development. A significant increase was seen in the expression of Akt1 in the SC 

of SNCA-/- animals compared to WT (Fig. 4.2.3.2 F). DOR encodes for the δ-opioid 

receptor (DOR). The DOR is an inhibitory GPCR, which is expressed in the CNS. 

Activation of this receptor produces analgesia. The receptor is activated by enkephalins. 

A trend to downregulation of DOR is seen in SNCA-/- animals compared to WT (Fig. 4.2.3.2 

G). CB1-R, which encodes for the cannabinoid receptor 1 (CB1-R) is a GPCR, mostly with 

an inhibitory subtype. In rare cases, it can be an excitatory subtype, though. The CB1-R 

is expressed in the PNS and CNS and its activation produces analgesia in the nociceptive 

system. The receptor is activated by endocannabinoids. No regulation of the CB1-R was 

seen (Fig. 4.2.3.2 H). FAAH encodes for the fatty acid amide hydrolase enzyme. It is 

responsible for the production of bioactive fatty acid amides. The most important member 

of this group for this work is the endocannabinoid 2-arachidonoylglycerol. No regulation 

of this gene was seen in this experiment (Fig. 4.2.3.2 I). CD11b encodes a cell adhesion 

molecule, which is expressed on the surface of dendritic cells, monocytes, macrophages, 

and granulocytes. Therefore, CD11b is often used as a marker for immune cell invasion 

and immune system activation, which frequently happens during and after nociception. 

No regulation of this marker was seen after tumor inoculation (Fig. 4.2.3.2 J). Iba1 

encodes the ionized calcium-binding adapter molecule 1, which is expressed in microglia 

and circulating macrophages. Like CD11b, Iba1 is a marker for immune activation. No 

regulation of this marker was seen here (Fig. 4.2.3.2 K). c-FOS encodes the transcription 
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factor c-Fos and is described as a proto-oncogene. It is upregulated by a variety of stimuli, 

like tumor-promoting signals and pain. This makes it a great nociceptive marker to analyze 

in the melanoma model. A trend to a downregulation was seen in WT animals compared 

to SNCA-/- (Fig. 4.2.3.2 L). 
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Fig. 4.2.3.1: Results of tumor-associated pain after B16 inoculation. The mechanical pain threshold 

was measured with the Dynamic Plantar test over a time course of 21 days (A [n = 10]). SNCA-/- animals 

showed a higher mechanical pain threshold 21 d after tumor inoculation compared to WT. The paw volume 

was measured directly after the Dynamic Plantar test to verify tumor growth (B [n = 8]). Representative 

pictures of four WT and four SNCA-/- animals are shown, with an arrow indicating the injected paw (C). ** 

p<0.01. 
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Fig. 4.2.3.2: Expression of nociceptive relevant genes in the SC of the melanoma model. Compared 

are the SC of WT and SNCA-/- animals 21 d after B16 mouse melanoma cell inoculation into the left hind 

paw. Relative mRNA expression is shown for COX-2 (A), iNOS (B), IL1B (C), TNFA (D), MMP9 (E), Akt1 

(F), DOR (G), CB1-R (H), FAAH (I), CD11b (J), Iba1 (K), and c-FOS (L). n = 3, except for WT IL1B (n = 2) 

and WT TNFA (n = 2). * p<0.05, ** p<0.01. 

 

The significant decrease of COX-2 and MMP9 expression in SNCA-/- animals suggests 

some analgesic effects in SNCA-/- animals. This is supported by the trend seen in the 

TNFA expression. There are still pro-nociceptive effects, like the significant increase in 

Akt1 expression and the trend to DOR downregulation in SNCA-/- animals, which imply 

that there is a variety of different mechanisms involved. On top of that, the trend to c-FOS 

upregulation in SNCA-/- animals implies that the tumor had stronger effects on these 

animals. Additionally, the sample size of three, and in two cases just two, animals makes 

it necessary to add more samples to this analysis. Nevertheless, this screening highlighted 

some pathways that need to be researched thoroughly to understand the mechanisms 

involved. One example in particular is the COX-2 pathway. First results were already 

obtained with a PGE2 ELISA. No difference of PGE2 concentration between the genotypes 

was found in the protein samples of three spinal cords per group (results not shown). 

Therefore, the regulation of COX-2 in this model might not explain the difference in 

nociception between the genotypes. 

 

 

4.2.4 α-Syn’s impact on motor function and nociception of acute pain 

The motor system of SNCA-/- animals was tested before behavioral experiments were 

done. All nociceptive behavior tests that were done are based on a motor reaction, e.g. 

lifting the paw. An intact motor system is crucial for these tests. The Rotarod and the 

Hanging Wire tests were used to assess basic motor functions in all nociceptive models. 

SNCA-/- animals showed no motor impairment in either the Rotarod (Fig. 4.2.4.1 A) or the 

Hanging Wire test (Fig. 4.2.4.1 B). The systemic knockout of α-Syn expressed no 

consequences for the motor systems in these animals. Also, these results confirmed that 

the animals were able to perform behavioral experiments. 
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After that, the Hot Plate and the Cold Plate test to assess the latency time until the first 

reaction for nociceptive heat and cold were done. The animals were placed on a 52 °C or 

4°C heated plate and the time until they reacted towards this thermal stimulus was 

recorded. There was no difference between WT and SNCA-/- animals in the Hot Plate test 

(Fig. 4.2.4.1 C). The Cold Plate test showed a higher tolerance for the nociceptive cold of 

SNCA-/- animals (Fig. 4.2.4.1 D). They reacted later to this noxious thermal stimulus than 

the WT animals. In other words, SNCA-/- animals were less sensitive for cold pain than 

their WT counterparts.  
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Fig. 4.2.4.1: Motor and acute pain tests. The motoric function of SNCA-/- mice is not impaired in 

comparison to the respective WT mice (A [n = 12], B [n = 12]). There is no difference of reaction latency 

between WT and SNCA-/- animals in the Hot Plate test (C [n = 12]), but a highly significant difference in the 

Cold Plate test (D [n = 11]). *** p<0.001. 

 

To find an explanation for this behavioral difference the expression of the TRPM8 receptor 

was investigated. A decreased expression of TRPM8 in the paw of SNCA-/- animals (Fig. 

4.2.4.2) was found. TRPM8 is the channel most often described for the registration of cold 

and a downregulation leads to a decreased sensitivity to noxious cold stimuli. 

 

Fig. 4.2.4.2: TRPM8 expression in the paw. The mRNA expression of TRPM8 is significantly decreased 

in the paw of SNCA-/- animals. n = 3-4. *** p<0.001. 

 

Since the effects of the α-Syn knock-out might differ between adolescent and older 

animals some experiments were done with 6-7-month-old mice. First of all, the motor 

system and acute pain were tested. These preliminary results with three animals per group 

didn’t reveal any significant differences of the motor system or acute pain nociception 

between the genotypes yet (results not shown).  
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4.2.5 α-Syn’s impact on inflammatory nociception 

The next step was to investigate the reaction to inflammatory nociception. For that, the 

formalin and the Zymosan A tests as models for inflammatory nociception were used. 

While the effect of formalin lasts for about 45-60 min, the effect of Zymosan A lasts for 

about 24 h.  

While the SNCA-/- group showed results like they are often described for the formalin test, 

this means an biphasic reaction with an acute phase I with higher licking and an 

inflammatory phase II, followed by a decrease of licking time at the end of the test, the 

WT group behaved non-typically. They showed a longer lasting and very strong phase I, 

which barely declined before becoming phase II. Since different mouse strains behave 

differently in this test it is possible, that this is normal for this strain. The formalin test 

showed no significant difference between the genotypes in the time course (Fig. 4.2.5.1 

A), but the calculation of AUC revealed a difference. The AUC for the total time course 

was significantly decreased in the SNCA-/- group (Fig. 4.2.5.1 B). After splitting the time 

course into phase I (0-10 min) and phase II (10-45 min) a strongly decreased AUC was 

observed in phase I in the SNCA-/- group, while there was no difference in the AUC of 

phase II (Fig. 4.2.5.1 C, D). This showed that the nociception of acute pain (phase I) was 

different between the genotypes, while there was no difference in the nociception of 

inflammatory pain (phase II). This was also seen as a trend in the time course. 

Additionally, it is important to mention that the animals showed a strong inter-individual 

variety in this test. This is not uncommon in murine behavioral tests, and n=11 should be 

large enough to compensate this, but this variety still influences the results. Especially the 

time course and the statistics there. Since some animals revealed a large difference 

between the genotypes further experiments were done to investigate inflammatory 

nociception. 



 Results 
_________________________________________________________________________________________________________ 

 126 

 

Fig. 4.2.5.1: Behavioral results of the formalin test. The time mice spent licking the formalin-injected paw 

is blotted against the 5 min intervals. Statistical analysis with two-way ANOVA didn’t result in significant 

differences between the genotypes (A). The calculation of the AUC resulted in a significant decrease in the 

total licking time (B). The calculation of the AUC of phase I resulted in an even more significant licking time 

(C). The calculation of the AUC of phase II resulted in no differences between the genotypes. AUC is 

calculated with the area under the curve of the licking time vs. time curve. n=11. * p<0.05, ** p<0.01. 

 

Further analysis of the formalin model revealed an effect of formalin injection on α-Syn 

expression. The protein expression of α-Syn in the spinal cord was increased 2 h after 

formalin injection into the paw. The level went back to baseline at 8 h after injection (Fig. 

4.2.5.2 A).  

After that, the glutamate concentration in the CSF 30 min after formalin injection was 

measured to see if there was a difference between the genotypes. Glutamate is the most 

important and abundant excitatory neurotransmitter in the nociceptive pathway. A 

regulation of this transmitter might be a reason for differences in nociceptive behavior. 
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The glutamate concentration after formalin injection showed a 10-fold increase compared 

to baseline (WT: 21.35 ± 5.76 µM; WT 30’ F: 253.11 ± 15.58 µM; SNCA-/-: 20.66 ± 2.90 

µM; SNCA-/- 30’ F: 226.44 ± 39.30 µM), but there was no difference between the 

genotypes (Fig. 4.2.5.2 B). This experiment revealed that the glutamate level in the CSF 

is not influenced by α-Syn expression. The differences in inflammatory nociception that 

were seen are most likely due to other mechanisms. 

 

 

 

Fig. 4.2.5.2: Molecular changes after formalin injection. α-Syn expression in the SC of WT mice in 

untreated animals (Ctrl), 2 h, and 8 h after formalin (F) injection. One representative WB is shown (A [n = 

6-8]). The expression of α-Syn is highly increased 2 h after the injection. The glutamate concentration in the 

CSF is highly increased 30 min after formalin injection (B [n = 5-6]). There was no difference between the 

genotypes. Blots show representative WB signal, the diagrams show the densitometric analysis of all blots. 

*** p<0.001, **** p<0.0001. 
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Fig. 4.2.5.3: Regulation of pro-inflammatory genes in the spinal cord 2 h after formalin injection. 

Relative mRNA expression of the pro-inflammatory genes COX-2, c-FOS, IKBKE, TBK1, and AKT1 in the 

spinal cord of WT and SNCA-/- mice 2 h after formalin injection. Untreated controls of the corresponding 

genotype are set to 1 and indicated by the dotted line. Statistical significance is calculated between control 

and formalin treated samples of the same genotype. n = 8-12. * p<0.05, ** p<0.01, *** p<0.001. 

 

The expression of pro-inflammatory genes in the SC was measured via qPCR. Compared 

were untreated controls versus animals with formalin injection 2 h before the dissection. 

The untreated controls were set to 1 for a relative representation of data. The investigated 

genes COX-2, c-FOS, IKBKE, TBK1, and AKT1 are all important key proteins in 

inflammatory processes, which are either regulated by, or actively regulate the NF-κB, 

MAPK, and Akt pathways. 

qPCR results of the expression of pro-inflammatory genes in the SC showed very similar 

results in their regulation between WT and SNCA-/- animals. Some differences were still 

seen. While COX-2 was upregulated in both genotypes 2 h after formalin injection, the 

upregulation revealed a higher significance in SNCA-/- animals. No difference in the 

significance was seen in the upregulation of c-FOS between the genotypes after formalin 
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injection but the relative upregulation was higher in SNCA-/- animals. IKBKE and TBK1 

were upregulated in SNCA-/-, but not in WT animals. AKT1 was downregulated in both 

genotypes after formalin injection compared to the untreated controls. This is curious since 

AKT1 is expected to be upregulated in inflammatory processes. Slightly more significant 

downregulation of AKT1 was seen in WT animals compared to SNCA-/- animals (Fig. 

4.2.5.3). Taken together, it seems that the inflammatory status of SNCA-/- animals after 

formalin injection is increased stronger than in WT animals. Even though no difference on 

a behavioral level was seen between the genotypes. A difference in α-Syn expression in 

the SC was seen 2 h after formalin injection compared to untreated controls, though. The 

α-Syn protein was upregulated (Fig. 4.2.5.2 A). Additionally, the individuals used for qPCR 

were checked for their results in the formalin test. A correlation is seen between a strong 

reaction in the behavior test and the upregulation of pro-inflammatory genes. Even without 

a significant difference in behavior in the inflammatory phase of the formalin test, it seems 

that a correlation between the inflammatory status and α-Syn expression is plausible. 

To confirm some of these results with another inflammatory model the Zymosan A 

behavior test was done. This model acts in a slightly different way than the formalin model. 

While formalin mainly initiates a central sensitization via inflammatory processes, 

Zymosan A creates a local inflammation around the injection side with the typical 

symptoms. Tumor, the swelling of the tissue, and rubor, the reddening of the tissue, can 

easily be observed. Calor, the increase in temperature, and dolor, the pain, can be 

measured. Only the function laesa, the decrease in physiological functions, is harder to 

confirm. The mechanical nociception was measured over a time-course of 8 h with the 

dynamic plantar test. The results are shown as the difference of paw withdrawal latency 

between the treated and untreated hind paws (Δ PWL). A typical result would be the 

increase of Δ PWL up to 5-6 h, and a decrease after that. 

The results of the formalin test were confirmed with the Zymosan A test. The Δ PWL was 

the same between the genotypes and the calculation of the AUC confirmed that there was 

no difference in this inflammatory model between WT and SNCA-/- mice (Fig. 4.2.5.4 A, 

B). 

The results of the inflammatory nociceptive models showed that α-Syn has no impact on 

the behavioral level of inflammatory nociception, but it is itself regulated by formalin-
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induced inflammatory nociception. Additionally, animals lacking α-Syn showed an 

increase in some pro-inflammatory genes (IKBKE, TBK1), which were not seen in WT 

animals and a stronger increase in c-FOS, compared with their WT littermates. Molecular 

data for the Zymosan A-induced inflammatory nociception are still missing. 

 

Fig. 4.2.5.4: Zymosan test as a second inflammatory model. Results of the mechanical hyperalgesia of 

the paw after injection of Zymosan A (A). An increase in Δ PWL means stronger nociception in this 

behavioral model. The AUC shows no differences between the genotypes. AUC is calculated with the area 

under the curve of the Δ PWL vs. time curve. (B). n = 7-8. 
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4.2.6 α-Syn’s impact on nociception in a model of neuropathic pain 

SNI was applied to WT and SNCA-/- animals and the mechanical pain threshold of the 

naïve and the operated paw were measured with the Dynamic Plantar test.  

The difference between the paws (Δ PWL) of both genotypes was approx. 0 before the 

SNI surgery. 3 days after SNI, the operated left paw became more sensitive and the Δ 

PWL increased in both groups. 7 days after the operation, the Δ PWL of the WT animals 

increased slightly, while it decreased in the SNCA-/- animals. The difference was 

significant with p < 0.05. The WT group reached a plateau phase at day 14 and remained 

relatively stable until day 28. The sensitivity of the SNCA-/- group increased again at day 

14 and then decreased until day 28. At days 14 and 21, there was no difference between 

the genotypes, however, on day 28 the Δ PWL in the SNCA-/- group was significantly lower 

than in the WT group (Fig. 4.2.6.1 A). 

The AUC over 28 days was significantly lower in the SNCA-/- group than the AUC of the 

WT group (Fig. 4.2.6.1 B). The time course was split in an acute phase I (0-7 days) and a 

neuropathic phase II (7-28 days). No difference was seen in phase I (Fig. 4.2.6.1 C), while 

the difference between the groups was highly significant in phase II (Fig. 4.2.6.1 D). These 

results indicate, that SNCA-/- animals have a decreased neuropathic nociception 

compared with their WT counterparts. 

The α-Syn expression in the SC of WT animals after SNI was also examined. No 

significant difference was seen at day 7 and 14, but a significant decrease of α-Syn 

expression was observed at day 28 (Fig. 4.2.6.3 A). These results were confirmed by IHC 

staining of α-Syn expression in the SC. Animals underwent Sham (Fig. 4.2.6.3 B) or SNI 

(Fig. 4.2.6.3 C-E) treatment and a decrease in the staining intensity was seen at day 28 

after SNI.  
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Fig. 4.2.6.1: Time course and AUC of WT and SNCA-/- animals after SNI. PWL was measured with the 

Dynamic Plantar test before and 3, 7, 14, 21, and 28 d after SNI. Significant differences between the 

genotypes were seen on day 7 and day 28 (A). AUC was calculated for phase I (0-7 d) (C) and phase II 

(7-28 d) (D). The total AUC (B) is significantly different between the genotypes, as well as the AUC of phase 

II. Phase I shows no difference between the genotypes. AUC is calculated with the area under the curve of 

the Δ PWL vs. time curve. n=10. * p<0.05, **** p<0.0001. 

 

The same experiment was done with the older animals, which were already used for the 

acute nociceptive models. The WT group increased its Δ PWL up to day 7, then decreased 

it again on day 14 and stayed stable after that until the end of the experiment. The       

SNCA-/- group exhibited a more fluctuating behavior, with an increase at day 3, a decrease 

at day 7, another increase at day 14, another decrease at day 21, and a stable behavior 

at the end. The calculation of the AUC confirmed that there were no significant differences 

in the behavior (Fig. 4.2.6.2 A-D).  
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Fig. 4.2.6.2: Time course and AUC of older (> 6 months) WT and SNCA-/- animals after SNI. PWL was 

measured with the Dynamic Plantar test before and 3, 7, 14, 21, and 28 d after SNI. No significant 

differences between the genotypes were seen (A). AUC was calculated for the total time course (B), phase 

I (0-7 d) (C), and phase II (7-28 d) (D). The AUCs show no difference between the genotypes. AUC is 

calculated with the area under the curve of the Δ PWL vs. time curve. n = 3. 

 

Taken together, SNCA-/- animals experienced less pain at day 7 and day 28. The 

calculation of the AUC also shows a reduction of the nociception in the complete 

neuropathic phase II. These results are not confirmed in a smaller group (n = 3) of older 

animals (> 6 months), where no significant difference was seen. Also, α-Syn expression 

in the SC is significantly decreased 28 d after SNI of WT animals.  
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Fig. 4.2.6.3: a-Syn expression in the spinal cord of WT animals at different time points after SNI. 

Western Blot analysis shows the downregulation of a-Syn 28 d after SNI (A [n = 5-6]). IHC staining of a-Syn 

of the dorsal horn of WT animals shows no difference between Sham (B), 7 d SNI (C), and 14 d SNI (D), 

but a decrease of intensity at 28 d after SNI is seen (E). IHC is shown as representative pictures. Scale bar 

= 20 µM. Blots show representative WB signal, the diagrams show the densitometric analysis of all blots. * 

p<0.05. 

 

To start the investigation into relevant molecular pathways the mRNA expression of a 

variety of genes was measured in the SC. The initiation and progression of neuropathic 

pain is a precisely tuned mechanism, which is not yet fully understood. The expression of 

a large part of the genes, which were already investigated in the tumor model, were 

measured over the time course of the SNI model for neuropathic pain. 

qPCR results of the expression of these genes revealed a highly significant 

downregulation of COX-2 in the SC of SNCA-/- animals compared to WT at 7 and 14 d 

after SNI operation. While the expression of COX-2 tended to increase in WT at days 7 

and 14 it decreased in the SNCA-/- animals. The comparison of baseline levels of COX-2 

expression showed an increased expression in SNCA-/- animals (Fig. 4.2.6.4 A).  There is 

no significant difference in iNOS expression between the genotypes, even though     

SNCA-/- animals tend to express less iNOS than WT 14 d after SNI. iNOS expression in 
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both groups decreases until day 14 and increases back to the baseline level at day 28 

(Fig. 4.2.6.4 B). IL1B expression is significantly decreased 7 and 28 days after SNI in the 

SC of SNCA-/- animals compared to WT. Even though the baseline levels of IL1B are 

significantly increased in SNCA-/- animals compared to WT. IL1B expression in WT 

increases at 7 d after SNI and then decreases back to the baseline level. In SNCA-/- 

animals IL1B expression decreases at 7 d after SNI and then fluctuates around this 

decreased level (Fig. 4.2.6.4 C). TNFA baseline expression is significantly increased in 

SNCA-/- animals compared to WT animals. It is also significantly decreased 7 days after 

SNI in SNCA-/- animals compared to WT. The expression in SNCA-/- animals decreases 

on day 7, increases back to baseline at day 14, and decreases on day 28. In WT animals 

TNFA expression is increased on day 7 and goes back to baseline level on day 14. This 

is stable at day 28 (Fig. 4.2.6.4 D). The MMP9 baseline level of SNCA-/- animals is 

significantly decreased compared to WT animals. The expression of MMP9 is significantly 

increased in SNCA-/- animals at days 7 and 28 compared to WT. The expression levels in 

WT animals are decreased at day 7, 14, and 28, while it is just decreased at day 14 in 

SNCA-/- animals (Fig. 4.2.6.4 E). There is no difference in Akt1 baseline expression 

between the genotypes. Akt1 is significantly increased at day 7, and significantly 

decreased at day 14 in SNCA-/- compared to WT. Except for that, no significant difference 

is seen in Akt1 expression (Fig. 4.2.6.4 F). Basal DOR expression levels are significantly 

increased in SNCA-/- animals compared to WT. DOR expression levels are significantly 

decreased at days 7, 14, and 28 in SNCA-/- animals compared to WT. A decrease of DOR 

expression is seen at days 7 and 14 in both genotypes. At day 28 this recovers slightly in 

SNCA-/- animals, and completely in WT animals (Fig. 4.2.6.4 G). No difference or 

significant changes between the genotypes and over the time course are seen in CB1-R 

expression, except for a significant decrease at day 14 in SNCA-/- animals compared to 

WT (Fig. 4.2.6.4 H). The same is seen in FAAH expression, but with an added significant 

increase of FAAH expression in SNCA-/- animals compared to WT at day 28 (Fig. 4.2.6.4 

I). 

Taken together it seems that many factors influence the neuropathic nociception and the 

SNI model. Strong antinociceptive effects were seen in SNCA-/- animals in the regulation 

of COX-2, IL1B, and TNFA. But there were also pro-nociceptive effects in the regulation 

of MMP9, DOR, CB1-R, and FAAH. The decreased nociceptive response in the behavior 
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experiment implies that the antinociceptive effects outweigh the pro-nociceptive effects, 

though. The sample size of n=3 makes it necessary to increase the number of samples 

for the experiment. 
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Fig. 4.2.6.3: Expression of nociceptive relevant genes in the SC of the SNI model. Compared is the 

mRNA expression in the SC of WT and SNCA-/- animals. In the large graphs, the treatments are compared 

relative to the Sham operation of the corresponding genotype. In the inserted graph the baseline levels are 

compared between the genotypes. Relative mRNA expression is shown for COX-2 (A), iNOS (B), IL1B (C), 

TNFA (D), MMP9 (E), Akt1 (F), DOR (G), CB1-R (H), and FAAH (I). n = 3. * p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001. 
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5. Discussion 

The present work investigates the function of IKKε, TBK1, and α-Syn in the pathogenesis 

of melanoma and pain. A previous study was able to show a correlation between PD and 

malignant melanoma41,42 and one of the key factors in PD is the accumulation of α-Syn 

fibrils. Additionally, pain is one of the main non-motor symptoms in PD, as well as in tumor 

diseases. Furthermore, α-Syn is described to affect tumor progression246. A possible 

correlation and maybe even causality between these phenomena are plausible. This work 

intends to increase the understanding of these topics. The first half of this work tested the 

effect of IKKε and TBK1 in human malignant melanoma and the effect of the IKKε/TBK1 

inhibitor amlexanox on the properties of malignant melanoma. The second half focused 

on the effect of α-Syn in the murine nociceptive system. 

 

5.1 Expression of IKKε and TBK1 in human malignant melanoma 

Recent studies showed that IKKε is upregulated in a variety of different tumors, e.g. breast 

cancer, glioma, and ovarian cancer. The kinase IKKε is reported as an important 

oncoprotein and promotes tumor growth, migration, and invasion. An inhibitory effect on 

tumor growth is described for different types of cancer (reviewed in 88). Since the origins 

of malignant melanoma can be diverse and it is a ‘difficult to treat’ tumor a possible effect 

of IKKε/TBK1 inhibition on tumor characteristics could be a promising therapeutic option. 

Additionally, a previous study from our group already established an inhibition of 

melanoma growth by IKKε knock-out in murine melanoma cells106. This work confirms 

these findings for human malignant melanoma.  

In this work it was observed that IKKε and its functional partner, TBK1, are both 

upregulated in SK-Mel28 and A375M cells compared to non-malignant HERMES1 

melanocytes. Additionally, both kinases show overexpression in samples of malignant 

melanoma compared to healthy naevi. Similar results were already seen in gastric and 

non-small cell lung cancer96,247. 

In slices from primary human melanoma, multiplex immunofluorescence analysis was 

performed and expression of both IKK and TBK1 in the melanoma was observed. This 

confirms the Western Blot results of IKK and TBK1 expression in melanoma metastases. 
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IKK showed a strong colocalization with CD3-positive cells while TBK1 colocalized 

partially with CD45- but not with CD3-positive cells. Some of the TBK1 and IKK stained 

cells showed additional immunoreaction with PD1. It seems that IKK and TBK1 are also 

expressed in tumor-infiltrating immune cells and can, therefore, modulate the immune 

reaction. Additionally, the expression pattern implies that IKK is primarily expressed in T-

cells, while TBK1 is expressed in leukocytes in general. The expression of IKK in T-cells 

was already published before for murine tissue. This group also found inhibition of tumor 

growth after IKK knock-out in T-cells107. The importance of TBK1 in the immune system 

is also extensively discussed and investigated (reviewed in 248). The findings of this work 

support these findings for the microenvironment of malignant melanoma. Additionally, the 

multiplex staining revealed that barely to no expression of IKKε is seen in non-tumor tissue 

and that TBK1 is only expressed in the epidermis of healthy skin. Both kinases are not 

only expressed in melanoma cells but also in the tumor environment. The tumor 

environment itself has an extremely strong impact on the regulation of tumor 

characteristics249. These results do not necessarily show that IKKε and TBK1 have an 

impact on tumor characteristics, but they show that the kinases are regulated during tumor 

progression, or that their deregulation leads to the formation and progression of malignant 

melanoma.  

 

5.2 Effects of amlexanox on tumor characteristics 

As mentioned before, it is published that IKKε acts as an oncoprotein and promotes the 

progression of tumor growth, migration, and invasion. This is known amongst others for 

breast cancer, glioma, and ovarian cancer90,250,251. The effect of IKKε and TBK1 in 

malignant melanoma was at first evaluated via in vitro inhibition with the specific 

IKKε/TBK1 inhibitor amlexanox109. 

Both, the WST and SRB proliferation assays, resulted in an amlexanox dose-dependent 

decrease in proliferation of SK-Mel cells. The results for the A375 cells were not as clear. 

While there was no change in proliferation seen in the WST assay, the SRB assay resulted 

in a decrease in proliferation at 30 µM and 50 µM amlexanox. This is most likely due to 

the function of the two tests. The WST assay is based on the metabolic activity of living 
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cells, while the SRB assay stains the total cell mass adherent to the bottom of the well. If 

no difference in the WST assay, but a difference in the SRB assay, is seen, it means that 

the same number of cells show a metabolic activity, but that there are fewer total cells in 

the amlexanox-treated wells. This could still indicate an amlexanox induced decrease in 

proliferation of A375 cells. After obtaining these imprecise results for the A375 cells it was 

decided to limit further experiments to the SK-Mel28 cell line. 

Since no publication up to this point mentions the effect of amlexanox on autophagy, and 

since the regulation of autophagy might be an explanation for the change in proliferation 

after amlexanox treatment, the LC3b-II and p62 expression, as recommended by Klionsky 

et al252, were investigated. TBK1 is crucial for the maturation of the autophagosome by 

phosphorylation of the necessary autophagy receptors optineurin, NDP52, TAX1BP1, and 

p62253,254. This makes TBK1 a key regulator of autophagy. IKKε is also investigated in the 

context of autophagy. The screening of a library of activated kinases revealed IKKε as a 

positive regulator in autophagy. Additionally, it was postulated that IKKε-regulated 

autophagy is necessary for breast cancer progression87. Western Blot results showed a 

downregulation of LC3b-II and an upregulation of p62 after amlexanox treatment. These 

results support each other since the expression of LC3b-II and p62 are inversely 

correlated. This expression pattern led to the conclusion that autophagy is inhibited in 

melanoma cells after amlexanox treatment. The literature agrees that autophagy is 

downregulated during and briefly after the transformation of melanocytes into malignant 

melanoma cells but is highly upregulated after the tumor established itself. This 

characteristic is also associated with a poor prognosis47,255,256. Therefore, malignant 

melanoma belongs to the kind of tumors where autophagy has a promoting effect on 

growth, survival, and oncogenesis. The inhibition of autophagy in this kind of tumor can 

lead to a decrease in these characteristics and makes the treatment with chemotherapy 

more effective257–259. The result that amlexanox treatment inhibits autophagy in malignant 

melanoma cells is the first step to show the effectiveness of amlexanox treatment and 

explains also on a mechanistic level why amlexanox treatment inhibits proliferation and 

migration in vitro. 

Another important aspect is the inhibition of p65 and p44-42 after amlexanox treatment. 

The results of this project were able to show that amlexanox inhibits the phosphorylation 
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of p65. Since amlexanox specifically inhibits IKKε and TBK1 this happens via this 

pathway. The inhibition of p65 results in an inhibition of NF-κB and subsequent expression 

of oncogenic genes. It is already known that inhibition of NF-κB leads to a decrease in 

angiogenesis and the promoting factor CXCL8 expression260. Angiogenesis is an 

important mechanism in cancer progression to ensure blood flow in the tumor and the 

inhibition of this mechanism limits tumor growth. Other studies showed that NF-κB activity 

is upregulated in melanoma, which influences the regulation of apoptosis, angiogenesis, 

and tumor cell invasion261. Additionally, the results showed that not only p65 but also p44-

42 is inhibited by amlexanox treatment. The MAPK p44-42, also known as ERK1/2, is one 

of the main regulators of the MAPK pathway. This pathway is described as maybe the 

most important driver of human cancers. One of the basic therapies of BRAF-mutated 

melanomas is the treatment with MAPK inhibitors. This pathway is a key player in the 

regulation of cell proliferation, survival, and differentiation. The dysregulation of this 

pathway is known to be involved in oncogenesis262 (reviewed in 72). The modulation of the 

MAPK pathway via p44/42 inhibition after amlexanox treatment is most likely an anti-tumor 

mechanism. The effects of inhibition of p65 and p44-42 added to the inhibited autophagy 

are most likely the main reasons for the inhibition of tumor characteristics after amlexanox 

treatment. 

Besides the inhibition of proliferation, and inhibition of migration and invasion of SK-Mel 

cells after amlexanox treatment is seen. Three different types of assays were used for the 

investigation of migrative abilities. The scratch assay, which resulted in cellular growth 

into a cell-free gap after damaging a confluent cell layer, was done first and showed 

inhibition of migration after amlexanox treatment. But since the cell-free gap is created by 

scratching cells away many cells are damaged and die. The process of cell death releases 

a variety of signal molecules which in turn influence the cells around them263. Therefore, 

the results were verified with a similar assay. The ibidi setup creates a cell-free gap without 

damaging the cells. No cell death transmitters are released, and the migration of tumor 

cells into the cell-free gap can be observed over a time course. The Transwell assay 

added a physical barrier to the migrative setup and was additionally used to measure 

invasive abilities. The Transwell assay resulted in an endpoint measurement of migrative 

and invasive abilities. In all three assays, amlexanox inhibits the migration of SK-Mel cells. 

A reason for that is likely the inhibition of the NF-κB and the MAPK pathways by 
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amlexanox. These pathways do not only affect the proliferation of cells, but also migrative 

and invasive abilities261,262. A similar result was already found. Amlexanox inhibits prostate 

tumor metastasis, which is highly dependent on migrative and invasive abilities, by 

modulation of the IKKε/TBK1 regulated NF-κB pathway86. This work confirmed some of 

these results for melanoma cells. 

To evaluate which pathway is the most influential for these characteristics first results 

were obtained to clear this up. The cytotoxicity assay showed that the inhibition of 

autophagy by BafA resulted in a strong decrease in cell growth. This effect was not further 

increased by amlexanox treatment. Inhibition of the MAPK and NF-κB pathways tended 

to show some trend to growth inhibition, but not nearly as strongly pronounced as during 

the inhibition of autophagy. These results imply that amlexanox’s inhibitory effect on 

autophagy is the main driving force behind all the other effects that were seen after 

amlexanox treatment. Since these experiments just started to hint on the autophagy 

pathway, more experiments in a similar manner should be done. For example, the same 

treatments used in this cytotoxicity assay should be used in the migration and invasion 

assay to see if these results are confirmed. 

Taken together, it was found that treatment of melanoma cells with amlexanox inhibits 

proliferation, migration, and invasion of these cells. A reason for this observation is very 

likely the inhibition of autophagy and the inhibition of the NF-κB and MAPK pathway by 

amlexanox, even though the autophagy pathway proofed to be the most influential one. 

Dose-dependent effects were observed. Additionally, it was found that there was no effect 

on the cell cycle progression after amlexanox treatment. No literature for the effect of IKKε 

on the cell cycle was found, and only one recent study for the influence of TBK1 on the 

cell cycle. This study described TBK1 as a driving force of the cell cycle264, which could 

not be confirmed by this work. One reason for the different results could be the cell lines 

used. While Sarraf et al. worked with HTC116 and HeLa cells, SK-Mel28 cells were used 

for this work. Additionally, they found the involvement of TBK1 after PINK1/Parkin knock-

out, while TBK1 was directly inhibited with amlexanox in this project. 
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5.3 Amlexanox inhibits malignant melanoma growth in an in vivo 

xenograft model 

For the investigation of the in vivo significance of IKKε and TBK1, a xenograft model in 

athymic nude mice was performed as described before265,266. Animals were fed either with 

a vehicle or with 25 mg/kg body weight amlexanox. It was shown in a previous study that 

the method of feeding cornflakes with the treatment results in stable and comparable 

serum levels of amlexanox. The authors measured ~ 1 µM amlexanox approx. 4 h after 

the last feeding. This concentration of amlexanox inhibits IKKε and TBK1 effectively in 

vitro and doesn’t affect other kinases, e.g. IKKα or IKKβ109,241.  

The in vivo experiment resulted in a significantly reduced tumor size of the amlexanox 

treated group, as well as a trend to significantly decreased tumor weight compared with 

the vehicle-treated group. The calculation of the area under the curve confirmed the 

results of the time course measurement. Similar results were already published for 

glioblastoma and prostate tumor86,104. These results of amlexanox inhibiting tumor growth 

in a xenograft model were confirmed for malignant melanoma. 

The reduction of tumor size and weight in a xenograft model is a further development from 

in vitro studies. Amlexanox influencing tumor development and growth is now not only 

shown in an artificial in vitro setup but also in an in vivo model. The reason for this 

reduction in tumor size might very well be the inhibition of autophagy, which is urgently 

needed for melanoma progression, and the inhibition of the NF-κB and the MAPK 

pathways244. 

Amlexanox was used as a paste for the treatment of aphthous ulcers, allergic rhinitis, and 

asthma because of its effect on the immune system. Like with every therapeutic, possible 

allergy is a risk factor, even though no mentioned cases were found by the author. 

Amlexanox is not contraindicated for the use in children and data for the use in older age 

groups are still missing. This could be a problem for the possible treatment of melanoma 

with amlexanox since the incidence of the disease rises with age. Another important factor 

in the pharmacology of therapeutics is the risk of intake during pregnancy. For amlexanox, 

pregnancy is not defined as a contraindication, but the data situation is sparse. 

Additionally, no data is available for the risk of the infant during breastfeeding. More 
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clinical trials for the case of pregnancy and breastfeeding would be needed if amlexanox 

should be used as a therapeutic for tumor treatment.  Already known side effects of 

amlexanox paste treatment are diarrhea, burning, or stinging where the paste is applied, 

nausea, and inflammation of mucous membranes267. Some of these less common side 

effects may only appear when amlexanox is used as a paste, which would be likely for 

superficial melanoma treatment. Compared to the possible gain the risks are very low. 

Furthermore, amlexanox was shown not to be a mutagen, and even doses up to 200-

times the human daily-dose were not harmful in in vivo experiments268.  

Overall, amlexanox seems to be a safe and compatible therapeutic for use in humans. In 

the past, it was used for the treatment of ulcers, allergic rhinitis, and asthma, but was just 

moderately effective. New studies repurposed amlexanox and found it to be effective in 

non-alcoholic fatty liver disease109, type 2 diabetes269, and different types of 

cancer86,104,244. This makes amlexanox a promising target for additional therapeutic 

options for these diseases. 

 

5.4 Summary and outlook of the first part 

At this point, the results show that treatment of SK-Mel28 melanoma cells with amlexanox 

inhibits typical tumor characteristics such as proliferation, migration, and invasion. 

Amlexanox does not affect the cell cycle nor apoptosis induction. It was shown that 

treatment with amlexanox inhibits autophagy in SK-Mel cells in vitro. Amlexanox also 

reduces the activation of p65 and p44-42, which inhibits the activation of the NF-κB and 

MAPK pathways. Influencing these pathways, especially the autophagy pathway, is the 

most likely reason for the inhibition of tumor characteristics seen in this project. It was able 

to confirm the inhibition of tumor growth by amlexanox both in vitro and in vivo. 

So far, it is still unclear if the treatment with amlexanox influences the tumor characteristics 

specifically via IKKε or TBK1, or via the IKKε/TBK1 complex. IKKε is described as an 

oncogene, but so is TBK1270,271. The inhibition of both kinases by amlexanox likely causes 

the observed effects. To examine if just one of the kinases is responsible for these results 

a knock-out of each kinase is necessary. Another interesting trial would be a 

chemotherapy of melanoma cells. It has been described that the chemosensitivity of tumor 
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cells is mediated via the autophagy mechanism258,259. Since melanoma cells depend on 

autophagy and it was shown that amlexanox treatment inhibits autophagy the cells should 

react stronger to chemotherapy after amlexanox treatment. 

Taken together, this work was able to show that the treatment of malignant melanoma 

with the already approved drug amlexanox has positive effects on the outcome. 

Amlexanox inhibits important tumor characteristics, e.g. proliferation and migration, and 

finally reduces tumor size. Since right now the standard treatment for malignant melanoma 

is the removal of the tumor and the pharmacological treatments don’t act on every type of 

malignant melanoma the possibility to treat the patient with a safe drug like amlexanox 

significantly increases the possibilities of malignant melanoma treatment. 

 

5.5 Expression of α-Syn in nociceptive relevant areas of the spinal 

cord 

The IHC stainings of the SC showed that α-Syn is exclusively expressed in the dorsal 

horn. Co-stainings with CGRP, a marker for lamina I, and IB4, a marker for lamina II, 

revealed an expression of α-Syn in these laminae, but also further inward. Therefore, the 

expression of α-Syn in the spinal cord is limited to laminae I – III of the dorsal horn. 

The marginal nucleus of the spinal cord (Lamina I), substantia gelatinosa of Rolando 

(Lamina II), and nucleus proprius of the spinal cord (Lamina III) all exhibit first-order 

synapses for the transmission of nociceptive stimuli from the periphery via the 

spinothalamic tract to the thalamus272,273. The localization of α-Syn exclusively in this area 

indicates its role specifically in the nociceptive signal transmitting pathway. 

To further identify neuronal subtypes that express α-Syn, it was searched for 

colocalizations of α-Syn with neuronal population markers. No colocalization with the 

excitatory marker TH or VGlut1 was seen. But α-Syn was expressed in inhibitory 

interneurons positive for GAD67 and GABA-A. These findings are contrary to a recently 

published study by Taguchi et al274 which describes the expression of α-Syn in VGlut1 

positive neurons but saw different expression profiles of GAD positive neurons. This group 

found colocalizations of α-Syn and GAD in the external plexiform layer of the olfactory 

bulb, the lateral globus pallidus, medial globus pallidus, and substantia nigra pars 
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reticulate. No colocalization was found in the cerebral cortex, hippocampus, subthalamic 

nucleus, and thalamus. The difference between the two studies is, that α-Syn expression 

in the SC was assessed in this work, while they performed ex vivo hippocampal cell culture 

and then IHC of the brain. Nevertheless, Taguchi et al. show in their study some 

colocalizations of GAD positive neurons and α-Syn. Their data supports the findings of 

GAD and α-Syn positive neurons in this work. The IHC of the spinal cord even implies that 

all GAD positive neurons express α-Syn. This leads to the hypothesis that the expression 

of α-Syn differs between the spinal cord and the brain, even though both areas are part 

of the CNS. The fact that α-Syn is expressed in nociceptive relevant areas of the spinal 

cord and is expressed in inhibitory interneurons strongly suggests that it has some impact 

on the nociceptive transmission.  

 

5.6 α-Syn influences cold nociception and neuropathic pain, but 

has no impact on other nociceptive models 

The phenotype of SNCA-/- animals is not different from WT. They are viable, fertile, normal 

in size, weight, and do not display any gross abnormalities. Additionally, no differences 

were seen in social behavior or motor function. They exhibit a reduction in total striatal 

dopamine, though146. The animals have a 129X1/SvJ background, which is known to 

develop a progressive hearing loss, starting at three months of age, and which have a 1-

3 % chance to develop testicular teratomas275,276. Mogil et al. tested different mouse 

strains for their behavior in a variety of nociceptive tests. They also used the 129 strain 

and the formalin test, which can now be used to compare the data. The group found that 

the 129 mouse strain reacts similar to the early phase pain of the formalin test, but 

significantly less to the late phase pain compared to the often used C57Bl/6 strain277. The 

acute nociceptive models in this work revealed a difference in thermal cold nociception 

between the genotypes. SNCA-/- animals are significantly less sensitive to this type of 

noxious stimulus. A similar trend for noxious heat was also seen, but it didn’t become 

significant. Further investigations of the difference in noxious cold behavior revealed a 

decreased expression of TRPM8 in the paw of SNCA-/- animals. This indicates that the 

difference in nociceptive cold behavior originates in the TRPM8 expression levels and that 

it is directly or indirectly influenced by α-Syn expression. The paw was investigated in this 
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experiment since modulation of cold nociception is likely due to the TRPM8 channel, which 

is exclusively expressed in primary nociceptive afferents. They start in the peripheral 

tissue, e.g. the paw, and transmit into the SC. 

The TRPM8 channel is widely accepted as the most important sensor for noxious cold278, 

and TRPM8-/- mice exhibit severe behavioral deficits in response to cold stimuli279. 

Therefore, the downregulation of this sensor in the paw might contribute to a decrease in 

cold nociception. The search for α-Syn or SNCA and TRP channels didn’t reveal any 

publications describing this phenomenon. It might be interesting to look further into the 

subject of how TRP channel expression is regulated by α-Syn. At this point, it can just be 

said that the TRPM8 receptor is downregulated in the paw of SNCA-/- animals. 

Additionally, since the whole paw was investigated and no IHC was performed it is still 

unclear for which exact cell types this result is relevant. TRPV1 and TRPA1 channel 

expression were also investigated in the paw but no differences were found (data not 

shown). 

After performing the acute nociceptive models, inflammatory nociception with the formalin 

test and the zymosan A test were investigated. The zymosan A test didn’t reveal any 

differences between the genotypes. In the formalin test a significant difference in 

nociceptive behavior during the acute phase I, but not during the inflammatory phase II 

was detectable. Furthermore, α-Syn expression in the spinal cord was upregulated 2 h 

after formalin injection. This shows an effect of α-Syn on the acute phase I of the formalin 

test, but not on the inflammatory phase II. The WT animals showed a very different time-

course in the formalin test compared to the often used C57Bl/6 mice. If the data is 

compared to existing publications for this mouse strain the total licking time of the acute 

phase I is similar between the SNCA-/- animals and the existing data, but the WT animals 

behaved too strong compared with this data (WT: ~ 145 s; SNCA-/-: ~ 75-80 s, Mogil: ~ 

74 s). The inflammatory phase II was similar between the genotypes in this work but is 

strongly increased compared with Mogil’s data (WT/SNCA-/-: ~ 480 s, Mogil: ~ 140 s)277. 

These results make the comparison with external data hard, and it makes more sense to 

just compare both genotypes in this work. At this point, a change in glutamate release into 

the CSF was a possible reason for the different phase I between the genotypes. 

Glutamate is the most important excitatory transmitter during nociception. A highly 



 Discussion 
_________________________________________________________________________________________________________ 

 148 

significant increase in glutamate concentration was measured 30 min after formalin 

injection. But there was no difference in CSF glutamate concentration between the 

genotypes. This correlates well with the fact, that the animals didn’t exhibit a difference in 

their behavior during phase II of the formalin test but can’t be a reason for the difference 

in phase I. Similar results for the glutamate release were found in another study. The 

authors describe similar glutamate levels in the brain of different α-Syn mutated mouse 

strains. The only difference they found was that α-Syn participates in the regulation of the 

neurotransmitter reserve pool280. 

It is published that α-Syn supports the release of neurotransmitters by promoting cargo 

discharge and reducing pore closure, while it also inhibits exocytosis when 

overexpressed147. The localization of α-Syn in the nociceptive relevant areas of the spinal 

cord and the overexpression 2 h after formalin injection leads to the conclusion that it may 

be upregulated as an answer to the inflammatory stimulus. This upregulation could inhibit 

the release of different neurotransmitters. Dependent on the neurons which express α-

Syn and are therefore affected by the upregulation, this would either lead to an increase 

or a decrease of the nociceptive signal. It was already shown in this work that α-Syn 

seems to be expressed in inhibitory interneurons of the SC. Following this hypothesis, the 

release of the inhibitory neurotransmitter GABA should be reduced after α-Syn 

upregulation. This hypothesis is confirmed by a study that showed a reduction of 

GABAergic transmission in α-Syn overexpressing mice281. Furthermore, it is observed that 

the painful behavior of WT animals declines approx. 30-35 min after formalin injection, 

while the glutamate concentration in the SC shows a 10-fold increase. It is not clear if 

there is a causality between a possible reduction in GABA release and increased 

glutamate levels, but it seems that there might be a correlation. One publication supporting 

a correlation of this regulation investigated whisker-trimmed cats and found a glutamate 

upregulation and a GABA downregulation in the CNS282. Other studies describe similar 

correlations but propose the regulation of glutamate and GABA receptors as a possible 

reason (reviewed in 283).  

The context of this network still needs to be investigated. Right now it is known that 

inhibitory interneurons act as a gate to prevent innocuous stimuli from activating 

nociceptive pathways within the spinal cord and that disinhibition in the dorsal horn is 
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accompanied by hypersensitivity to mild stimuli284,285. α-Syn was found to be expressed 

in inhibitory interneurons, which means this part of this complex nociceptive network is 

influenced. An inhibition of exactly this population of interneurons, and subsequent 

hypersensitivity, by α-Syn, is unlikely since a decline in painful behavior is seen. Another 

option for inhibitory interneurons to influence the nociceptive pathway is by modulation of 

the descending pathway. This pathway modulates the nociceptive transmission by 

releasing noradrenaline and serotonin286. The α-Syn expressing inhibitory interneurons 

may modulate the descending pathway via inhibition of adrenergic and serotonergic 

neurons. At this point, inhibition of these interneurons by α-Syn upregulation would lead 

to disinhibition of these modulating neurons and therefore to a stronger antinociceptive 

modulation. It is also possible that α-Syn is expressed in other neuronal populations which 

was not investigated further, though. 

After the formalin test, the animals were sacrificed, and a variety of pro-inflammatory 

markers were investigated in the spinal cord. Overall, a stronger expression of pro-

inflammatory markers was seen in SNCA-/- animals compared to WT. Studies in the 

context of α-Syn and immunity do not provide clear results. It is suspected that the 

activation of the immune system can lead to α-Syn misfolding, which in the end can lead 

to the development of synucleinopathies. But studies investigating the effect of α-Syn on 

the immune system show everything from no effect to strong activation of the immune 

system by microglial α-Syn uptake. This is reviewed by Lema Tomé287 and Reish288. The 

results of this work add to this spectrum by showing that the expression of pro-

inflammatory markers after immune activation is stronger in mice lacking α-Syn. Since 

most studies used α-Syn overexpression, mutated α-Syn, or fibrils more studies with an 

α-Syn knock-out need to be done. For this part of the work, there is the conclusion that 

there was no change in painful behavior during phase II of the formalin test, even though 

SNCA-/- animals showed an increased immune response after formalin injection. But since 

the SC analyzed for the immune response was dissected 2 h after formalin injection and 

the formalin test only lasted for 45 min this increased inflammatory effect in SNCA-/- mice 

was not necessarily the case during the test. Further experiments could investigate the 

immune status approx. 30 min after formalin injection, when the painful response is at its 

maximum. 
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The SNI model for neuropathic pain revealed a decreased nociception of SNCA-/- mice. 

Additionally, α-Syn was downregulated in the spinal cord of WT animals at 28 d after SNI 

operation. As discussed before in the formalin model, α-Syn may influence the descending 

antinociceptive pathway. The absence of α-Syn leads to an impaired 

neurotransmission147. The impairment of inhibitory interneurons modulating the 

descending pathway leads to a disinhibition of this pathway and therefore to increased 

antinociceptive effects via noradrenergic and serotonergic neurotransmission. This 

hypothesis also correlates well with the observation, that α-Syn is downregulated in the 

spinal cord 28 d after the start of the experiment. What undermines this hypothesis is the 

finding that in genetic models of Parkinson’s disease rodents exhibit a loss of inhibitory 

interneuron activity and a decreased reaction to thermal pain (reviewed in 289). Since the 

overexpression, as well as the knockout of α-Syn, impair neuronal transmission these 

findings support each other. The only difference is that this review also describes 

hyperactivity of the nociceptive pathway, while a decrease in nociceptive behavior is seen 

in this work. This could either be due to the additional investigation of neurotoxic 

Parkinson’s disease models, which are based on a completely different method and 

cannot be included in this hypothesis or due to an activation of the descending pathway, 

which is not included in most studies. 

The mRNA expression in the spinal cord was investigated at different time points after 

SNI. Sham treated SNCA-/- animals showed an increase of COX-2, IL1B, TNFA, and DOR 

and a decrease of MMP9. Most publications focus on the effect of pathological α-Syn on 

the immune system and they all find that the pathological protein activates immune 

response, which leads to neuroinflammation290 (reviewed by 288). It was also found that 

physiological α-Syn activates the immune response of peripheral blood macrophages291. 

Only one study was found which focuses on the effect of α-Syn knock-out and the immune 

response in the CNS. They conclude that the knock-out leads to the cell death of 

dopaminergic neurons, which finally leads to an immune response. The authors didn’t find 

a response after knock-out of α-Syn in glutamatergic neurons292. All these studies have 

an immune response after α-Syn modulation in common. Either due to pathological forms 

or due to a cascade of events. This is different from what is seen here. The molecular 

data of Sham-operated animals show that some immune markers, like COX-2 and IL1B, 

are regulated by the absence of physiological α-Syn. This indicates the presence of a still 
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unknown mechanism of α-Syn. The upregulation of these pro-inflammatory and pro-

nociceptive markers implies that SNCA-/- animals should show increased nociceptive 

behavior, which they don’t. It could be that a reason for this is the downregulation of these 

markers at a different time point after SNI. Since the upregulation is the baseline for the 

SNCA-/- animals, the new “normal”, only the downregulation influences the nociceptive 

behavior during the neuropathic pain model. Interestingly, the analgesic marker DOR and 

FAAH, which produces endocannabinoids, are upregulated at baseline measurements 

and are downregulated during the SNI model. It is not clear how these regulations 

influence the nociception, and if they are at all translated into protein levels, but they act 

as a starting point for further mechanistic studies. 

Old (< 6 months) animals were also used for motor tests, and tests of acute and 

neuropathic nociception. The high inter-individual variance in the motor test was not due 

to animals not being able to do this test, but due to them being intelligent enough to just 

end the test by jumping down from the rod. Their motor behavior was intact. The old 

animals didn’t show significant differences in the models for acute nociception. A reason 

for the non-existing significance might be the low number (n = 3) of test subjects. A trend 

of a decreased cold nociception is seen in old SNCA-/- animals, which might become 

significant after testing more animals. Furthermore, the neuropathic pain model also didn’t 

reveal significant differences. A trend to decreased nociception in SNCA-/- animals seen 

on day 7, but it didn’t become significant probably due to the low n-number. The 

hypothesis behind these experiments was that α-Syn may act neuroprotective and that 

the differences seen in previous experiments are due to neuronal cell death in SNCA-/- 

animals. Therefore, the older animals were expected to show an even stronger effect than 

the younger animals. It was shown that α-Syn has a protective effect on the mitochondria 

and that α-Syn knock-out leads to a decrease in cellular respiration and fragmented 

mitochondria293. These effects automatically lead to less robust cells and support the 

hypothesis. Additionally, α-Syn is described to inhibit apoptosis in response to pro-

apoptotic stimuli (reviewed in 144). Still, the hypothesis for this part of the project was not 

confirmed. Likely, the effects seen in the nociceptive models are not due to neuronal cell 

death, but due to a regulatory effect of α-Syn on neuronal transmission. 
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5.7 Tumor growth may be inhibited in the absence of α-Syn 

The connection of malignant melanoma and the role of α-Syn in the nociceptive pathway 

was investigated with the nociceptive melanoma model. Mouse melanoma cells were 

used to create a local tumor in one of the hind paws. The tumor leads to increased pain 

sensitivity due to damage to nerves and inflammation in the affected areas. As expected, 

increasing nociceptive responses were observed in the WT group. SNCA-/- mice started 

the same, but from day 14 mechanical hypersensitivity was lower than in WT animals. 

The paw volume of SNCA-/- animals tends to be smaller, which indicates reduced tumor 

growth. 

High inter-individual differences prevented a significant result. However, these results 

indicate that decreased nociception is most likely not due to an effect of α-Syn on the 

nociceptive system, but rather due to reduced tumor growth. 

Additionally, molecular changes were investigated similar to the SNI model, except that 

the spinal cords of WT and SNCA-/- animals were investigated 21 d after B16 inoculation. 

Some parallels to the SNI spinal cords are seen. COX-2 and Akt-1 are downregulated in 

SNCA-/- animals after experiencing pain. A trend to a downregulation is seen in TNFA and 

DOR mRNA. These regulations were significant in SNI treated SNCA-/- animals. MMP9 

shows an opposed regulation to the SNI model. Since there is barely any publication 

concerning the topic of CNS immune regulation via physiological α-Syn it is not easy to 

compare these data with existing ones. The only thing found in the study showing that 

dopaminergic cell death leads to the immune response, and not α-Syn knock-out292. What 

is known is that pro-nociceptive markers like COX-2 and TNFA should be up- and not 

downregulated after nociceptive tests294,295. This regulation in SNCA-/- animals indicates 

an additional reason for the reduced nociceptive behavior at the end of the B16 melanoma 

model. Some of the experiments need more samples to confirm these results, but like the 

analysis of the SNI treated spinal cords some starting points for the mechanistic involved 

are found. 

Different studies already established a connection between α-Syn and tumor growth. It 

was found that α-Syn drives the progression of meningioma via the Akt/mTOR pathway. 

In this study, the depletion of α-Syn significantly decreased tumor cell proliferation and 

colony formation246. Another study by Israeli et al. also used murine B16 cells, as well as 
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two other tumor cell lines. The result was that overexpression of α-Syn led to an 

acceleration of proliferation and an increase of tumorigenesis296. A mechanism was not 

found at this point, but this work can confirm the results of this group by showing that α-

Syn knockout leads to impaired tumor growth. Interestingly, a study by Shekoohi et al. 

showed that SNCA KO in SK-Mel28 cells leads to a significantly reduced tumor growth in 

a xenograft model297. They conclude their study with the idea that α-Syn may be a 

potential target for the therapy of malignant melanoma. 

 

5.8 Summary and outlook of the second part 

The second part of this work is focusing on a possible effect of α-Syn on the nociceptive 

system. It was shown that α-Syn indeed plays a role in acute and neuropathic nociception, 

as well as in tumor growth. Additionally, α-Syn has some impact on inflammatory 

mechanisms. 

α-Syn localization was investigated in the spinal cord and it was found expressed in the 

dorsal horn approx. in laminae I-III. The IHC stainings also revealed colocalization with 

markers for inhibitory interneurons, but not with markers for excitatory neurons. The 

results show that knockout of α-Syn leads to an inhibition of noxious cold nociception, 

associated with a downregulation of the cold-sensing TRPM8 channel in the paw. 

Furthermore, α-Syn knockout led to a decreased acute nociceptive response to chemical 

stimulation as seen in phase I of the formalin test. Except for that, SNCA-/- animals didn’t 

show differences in motor function and other models of acute nociception in comparison 

to wild-type mice. In models for inflammatory nociception, there was no difference in the 

nociceptive behavior between WT and KO mice although a-Syn was upregulated in the 

spinal cord after inflammatory stimulation and pro-inflammatory genes were altered. 

In the SNI model for neuropathic pain, SNCA-/- animals showed less nociception and a 

decrease of α-Syn in the spinal cord, which became significant 28 d after SNI induction. 

In a model for tumor-associated pain, SNCA-/- animals revealed decreased nociception 

and inhibition of tumor growth. A variety of studies support these findings, but this work 

shows for the first time that the knockdown of α-Syn has such effects on nociceptive 

behavior. The resulting hypothesis for this is a modulation of the descending 
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antinociceptive pathway, where α-Syn seems to be expressed. α-Syn may regulate the 

neurotransmission of inhibitory interneurons, which inhibit the descending antinociceptive 

pathway. Additional functions of α-Syn may be the tissue-specific modulation of TRPM8 

expression and a positive effect on tumor growth. Furthermore, mRNA expression 

analysis in the spinal cord of a variety of inflammatory and nociceptive genes revealed a 

regulation in SNCA-/- animals with and without nociceptive treatment. The investigation of 

the regulation of these genes might lead to a mechanistic conclusion on α-Syn’s impact 

on the nociceptive and tumor-related system. 

Further experiments to confirm the expression of α-Syn in this pathway should be done. 

Either optogenetic approaches to be able to investigate this pathway or tissue-specific 

inducible knock-outs of α-Syn. Additionally, pharmacological or RNA inhibition of α-Syn 

could be done to further confirm these findings. Electrophysiological recordings of specific 

neurons would also be a great approach to see the effect of α-Syn in this particular 

neuronal subset.   
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6. Summary 

The goal of this work was to further increase the knowledge of the role of IKKε, TBK1, and 

α-Syn in the pathogenesis of melanoma and pain. It was shown that inhibition of IKKε and 

TBK1 with the small molecule inhibitor amlexanox inhibits tumor growth, proliferation, 

migration, invasion, and autophagy in vitro and in vivo. One reason for the effect on tumor 

characteristics might be the inhibition of autophagy seen after amlexanox treatment. 

Malignant melanoma cells become dependent on autophagy after tumor establishment 

for further progression. Therefore, the inhibition of this process can modulate tumor 

characteristics like proliferation and migration. An additional reason might be the decrease 

in p65 and p44/42 activation after amlexanox treatment. These proteins of the NF-κB and 

MAPK pathway strongly influence proliferation, migration, and invasion of cells. Further 

experiments revealed that the cell cycle and the relevant proteins Cyclin D1 and p53 are 

not affected by amlexanox treatment. The in vivo xenograft model confirmed that 

amlexanox treatment also influences tumor growth in vivo. Amlexanox administration 

resulted in a significantly smaller tumor compared to vehicle-treated mice. In addition to 

cell culture and mouse experiments, tissue material from melanoma patients was 

assessed. Samples of healthy skin, naevi, and melanoma metastases were investigated 

for IKKε and TBK1 expression. Both kinases were upregulated in the metastases 

compared to healthy tissue. In primary melanoma, IKKε and TBK1 were expressed in 

tumor cells as well as immune cells further pointing to their regulatory role. Expression of 

IKKε was not seen in non-melanoma tissue, and expression of TBK1 was just seen in the 

epidermis beside of the melanoma cells.  

Concerning the role of α-Syn in nociception, it was found that α-Syn promotes TRPM8 

expression in the paw and cold nociception. Additionally, it seems to have a regulatory 

effect on neuropathic pain, and knock-out of α-Syn decreases this nociceptive subtype. 

SNCA-/- animals showed decreased nociceptive behavior in the SNI model of neuropathic 

pain. Western Blot analysis of the spinal cord revealed α-Syn upregulation 2 h after 

formalin injection and α-Syn downregulation 28 d after SNI induction. These are most 

likely nociceptive relevant regulatory mechanisms. IHC stainings of the spinal cord 

revealed α-Syn expression in laminae I-III of the dorsal horn, specifically in GABAergic 

interneurons. No expression of α-Syn in excitatory neurons was seen. The hypothesis is 
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that α-Syn is expressed in inhibitory interneurons of the descending nociceptive pathway. 

Activation of these neurons, which is supported by α-Syn expression, leads to a 

decreased activity of this antinociceptive pathway. The inhibition or knock-out of α-Syn 

leads to disinhibition and stronger antinociceptive effects of the descending pathway. 

Therefore, the results suggest that α-Syn has an impact on nociceptive transmission. The 

knock-out of α-Syn decreased the nociceptive behavior in different pain models without 

manipulation of the physiological functions of the animals. 

Furthermore, α-Syn may promote the growth of murine melanoma. SNCA-/- mice exhibited 

a trend to a decreased tumor growth and significantly decreased tumor-associated 

nociception after the inoculation of murine B16 melanoma cells into the paw. The 

decreased nociception in this model is likely due to the effects of α-Syn on the nociceptive 

system, since there was no significant difference of tumor size between the genotypes. A 

variety of studies already described the influence of α-Syn on tumor growth. These results 

were not entirely confirmed by this work. 

mRNA expression of nociceptive and inflammatory genes was performed in the spinal 

cord via qPCR after animals underwent the SNI model for neuropathic pain, the melanoma 

model for tumor-associated pain, and the formalin model for inflammatory pain. There 

were some changes in the baseline level of SNCA-/- animals compared to WT. Briefly, 

some pro-inflammatory and antinociceptive genes, e.g. COX-2, TNFA, and DOR were 

upregulated. After performing the nociceptive tests all these genes were downregulated 

at different time-points. This implies the regulation of different inflammatory and 

nociceptive pathways by α-Syn. 

This work concludes that IKKε and TBK1 are upregulated in human malignant melanoma, 

the inhibition of these kinases by amlexanox inhibits melanoma progression, and that α-

Syn has pro-nociceptive and possible oncogenic characteristics. 
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10. Glossar 

AMPA 
α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid 

ANOVA Analysis of variance 

APS Ammonium persulfate 

Bcl-2 B-cell-lymphoma-2 

b-Raf Rapidly accelerated fibrosarcoma 

BafA Bafilomycin A1 

BSA Bovine serum albumin 

CDK4 Cyclin dependent kinase 4 

CDKN2A Cyclin dependent kinase inhibitor 2A 

cDNA Complementary DNA 

CGRP Calcitonin gene-related peptide 

CHCl3 Chloroform 

CNS Central nervous system 

COX Cyclooxygenase 

CSF Cerebrospinal fluid 

DAPI 4’,6-diamidino-2-phenylindole 

DAPI 4’,6-diamidino-2-phenylindole 

DLB Dementia with Lewy bodies 

DMEM Dulbecco's Modified Eagle's Medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DPBS Dulbecco’s Phosphate Buffered Saline 

DRG Dorsal Root Ganglion 

EGF Epidermal growth factor 

EMEM Eagle’s Minimum Essential Medium 

Erk Extracellular signal-regulating kinase 

FACS Fluorescence-activated cell sorting 

FCS Fetal calf serum 

GPCR G-protein coupled receptor 
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GSK-3 Glycogen synthase kinase-3 

HCN 
hyperpolarization-activated cyclic 

nucleotide-gated cation channels 

IDP Intrinsically-disordered protein 

IFN Interferon 

IHC Immunohistochemistry 

IKK Inhibitor of NF-κB kinase 

IKKε Inhibitor of NF-κB kinase subunit epsilon 

IL Interleukin 

IRF Interferon regulatory factor 

IκB Inhibitor of kappa B 

KCl Potassium chloride 

L Length 

LPS Lipopolysaccharide 

MAPK Mitogen activated protein kinase 

MDM2 Mouse double minute 2 

mGluR metabotropic glutamate receptor 

MKK MAP kinases kinases 

mRNA Messenger RNA 

MSA Multiple system atrophie 

mTOR Mammalian target of rapamycin 

NAC Non-amyloid-β component 

NAP1 NAK-associated protein 1 

NEMO NF-κB-Essential-Modulator 

NF-κB 
nuclear factor kappa-light-chain-enhancer 

of activated B cells 

NGF Nerve growth factor 

NGS Normal goat serum 

NIK NF-κB inducing kinase 

NMDA N-methyl-D-aspartate 

NSAID Non-steroidal anti-inflammatory drug 

PAG Periaqueductal grey matter 
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PAR Protease activated receptor 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PD Parkinson’s disease 

PDTC Pyrrolidinedithiocarbamate ammonium 

PI Propidium iodide 

PI3K Phosphoinositide-3-kinase 

PKC Protein kinase C 

PMA Phorbol 12-myristate 13-acetate 

PWL Paw withdrawal latency 

qPCR 
Quantitative real-time polymerase chain 

reaction 

r.t.u. Ready to use 

RalB Ras-like GTPase B 

RANKL Receptor activator of the NF-κB ligand 

Ras GTPase rat sarcoma 

RNA Ribonucleic acid 

rpm Rounds per minute 

RT Room temperature 

SC Spinal Cord 

SDS Sodium dodecyl sulfate 

SDS-PAGE SDS polyacrylamide gel electrophoresis 

SEM Standard error of the mean 

SINTBAD NAP1 and TBK1 adaptor 

SNI Spared nerve injury 

T2K TRAF2-associated kinase 

TAK1 TGF-β activated kinase-1 

TANK TRAF-associated NF-κB activator 

TBK1/NAK TANK-binding kinase 1 

TBST Tris-buffered saline with Tween20 

TLR Toll-like-receptor 

TNF Tumor necrosis factor 
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TRAF2 TNF receptor-associated factor 2 

TRP Transient receptor potential channel 

UCT University Cancer Center 

W Width 

WB Western Blot 

WST-1 
4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-

5-tetrazolio]-1,3-benzene disulfonate 

α-Syn Alpha Synuclein 

 


