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Útdráttur 

Mígreni er algengur kvilli sem hrjáir um 15% fullorðinna og er um þrisvar sinnum 

algengari meðal kvenna. Mígreni lýsir sér sem alvarleg höfuðverkjaköst sem gjarnan fylgir 

ljósfælni og fleiri einkenni, og á upptök sín í æða- og taugakerfinu. Mígreni getur haft 

alvarleg áhrif á daglegt líf sjúklinga, en um 10% mígrenis sjúklinga fá köst vikulega. Orsök 

mígrenis má að hluta til rekja til taugabólgu í heilahimnunum. Mast frumur staðsettar í 

heilahimnunum losa frá sér bólguvaldandi efni sem eru numin af skyntaugum í kring. Við 

virkjun skyntauganna losa þær frá sér taugaboðefni, svo sem CGRP (calcitonin gene-

related peptide), sem aftur virkjar mast frumurnar og verður jákvæð afturvirkni. Taugar í 

heilahimnunum leiða boð til þrenndarhnoðunnar, sem ber þau áfram til heilans þar sem 

unnið er úr sársaukaboðunum. 

Meðal bólguvaldandi efna, losuðum af mast frumum, eru örverudrepandi peptíð. Markmið 

þessa verkefnis var að kanna tjáningu og seytingu örverudrepandi peptíðsins CRAMP 

(cathelin-related antimicrobial peptide) sem tjáð er í músum og er hliðstæða cathelicidin 

peptíðsins LL-37 í mönnum. Tjáning og seyting CRAMP í heilahimnunum var könnuð og 

jafnframt voru áhrif bólgusvars á tjáningu og seytingu þess könnuð. Aðallega var notast 

við tvær aðferðir: qPCR, til að bera saman genatjáningu, og dot blot, til að meta seytingu 

peptíðsins. 

Abstract 

Migraine is a prevalent episodic neurovascular disorder affecting around 15% of the adult 

general population and is about three times more common in females than in males. 

Migraine can have drastic effect on patients daily lives with about 10% of migraine 

patients having weekly attacks. Migraine is in part caused by neurogenic inflammation in 

the meninges. Mast cells residing in the meninges release inflammatory mediators, 

sensitizing sensory neurons and promoting vascular permeability. Activation of sensory 

neurons induces synthesis and secretion of neuropeptides, such as CGRP (calcitonin gene-

related peptide), which in turn activates mast cells, setting up a positive-feedback loop. 

Neurons residing in the meninges respond to the trigeminal ganglia, which projects to 

higher-order pain centres, subsequently giving rise to the headache. 

Among inflammatory mediators released by mast cells are antimicrobial peptides. The goal 

of this project was to focus on one such agent, CRAMP (cathelin-related antimicrobial 

peptide), the mouse homolog of the human cathelicidin LL-37, and determine whether this 

peptide is expressed in the meninges, and moreover if its expression and secretion is 

induced during inflammatory response in the meninges. In order to compare meningeal 

Cramp gene expression comparative qPCR approach was used and in order to detect 

CRAMP protein secretion in the meninges dot blots were performed. 



 

 

 

 

 

 

 



 

 

 





vii 

Contents 

List of figures .................................................................................................................... viii 

List of tables ........................................................................................................................ ix 

Acronyms .............................................................................................................................. x 

Acknowledgements ........................................................................................................... xiii 

1 Introduction ..................................................................................................................... 1 
1.1 Background ............................................................................................................. 1 

1.1.1 Migraine ......................................................................................................... 1 
1.1.2 Mast cells ....................................................................................................... 3 
1.1.3 Antimicrobial peptides ................................................................................... 5 

1.2 Aims and objectives ................................................................................................ 8 
1.3 Method background ................................................................................................. 8 

1.3.1 Comparative qPCR ........................................................................................ 8 
1.3.2 Altering AMP expression and inducing inflammatory response ................... 9 

1.3.3 Dot blot analysis .......................................................................................... 10 

Materials and methods ...................................................................................................... 11 

1.3.4 Animals ........................................................................................................ 11 
1.3.5 Gene expression analysis ............................................................................. 11 

1.3.6 Altering AMP expression and inducing inflammatory response ................. 13 
1.3.7 Dot blot analysis .......................................................................................... 13 

2 Results ............................................................................................................................ 15 

2.1 Gene expression comparisons ............................................................................... 15 
2.1.1 Mitf is expressed in Mitfmi-vga9/mi-vga9 mice .................................................... 15 

2.1.2 Mast cell markers are not expressed in Mitf mutants ................................... 16 

2.1.3 Meningeal mast cells express Cramp .......................................................... 17 

2.1.4 CRAMP expression not altered in BSA challenged mice ........................... 18 
2.2 Mast cell degranulation measured with dot blot ................................................... 18 

3 Discussion ...................................................................................................................... 22 

4 Conclusions .................................................................................................................... 23 

5 Future research ............................................................................................................. 25 

References........................................................................................................................... 27 

Appendix ............................................................................................................................ 31 

 



viii 

List of figures 

Figure 1: Nociceptive pathways in migraine pathophysiology, a hypothesized model. ....... 1 

Figure 2: Mast cell role in migraine pathogenesis ............................................................... 3 

Figure 3: Scanning electron micrographs of rat mast cells. ................................................. 4 

Figure 4: Schematic image of mast cell mediated pathways. ............................................... 5 

Figure 5: CRAMP ................................................................................................................. 7 

Figure 6: Primer efficiency ................................................................................................. 12 

Figure 7: Mitf qPCR results ................................................................................................ 16 

Figure 8: Mast cell markers qPCR results. ......................................................................... 16 

Figure 9: Cramp qPCR results, Mitf mutants ..................................................................... 17 

Figure 10: Cramp qPCR results, BSA treated mice ............................................................ 18 

Figure 11: Dot blot results. Serial dilutions of standard CRAMP peptide of known 

concentration. ................................................................................................... 19 

Figure 12: Dot blot results. LPS, 4-PBA and C48/80 treated meninges.. .......................... 20 

Figure 13: Dot blot results. C48/80 treated meninges from WT and mutants. ................... 21 

 



ix 

List of tables 

Table 1: Nucleotide sequences of primer pairs used in qPCR experiments. ....................... 13 

Table 2: Reaction mixture components for cDNA generation. ........................................... 32 

Table 3: Thermal cycling conditions for qPCR. .................................................................. 32 



x 

Acronyms 

4-PBA  4-phenylbutyrate 

ACN   Acetonitrile 

AMP   Antimicrobial peptide 

BBB   Blood brain barrier 

Bp   Base pair 

BSA   Bovine serum albumin 

CGRP  Calcitonin gene-related peptide 

Cma1  Mast cell chymase 1 

CNS   Central nervous system 

CRAMP  Cathelin related antimicrobial peptide 

CT   Cycle threshold 

CTMS  Connective tissue mast cell 

DMEM  Dulbecco’s modified eagle medium 

DNA   Deoxyribonucleic acid 

Fca   Fetal calf serum 

HPRT  Hypoxanthine guanine phosphoribosyl transferase 

iNOS   Isoform of nitric oxide synthase 

LPS   Lipopolysaccharide 

MA   Migraine with aura 

MC   Mast cell 

Mcpt4  Mast cell protease 4 

MITF  Microphthalmia associated transcription factor 

MMS   Mucosal mast cell 

MO   Migraine without aura 

PBS   Phosphate buffered saline 



xi 

PVDF  Polyvinylidene fluoride 

qPCR  Quantitative polymerase chain reaction 

RNA   Ribonucleic acid 

SCFA  Short chain fatty acid 

SGs   Secretory granules 

TFA   Trifluoroacetic acid   

TGVS  Trigeminovascular system 

TLR   Toll like receptor 

TNC   Trigeminal nucleus caudalis  

TNF-α  Tumor necrosis factor α 

 

   

 





xiii 

Acknowledgements 

This research project was performed in Dr. Pétur Henry Petersen neurobiology laboratory 

at the Faculty of Medicine, department of life- and environmental sciences. 

First, I would like to give my dearest thanks to my instructors, Pétur Henry Petersen and 

Guðmundur Hrafn Guðmundsson for the guidance, patience and overall helpfulness over 

the course of this project. 

Special thanks go out to everyone at the neurobiology lab for the much appreciated help I 

received, Diahann Atacho, Kristín E. Allison, Fatich Mechmet and Kimberley Anderson. 

I‘d also like to thank Iwona T. Myszor for all the help and Andrea G. Llorca and Kirstine 

N. Jensen for bringing me along to the mouse facility and providing me with mice. 

 

 





1 

1 Introduction 

1.1 Background 

1.1.1 Migraine 

Migraine is a prevalent episodic neurovascular disorder affecting around 15% of the adult 

general population and is about three times more common in females than in males. 

Migraine can have drastic effect on patients daily lives with about 10% of migraine 

patients having weekly attacks. Migraine can be clinically divided into two subtypes 

depending on whether the migraine episode is accompanied with an aura (MA) or not 

(MO) (Vries et al., 2009). The aura accompanied with migraine consists of visual, sensory, 

or motor disturbances (Russo, 2016). The headache is the consequence of vasodilation 

combined with activation of the trigeminovascular system (TGVS), tracing migraine back 

to a neurovascular origin. The TGVS consists of meningeal- and superficial cortical blood 

vessels. The cells are innervated by the trigeminal nerve which in turn, projects to higher-

order pain centres subsequently giving rise to the headache (figure 1) (Vries et al., 2009). 

 

Figure 1: Nociceptive pathways in migraine pathophysiology, a hypothesized model. 

Cortical spreading depression, caused by release of neurotransmitters and metabolites, is 

thought to be the underlying cause of migraine aura. Release of neurotransmitters may 

also activate perivascular trigeminal nerve endings, subsequently activating the TGVS and 

trigeminal nucleus caudalis (TNC). TNC conveys signals to the thalamus. Additionally, 

TGVS induces neurogenic inflammation in the meninges, which likely results in the central 

sensitization (Xu et al., 2010). 
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Cellular- and molecular biology of pain 

Feeling pain is our natural response to noxious stimuli and is in fact an essential factor in 

protecting the organism’s wellbeing and survival. This is illustrated by individuals who, 

because of birth abnormalities, do not detect painful stimuli and therefore do not exhibit 

the appropriate protective behaviour, such as quickly removing their hand when 

accidentally touching a hot stove, and are therefore more vulnerable to dangers. The kind 

of pain that causes a child to pull their hand back quickly when touching a hot stove is 

called acute pain. Subsequently the child might feel a persistent pain at the burnt area for a 

while, which is caused by hypersensitivity of the nociceptors making even light touch 

painful. Though this type of pain has outlived its usefulness as an acute response it can also 

be considered as a protective response since it promotes guarding of the injured area 

(Basbaum et al., 2009). 

The system by which we detect pain is called nociception and it is the process by which 

intense thermal-, mechanical- or chemichal stimuli from the environment is detected 

through peripheral nerve fibers called nociceptors. The nociceptors have the ability to 

selectively respond to stimuli, suggesting that they possess a biophysical- and molecular 

properties that enables them to respond selectively to stimuli of potentially injurious degree 

(Basbaum et al., 2009). 

There are two kinds of nociceptors, based on whether they mediate primary or secondary 

pain signal. Primary nociceptors mediate acute pain through release of glutamate, 

generating excitatory post-synaptic currents which ultimately results in action potential 

firing and transmission of the pain message to higher order neurons. Secondary nociceptors 

mediate persistent pain, which is more distributed and not as localized to the source as 

acute pain. A number of voltage-gated ion channels take part in pain signalling, such as 

sodium- and potassium channels. Potassium channels are important for neurotransmitter 

release, in the case of neurogenic inflammation for example. Voltage-gated ion channels 

are the target of many analgesic drugs. Increasing potassium channel activity has for 

example therapeutic benefits in the treatment of persistent pain (Bourinet et al., 2014; 

Basbaum et al., 2009). 

Neuroinflammation 

To further emphasize the importance of pain as a protective response, inflammation can be 

viewed as a protective cellular response aimed at removing injurious stimuli and initiating 

the healing process. However, prolonged inflammation outlives its role in the healing 

process and becomes destructive (Skaper et al., 2014). 

In the case of inflammation, the excitability of nociceptors is enhanced through surface 

receptors they express and enable them to recognize and respond to pro-inflammatory 

agents. Pro-inflammatory factors represent a wide array of signalling molecules produced 

by non-neural cells, such as mast cells, that reside within or infiltrate into the injured area. 

The signalling molecules include neurotransmitters, peptides, eicosanoids and related 

lipids, and more (Basbaum et al., 2009). Migraine is, at least in part, caused by neurogenic 

inflammation in the meninges. The TGVS centres on the trigeminal ganglia, whose 

primary afferents reside in pial and dural meningeal vessels and projects to second order 

neurons in the trigeminal nucleus caudalis (TNC) of the brainstem. Neurons in the TNC 

project to the thalamus, where the pain signal is integrated and relayed to higher cortical 

areas. The TGVS is most likely activated by peripheral input, involving release of 
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inflammatory mediators from immune cells, such as mast cells, and neural-cells (figure 2) 

(Russo, 2016). 

 

Figure 2: Mast cells release inflammatory mediators which sensitise sensory neurons and 

promote vascular permeability. Satellite glia release proinflammatory mediators, such as 

tumor necrosis factor α (TNF-α) which can act on trigeminal neurons and induce CGRP 

synthesis and secretion. This sets up a positive-feedback loop which, along with direct 

effect of CGRP on trigeminal neurons, might contribute to the extended duration of 

migraine (Raddant and Russo, 2011). 

 

1.1.2 Mast cells 

Mast cells (MCs) are distributed throughout most tissues in the body, predominantly those 

interacting with the external environment such as intestines, airways, skin, and also the 

dura mater at the spinal cord level and in the meninges of the brain. They are relatively 

constant in numbers under normal circumstances. During inflammation these cells 

accumulate at the site of inflammation in a directed manner through chemotaxis 

(Niyonsaba et al., 2002; Aich et al., 2015). MCs originate from hemopoietic bone marrow 

precursors, from where they enter the peripheral blood circulation as immature progenitors 

and differentiate to mature mast cells after reaching mucosal- and connective tissues. A 

characteristic of the mast cells is the presence of hundreds of secretory lysosomes, named 

secretory granules (SGs) where a wide array of mediators are stored (Espinosa and 

Valitutti, 2018; Di Nardo et al., 2003). 
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Figure 3: Scanning electron micrographs of rat mast cells with original x3000 

magnification. (A) a normal mast cell. (B) A sensitized mast cell fixed 5 seconds after 

exposure to antigen. (C) A sensitized mast cell fixed 60 seconds after exposure to antigen 

(Tizard and Holmes, 1974). 

Mast cell precursors are considerably heterogenic before going through their terminal 

differentiation. Subsets of MCs can be characterised by different expression of intracellular 

mediators, such as proteases, proteoglycans and cytokines, which are stored in the cell‘s 

SGs, different expression of inducers of degranulation and growth factors required for 

differentiation, and production of lipid mediators. MCs have been divided into two subsets 

in rodents, depending on the type of the tissue they reside in. Connective tissue mast cells 

(CTMC) are predominantly found in skin and peritoneal cavity while mucosal mast cells 

(MMS) are mainly found in the mucosal layer of the lungs and guts. Furthermore, they 

differ in their granule content and function. CTMC granules contain the proteoglycan 

heparin and large amounts of histamine and carboxypeptidase A, moreover they mainly 

produce prostaglandin D2 upon IgE induced activation. MMS granules contain mainly the 

proteoglycan chondroitin sulphate and relatively less histamine and carboxypeptidase A, 

moreover they mainly produce leukotriene C4 upon IgE induced activation (Rao and 

Brown, 2008). 

Upon activation by external allergens or an internal stimulus, MCs can both release their 

pre-formed mediators from their granules and other mediators they produce de novo. 

Release of mediators depends on a specific ligand binding to a specific membrane bound 

receptor on the cell ‘s surface and degranulation can either happen rapidly or gradually. A 

great variety of receptors is found on MCs surface, such as Fc family receptors, Toll-like 

receptors (TLRs), cytokine- and chemokine receptors, neuropeptide receptors, 

complement- and hormone receptors, but more than 200 MC mediators and surface 

receptors are now known (Aich et al., 2015). Mast cell mediated pathways are described in 

figure 4. 
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Figure 4: Schematic image of mast cell mediated pathways. Innate immune responses 

include inflammatory responses to histamine and eicosanoids and release of proteases and 

antimicrobial peptides, along with recruiting leukocytes and macrophages through 

eicosanoid and chemokine chemotaxis. Adaptive immune responses include recruitment of 

naïve T-cells and antigen presenting cells (APC) to lymph nodes by cytokine/chemokine 

chemotaxis, either to present antigens or to directly activate T-cells by TNF-α and the 

costimulatory ligand OX40L (Beaven, 2009). 

Overall, receptors triggering MC degranulation can be categorized into two main classes: 

Fc receptors (FcRs), which bind specific antigens, and G-protein coupled receptors 

(GPCR), which bind soluble mediators. Stimulus for the GPCR include a large array of 

basic secretagogues, such as neuropeptides, compound 48/80, AMPs and more (Espinosa 

and Valitutti, 2018). Recently, a single receptor, MrgprB2, was described through which 

basic secretagogues activate mast cells in vivo and in vitro. MrgprB2 is the mouse 

orthologue of the human GPCR receptor MrgprX2. In MrgprB2 mutant mice, 

secretagogue-induced histamine release, inflammation and airway contraction are 

abolished (McNeil et al., 2015). 

MCs reside near blood vessels and terminal nerve endings and can interact with the 

nervous system bi-directionally. Release of MC derived mediators can lead to release of 

neuropeptides, such as substance P and calcitonin gene-related peptide (CGRP), which is 

widely recognized as a mediator of neurogenic inflammation (Aich et al., 2015; Russo, 

2015). Meningeal MC degranulation can sensitize nociceptors which respond to the 

trigeminal ganglia, subsequently activating the TGVS pain pathway.  

1.1.3 Antimicrobial peptides 

Antimicrobial peptides are evolutionary ancient components of multicellular organisms 

that enables them to coexist with microbes. The diversity of antimicrobial peptides is great 
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and producing a variety of them makes it difficult for infective microbes to form immunity, 

since immunity against one type does not provide protection against others. The great 

diversity of antimicrobial peptides makes it difficult to categorize them. They are all 

characterized by their amphipathic structure, which enables them to distinguish between 

cell membranes of microbes and multicellular organisms. They are activated by proteolysis 

of larger precursors and sometimes followed by glycosylation, amination at the carboxy-

terminal, isomerization of aminoacids or halogenation (Zasloff, 2002).  

CRAMP/LL-37 

Cathelicidins are a class of antimicrobial peptides that have been identified in humans, 

mice and rats, among others. Cathelicidins comprise of only a single member both in 

humans and mice, known as LL-37 in humans and cathelin-related antimicrobial peptide 

(CRAMP) in mice. The function of cathelicidins is somewhat confounding as they can 

both have pro- and anti-inflammatory effect. Antimicrobial peptides have only recently 

been described as immunomodulating agents and it has since been hypothesized that AMPs 

exhibit properties that go far beyond defense against microbes. These include roles in 

sterile inflammation, wound healing, cell death, and more (Silva et al., 2017). 

Properties shared by cathelicidins are a cationic amphipathic structure comprising of only 

12-100 amino acids. They are produced as a precursor consisting of an evolutionary 

conserved prosequence, which is a characteristic of cathelicidins, N-terminal signal 

peptide, and a structurally variable C-terminal mature peptide. Cathelicidins can be divided 

into three general groups: those forming amphipathic α-helices, as is a shared feature of 

murine CRAMP and human LL-37, those with intramolecular disulfide bonds forming a β-

sheet structure, and those heavily enriched in amino acids such as proline or arginine. 

Cathelicidin genes consist of four exons and three introns. The first three exons comprise 

the N-terminal signal sequence and the cathelin prodomain, while the fourth exon encodes 

the processing site and the variable C-terminal mature antimicrobial peptide. Proteolytic 

cleavage of the pre-propeptide, by elastase or proteinase-3, gives rise to active C-terminal 

antimicrobial peptide (Nizet and Gallo, 2003). 

Cramp has been mapped to a region in the mouse which is conserved for cathelicidins in 

other species, such as man and pig. Abundant Cramp expression has been detected in 

myeloid precursors and neutrophils, and as early as E12 stage during embryogenesis, 

which is the earliest stage of blood development. Cramp contains an open reading frame of 

516 bp and encodes 172 amino acid peptide. The CRAMP pre-propeptide can be cleaved at 

position 133-134, forming a 38 amino acid peptide, or at position 138-139, forming a 33 

amino acid peptide. Both forms form an amphipathic helix (figure 5) (Gallo et al., 1997). 

The mature human LL-37, named so because it begins with two leucines and is 37 residues 

in length, and the murine CRAMP peptides are encoded by similar genes, have a similar α-

helical structure, and a similar tissue distribution. Thus, murine CRAMP can, - and has 

been shown to, serve as a useful model for human cathelicidin functions (Nizet and Gallo, 

2003). 
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Figure 5: Combined image. The CRAMP pre-propeptide is 172 residues long. It consists 

of an N-terminal signal peptide, a conserved prosequence, which is a charecteristic of 

cathelicidins, and a C-terminal peptide, which forms the mature peptide. The mature 

peptide contains a CAP18 lipopolysaccharide (LPS) binding domain. Elastase cleaves the 

pre-propeptide at position 133-134 or 138-139 creating a 38 or 33 amino acid peptide. 

The mature peptide forms an amphipathic α-helix. The Edmundson wheel conformation 

shows different properties of the amphipathic helix. Hydrophilic residues are presented as 

circles, hydrophobic as diamonds, potentially negatively charged as trianges, and 

potentially positively charged as pentagons. Moreover, amount of green decreases 

proportionally to the hydrophobicity, most hydrophobic being presented as green and least 

hydrophobic as yellow. The amount of red decreases proportionally to the hydrophilicity, 

with red being the most hydrophilic and orange the least (Armstrong and Zidovetzki, 2009; 

Gallo et al., 1997). 

CGRP 

Calcitonin gene-related peptide (CGRP) is a multifunctional neuropeptide that is widely 

recognized as a mediator of neurogenic inflammation and modulator of nociceptive input, 

and as a vasodilating factor in the cardiovascular system. These neurovascular- and 

nociceptive functions of CGRP make it a likely candidate in migraine pathogenesis (Russo, 

2015). Supporting this hypothesis are multiple studies which have reported elevated CGRP 

levels during migraine attack and others reporting CGRP injection causing experimentally 

induced migraine. A few CGRP receptor antagonists have proven to relieve the pain 

caused by migraine, and related symptoms such as photophobia (Russo, 2015). AimovigTM 

is an IgG2 monoclonal antibody that targets the CGRP receptor and was accepted in May 

2018 by the FDA as a preventive treatment for chronic migraine (Kaplon and Reichert, 

2018). 

In the last decade, blocking CGRP function has been emerging as a possible mechanism to 

prevention of migraine attacks (Muto et al., 2014). Nitric oxide (NO) is another known 

vasodilator that causes migraine without aura (MO) in migraineurs and headaches in those 

who do not suffer from migraine. Blocking nitric oxide synthases (NOS) has proven 

effective against MO. NO is a gaseous signalling molecule found in both central and 
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peripheral neurons. It is important in regulation of cerebral and extra cerebral cranial blood 

flow and is also involved in nociceptive processing (Olesen, 2008). 

The role of CGRP in migraine does not solely involve vasodilatory actions. Sensitized 

neurons in the meninges release CGRP, along with other neuropeptides such as substance 

P, which further activates mast cell degranulation and contributes to meningeal 

inflammation. CGRP is also widely distributed in the CNS, where it, for example, 

contributes to photophobia and nociceptive transmission in the trigeminal nucleus caudalis 

(Russo, 2015). 

1.2 Aims and objectives 

Migraine is, at least partly, caused by inflammatory response in the meninges and 

activation of the TGVS. A number of studies have identified the neuropeptide CGRP as a 

contributor to migraine pathogenesis. CGRP expression has been demonstrated in nerve 

fibers and mucosal mast cells and furthermore mast cells have been shown to degranulate 

in response to certain neuropeptides (Kulka et al., 2008; Kim et al., 2014). Mast cells are 

the primary source of cathelicidins. Therefore, it was hypothesized that the mouse 

cathelicidin, CRAMP, is secreted in response to meningeal mast cell activation, possibly 

contributing to migraine pathogenesis. The aim of this project was to study the expression 

and secretion of CRAMP, the mouse homolog of human LL-37, in the meninges and 

furthermore address the effects of inflammatory response on the expression and secretion 

of CRAMP. 

1.3 Method background 

1.3.1 Comparative qPCR 

Quantitative PCR, or qPCR, is one of the most commonly performed procedures in today‘s 

molecular laboratories for quantifying and comparing gene expression levels. The method 

is based on reporter fluorescent dye, which increases proportionally to the products 

amplification. In the TaqMan® method a specific probe carrying a label with reporter dye 

and another with quenching dye hybridizes with the template. While the probe is intact the 

fluorescent emission is absorbed by the quenching dye. During extension phase the probe 

is cleaved resulting in fluorescent emission from the reporter dye (Heid et al., 1996). 

Another widely used dye is SYBR® green which is a molecular probe with high affinity for 

double stranded DNA and emits fluorescence upon DNA binding (Schneeberger et al., 

1995). The fluorescent signal is measured simultaneously to quantifying the product 

through polymerase chain reaction cycling. The quantitative endpoint of a sample is 

defined as the cycle threshold (CT), which is the PCR cycle where the fluorescent signal 

exceeded background level (Schmittgen and Livak, 2008).  

There are several methods available for analysing qPCR data. qPCR data can either be 

assessed in an absolute or a relative manner. The comparative CT method, also known as 

the 2-∆∆Ct method, is a relative approach where the target sample expression is compared to 

the target control sample, after normalizing all samples to an internal control sample. This 

method makes several assumptions, the internal control gene has similar expression in all 

samples and PCR efficiencies are close to 100% (Schmittgen and Livak, 2008). 
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In the comparative method CT values are first normalized to the internal control samples, 

preferably two or more different housekeeping genes, by subtracting the CT value of each 

target gene sample from the CT value of the corresponding control samples. The 

normalized values are referred to as ∆CT. The ∆CT value of a target gene sample can then 

be subtracted from the ∆CT value of the target gene control sample, giving the ∆∆CT value. 

The ∆∆CT of the control sample will equal zero, so that the fold change, calculated as          

2-∆∆CT, will equal one and fold change of the target gene samples will represent fold change 

in gene expression relative to the control sample (Livak and Schmittgen, 2001). 

Primer efficiencies are evaluated by making a 10-fold serial dilution of a DNA sample and 

then plotting the cycle threshold as a function of log(dilution). The plot is expected to be 

linear with a negative slope, where the slope is -3,33 when primer efficiency is 100%. 

Efficiency of 100% means the DNA is being doubled in each cycle. Usually, primer 

efficiency between 90-110% is accepted (Svec et al., 2015). 

For continuous data, such as comparative qPCR results, statistical analysis methods that 

are based on mean values are applicable. A students t-test can be used to determine if two 

populations, or sets of data, are significantly different from each other, on the condition 

that the populations follow normal distribution, regardless of sample size, or the sample 

size is large, if the distribution is unknown. Sample size, standard deviation, and mean 

values are taken into account to define the t-score which then either lands within or outside 

the defined confidence intervals. If the t-score lands outside the confidence intervals the 

null-hypothesis is rejected and the difference between the two sets of data can be viewed as 

significant (Anna Helga Jónsdóttir and Sigrún Helga Lund, 2015).    

1.3.2 Altering AMP expression and inducing inflammatory 

response 

Mast cell degranulation and gene expression can be affected in various ways, by inducing 

inflammatory response, increasing AMP expression or activating MCs directly for 

example. Lipopolysaccharide (LPS) is a bacterial endotoxin that causes a rapid immune 

response through interaction with TLR4 receptors on macrophages. The LPS induced 

cascade leads to production of a variety of proinflammatory cytokines and to the 

transcription of the inducible isoform of nitric oxide synthase (iNOS) in the peripheral 

cavity. The cytokines are able to cross the blood-brain barrier (BBB), where they activate 

resident microglia, endothelial cells and vagal afferents, leading to activation of 

inflammatory responses in the brain (Okuyama, 2013; Poeser and Wakabayashi, 2009).  

Compound 48/80 is another factor that promotes inflammatory response. Compound 48/80 

administration has been generally assumed to activate and degranulate mast cells 

specifically and this has been supported by experiments in various animal models where 

injection of compound 48/80 evoked inflammatory response. Compound 48/80 is a mixed 

polymer of p-methoxy-N-methyl phenylethylamine crosslinked by formaldehyde. 

Administration of compound 48/80 leads to non-IgE dependent mast cell activation 

(Schemann et al., 2012). C48/80 activates the recently described GPCR murine mast cell 

receptor MrgprB2. It was also demonstrated that C48/80 induced mast cell activation was 

abolished in MrgprB2 mutant mice (McNeil et al., 2015).  

4-phenylbutyrate (4-PBA), a short chain fatty acid (SCFA), has previously been identified 

as an inducer of AMP expression in humans (Steinmann et al., 2009). LL-37 is expressed 
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in colonocytes, where it serves as first line of antimicrobial defense in the colon. SCFA 

serve as a primary substrate for colonocyte metabolism and butyrate has been shown to 

increase the LL-37 expression in enterocytes by inducing differentiation of cells in the 

deeper crypt epithelium, which do not express LL-37 until after differentiation (Schauber 

et al., 2002). Since then, butyrate has been found to increase Cramp expression in various 

cell types, such as lung epithelium, neutrophils, and monocytes (Does et al., 2012).  

Albumin has been demonstrated as a proinflammatory agent in a range of studies. Albumin 

administration has been shown to directly influence the immune system, for example by 

inducing NF-KB dependent proinflammatory gene expression, in vitro and in vivo, and 

causing inflammatory response in cells such as macrophages (Poteser and Wakabayashi, 

2009; Wheeler et al., 2011). The methylated BSA (mBSA) induced peritonitis mouse 

model has been used to study induction, resolution and the adaptive phase of inflammation. 

In this model, mice are immunized subcutaneously with mBSA and complete Freund’s 

adjuvant. This activates both the innate- and adaptive immune system. Then the adaptive 

immune system is reactivated by mBSA injection, without adjuvant, resulting in 

inflammation (Valgerður Tómasdóttir et al., 2014). 

1.3.3 Dot blot analysis 

The dot blot method is a simple and quick way to detect proteins. The method involves the 

use of antibodies to identify a protein that has been bound to a nitrocellulose- or PVDF 

membrane. The method differs from Western blots by skipping the electrophoretic protein 

separation step and can therefore not be used to determine the molecular weight of a 

protein or to distinguish between different protein forms. The method is convenient to 

identify the presence of certain proteins in a sample and get an estimate of protein 

concentrations. 

The dot blot assay includes spotting a nitrocellulose- or PVDF membrane with small 

volumes of the samples from which a certain protein is to be identified. The membrane is 

blocked with blocking agents such as BSA or milk, then incubated with primary antibodies 

specific to the protein to be identified and subsequently with secondary antibodies that 

recognize the primary antibodies and carry a fluorescent compound by which the proteins 

can be identified using a fluorescent imaging system. Washing steps are carried out in 

between with a rinsing buffer such as PBS. 

To estimate the concentration of the target protein in a sample the intensity of fluorescent 

signal is compared to the intensity of signal from a series of the protein of interest at 

known concentrations. 
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Materials and methods 

1.3.4 Animals 

The C57BL/6 mouse strain, also known as Black 6, is one of the most well-known and 

widely used inbred mouse strain as a genetic background for mutant mice. All wild type 

mice referred to in this thesis are from the C57BL/6J sub strain. 

The Mitfmi-vga9/mi-vga9 mutant mouse strain is generated by breeding mice homozygous for a 

transgene insertion of 882 bp in the Mitf-M promoter, which is accompanied by a small < 6 

kb deletion. This mutation leads to the MITF protein not being expressed. Phenotypes 

expressed by these mice are white fur colour, microphthalmia and early onset of deafness 

(Hodgkinsson et al., 1993). Lack of the MITF protein has many effects in development. 

MITF-M is a master regulator of melanocytes, which are neural-crest derived cells which 

produce melanin. MITF-M is required for survival of melanoblasts, causing the lack of 

melanin seen in this mouse strain. What makes this strain the best fit for negative control in 

this research is their lack of mast cells. Mast cells originate from hematopoietic progenitors 

from bone marrow. Hematopoietic stem cells require MITF to differentiate into mast cells, 

without MITF they‘ll only differentiate into other blood cell types, meaning that the Mitfmi-

vga9/mi-vga9 mutant strain do not have mature mast cells. Furthermore, MITF activates c-Kit 

receptor tyrosine kinase (KIT), which is crucial for the development and survival of mast 

cells. Additionally, these mice lack melanocytes and the lack of MITF causes osteopetrosis 

due to defects in osteoclasts and deficits in retinal pigment epithelial cells (Atacho, 2018).  

The effects of intraperitoneal BSA administration on meningeal gene expression were 

explored. C57BL/6J mice were immunized subcutaneously with mBSA and complete 

Freund‘s Adjuvant. Six hours before sacrifice they were challenged by intraperitoneal 

injection of mBSA in PBS. This was done by another research group as these mice were a 

part of another study. Moreover, the C57BL/6J BSA treated mice were ordered from 

Taconic Biosciences, while untreated wild type mice used in this research project were 

ordered from the Jackson Laboratory. 

 

1.3.5 Gene expression analysis 

RNA was isolated using the Direct-zolTM RNA miniprep plus kit from Zymo research and 

cDNA was generated with the High-Capacity cDNA Reverse Transcription Kit from 

Applied BiosystemsTM (the methods for RNA isolation and cDNA generation are described 

in Appendix). qPCR was performed on the 7500 Real-time PCR system from Applied 

BiosystemsTM (preparation of samples and thermal cycling conditions are described in 

Appendix). 

Primers 

Cramp specific primers were attained from two different research papers (Pfeil et al., 2016; 

Gallo et al., 1997) and the quality of the two sets of primers was evaluated before use. 
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Primer efficiency was determined by making 10-fold serial dilutions of a positive control 

cDNA sample from WT mouse spleen and specificity was determined through 

electrophoresis (figure 6). The primers were named Cramp 123 bp and Cramp 262 bp, 

depending on the size of the product. The efficiency of Cramp 123 bp was 78,3% and 

101,8% for Cramp 262 bp. Therefore, the Cramp 262 bp primer pair was used for further 

experiments, henceforth only referred to as Cramp. 

 

Figure 6: (A) Primer efficiency of two different Cramp primers determined by plotting the 

cycle threshold as a function of log(dilution), where dilutions of the DNA template are 10-

fold. The slope for Cramp 123 bp is -3,98 and -3,28 for Cramp 262 bp. The slope is 

expected to be -3,33 when primer efficiency is 100%. (B) Primer specificity checked with 

electrophoresis. Primer specificity is good when the bands are of correct size with no by-

products, and no primer dimers. 

Other primers, Hprt, Mitf, Mcpt4, Cma1 and Actb, were designed on the National Center 

for Biotechnology Information (NCBI) website and ordered through Eurofins Genomics. 

Hprt (hypoxanthine guanine phosphoribosyl transferase) and Actb (actin-β) were used as 

reference genes in all qPCR experiments. Cma1 (mast cell chymase 1, also known as mast 

cell protease 5) and Mcpt4 (mast cell protease 4) are mast cell specific genes and Mitf 

codes for the melanogenesis associated transcription factor, which has been knocked out in 

the Mitf mutant mouse strain. All of these were used for comparisons, or as a positive or a 

negative control, in qPCR experiments. Primers are listed in table 1. 
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Table 1: Nucleotide sequences of primer pairs used in qPCR experiments. 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

Cramp CTGTGGCGGTCACTATCACT GTTCCTTGAAGGCACATTGC 

Hprt GTAATGATCAGTCAACGG CCAGCAAGCTTGCAACCT 

Act CACTGTCGAGTCGCGTCC TCATCCATGGCGAACTGGTG 

Mitf AGCAAGAGCATTGGCTAAAGA GCATGTCTGGATCATTTGACT 

Mcpt4 GCCAAAGAGACTCCCTCTGTGATT GCATCTCCGCGTCCATAAGATACA 

Cma1 CACTGTGCGGGAAGGTCTATAACA TTACTTCCTGCAGTGTGTCGGAG 

 

1.3.6 Altering AMP expression and inducing inflammatory 

response 

Three types of experiments were carried out where mouse meninges were treated with 

different agents; LPS (lipopolysaccharide), 4-PBA (4-phenylbutyrate), C48/80 (compound 

48/80), or no treatment. In every case, mouse calvariums, including the meninges, were 

removed, washed in PBS, and immediately placed in DMEM with 10% fcs (fetal calf 

serum). All samples were incubated at 37°C. After incubation, the calvariums were washed 

again in PBS before removing the meninges and snap freezing them in liquid nitrogen and 

storing at -80°C. 1 mL samples were taken from cell media of each sample and also stored 

at -80°C. RNA was then isolated from the tissue samples and cDNA generated for gene 

expression analysis with qPCR. Wild type and Mitf mutant mice were used in experiments. 

LPS treated samples received 200 ng/mL LPS and were incubated for 120 minutes. 

Samples that were treated with 4-PBA were incubated for 8 hours. Samples that were 

treated with C48/80 received 20 μg/mL and were incubated for 30 minutes.  

 

1.3.7 Dot blot analysis 

The dot blot method was used to detect whether the CRAMP peptide was present in 

samples taken from the cell media, in which the murine calvariums were stored during 

LPS, 4-PBA or C48/80 experiments. The aim was to measure whether the mast cells had 

degranulated during any of the previously mentioned experiments. To determine protein 

concentration serial dilutions of purified CRAMP of known concentrations were prepared 

and used for comparison. 

Nitrocellulose membrane from Macherey-NagelTM PorablotTM, with pore size 0,45 μm, was 

used in dot blot experiments. The assay was carried out as follows: 
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1. 3 μL of each sample were added to the membrane and allowed to dry. 

2. The membrane was incubated in blocking solution for 30 minutes (PBS with 5% 

skimmed milk powder). 

3. The membrane was washed in washing buffer (PBS). Once quickly and then two 

times for 10 minutes. 

4. The membrane was incubated with primary antibodies (anti-CRAMP (1,4 mg/mL) 1-

39 polyclonal rabbit IgG primary antibody from Innovagen AB, diluted 1/1000 in 

PBS with 5% skimmed milk powder) with rotation for 30 minutes. 

5. The membrane was washed the same way as before in PBS. 

6. The membrane was incubated with secondary antibodies (anti-rabbit IgG 800 

antibody diluted 1/10.000 in PBS) with shaking for 2 hours. 

7. The membrane was washed in PBS. Once quickly, once for 10 minutes and once for 

30 minutes. 

The membrane was photographed using Odyssey® imaging system. 

Before performing dot blot on the supernatant samples, they were purified and lyophilized 

in order to increase the protein concentration and the chance of detecting a signal for 

CRAMP in the samples. Proteins were extracted with Oasis® syringe-barrel columns. This 

removes matrix components such as salts. Samples were acidified with 0,1% 

trifluoroacetic acid (TFA) before adding them to the columns. Columns were prepared 

with 100% acetonitrile (ACN) and 0,1% TFA. After adding the acidified samples to the 

columns, salts were eluted with 20% ACN and the flow-through discarded. Collection 

tubes were then placed under the columns and the samples collected with 80% ACN and 

0,1% TFA.  

Samples were frozen in liquid nitrogen before placing them in the vacuum pump 

instrument. Vacuum was set to max, sample temperature to 4°C and samples lyophilized 

for 18 hours.  After lyophilisation the proteins form a dry pellet which was then re-

dissolved in 8 μL dH2O, just enough to dissolve the pellet, increasing the concentration 

125-fold (from a volume of 1 mL). 
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2 Results  

2.1 Gene expression comparisons 

Gene expression comparisons were made with comparative qPCR, where expression in 

Mitf and BSA challenged mice were compared with wild type. All results were normalized 

to two housekeeping genes, Actb and Hprt, before comparing them to the WT samples.  

Meninges were collected and snap frozen in liquid nitrogen and stored at -80°C, before 

isolating the RNA and generating cDNA. RNA yields from meninges tend to be low and 

haemoglobin contamination presumably caused PCR inhibition in some cases. Four 

samples from wild type meninges were used, four from BSA challenged mice and two 

from mutant mice. Moreover, each sample was prepared in triplicates, making qPCR 

results for each sample an average of three. Because of these small sample sizes variance 

between individuals can have large effects, sometimes creating large error bars. 

2.1.1 Mitf is expressed in Mitfmi-vga9/mi-vga9 mice 

First, Mitf expression was compared in the three different mouse groups: WT, Mitf mutant 

and WT challenged with BSA (figure 7). Expression in the two latter groups were 

compared to WT and different expression evaluated with t-tests, assuming samples have a 

normal distribution. Interestingly, Mitf expression was detected in the Mitf mutants. Since 

the Mitfmi-vga9/mi-vga9 has a mutation in the Mitf-M promoter (transgene and a small deletion) 

some level of gene expression is not unusual, though the protein is not expressed. 

According to the t-test there is no considerable difference in Mitf expression between 

mutants and WT, keeping in mind that great error bars, caused by small sample sizes, make 

it harder to draw any assumptions. There was however a significant difference in Mitf 

expression between WT and WT challenged with BSA.  
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Figure 7: (A) qPCR results for Mitf expression in WT (n = 4), WT challenged with BSA (n 

= 4), and Mitf mutant mice (n = 2). Expression in WT is defined as 1 (100%) and 

expression in the other two groups compared to WT. (B) qPCR products from the same 

qPCR experiment as in figure (A). Correct size of products confirmed. 

2.1.2 Mast cell markers are not expressed in Mitf mutants 

Though some Mitf gene expression was observed in Mitfmi-vga9/mi-vga9 mice there should be 

no protein expression. No MITF expression results in complete lack of mast cells. To 

confirm this, qPCR was performed on two MC specific genes; Mcpt4 (MCP-4) and Cma1 

(MPC-5). As expected, there was no expression detected in Mitf mutants. Again, 

expression of both mast cell markers was surprisingly low in BSA challenged mice, and 

the difference was significant according to t-test for both genes (figure 8). 

 

Figure 8: qPCR results for expression of the mast cell markers, Mcpt4 (A) and Cma1 (B), 

in WT (n = 4), WT challenged with BSA (n = 4) and Mitf mutant mice (n = 2). Expression 

in WT is defined as 1 (100%) and expression in the other two groups is compared to WT. 
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2.1.3 Meningeal mast cells express Cramp 

Before conducting further experiments on the murine antimicrobial peptide, CRAMP, it 

was confirmed that the gene is indeed expressed in the wild type meninges. To assess 

whether the Cramp expression detected in the WT meninges originates from meningeal 

mast cells, Cramp expression in Mitf mutant mice was measured. Mitf mutant mice do not 

possess mast cells and if the Cramp expression is in fact restricted to mast cells they should 

not exhibit any Cramp expression.  

Some Cramp expression was detected in one mutant sample, but not in the other. While it 

is possible that Cramp expression in that sample was undetectable, it is also possible that 

the cycle threshold value exceeded the number of cycles (CT > 40). In cases of non-

detected samples, approximation methods, such as expectation-maximization (EM), are 

available, but do not offer much reliability where the sample size consist of only two 

individuals. Therefore, Cramp expression detected in the individual Mitf mouse (average 

from three samples) was compared to WT (figure 9) and the non-detected samples were 

left out. 

 

Figure 9: qPCR results for Cramp expression in Mitf mutant mice (n = 1) compared to WT 

mice (n = 4). Expression in WT is defined as 1 (100%) and Mitf expression compared to 

WT. 

Regardless of the slight Cramp expression detected in the Mitf mutants, there was still a 

significant difference in Cramp expression between WT and mutants, according to t-tests. 

Therefore, one can assume that MCs are the primary source of Cramp expression in the 

meninges. However, it should be noted that melanocytes are also absent in the Mitf mutant 

mice and melanocytes have been described in the meninges, though their role there is 

currently unknown (Guðjohnsen et al., 2015). In any case, Cramp expression in 

melanocytes has not been documented. 
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2.1.4 CRAMP expression not altered in BSA challenged mice 

While expression of Mitf and the mast cell markers, Mcpt4 and Cma1, was low, expression 

of Cramp did not seem to be significantly altered in the BSA challenged mice compared to 

untreated WT (figure 10). Expression of Cramp was somewhat higher in BSA challenged 

mice, but the difference is not significant according to t-tests.  

 

Figure 10: qPCR results for Cramp expression in BSA challenged WT mice (n = 4) 

compared to WT mice (n = 4). Expression in WT is defined as 1 (100%) and the BSA 

challenged group compared to WT. 

2.2 Mast cell degranulation measured with dot 

blot 

Cells treated with LPS and 4-PBA, stored in DMEM + 10% fcs, were not viable after 

incubation at 37°C for 2 hours and 8 hours, respectively. C48/80 treated cells were still 

viable after 30 minutes incubation, though it cannot be ruled out whether some level of cell 

death and RNA degradation had occurred, suggesting the treatment conditions are only 

suitable for short term storage of dissected tissues. As a result, RNA degradation caused 

low to no RNA yields making qPCR Cramp expression comparisons difficult or 

impossible, and unreliable (data not shown). Therefore, mast cell degranulation was 

addressed by dot blotting. 

First, dot blot was performed on standard CRAMP peptide of known concentration. Serial 

dilutions were made to check the sensitivity and specificity of the antibodies and the 

method. CRAMP concentrations used were 1000 ng/μL, 100 ng/μL, 50 ng/μL, 10 ng/μL, 1 

ng/μL and 0 ng/μL. Samples were diluted in dH2O. Another CRAMP sample was quickly 

heated to 98°C for 30 seconds, before preparing another series of dilutions. The reason is 

the peptides tendency to aggregate. Heating the CRAMP samples beforehand did not seem 

to affect the results, therefore other samples were not heated (figure 11).  
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Figure 11: Dot blot results. Serial dilutions of standard CRAMP peptide of known 

concentration were made to evaluate the sensitivity and specificity of the dot blot method 

and the CRAMP antibody. Since the peptide tends to aggregate one serial dilution was 

made of CRAMP at 4°C and another one after heating (98°C for 30 sec). Every dot 

contains 3 μL. 

Next, dot blot was performed on samples from LPS, 4-PBA and C48/80 treated meninges 

from WT mice. WT meninges stored in DMEM + 10% fcs at 37°C were treated with LPS 

(200 ng/mL), 4-PBA (4 mM) or C48/80 (20 μg/mL) and incubated for 2 hours, 8 hours and 

30 minutes, respectively. The control sample received no treatment and was incubated for 

30 minutes. After incubation, 1 mL samples were collected from the cell media, the 

proteins extracted and lyophilized and then the proteins were re-dissolved in 8 μL dH2O, 

increasing the protein concentration 125-fold. Three μL of every sample were placed on 

the membrane for dot blot analysis (figure 12). A serial dilution of the standard CRAMP 

peptide was also prepared to roughly evaluate CRAMP concentration of the samples. 

However, the standard peptide was flawed this time and could not be used for comparison. 

Abundant signal was detected in the sample treated with C48/80. CRAMP was also 

detected in the sample treated with 4-PBA and slight signal was detected in the LPS treated 

sample. 
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Figure 12: Dot blot results. Serial dilutions were made of the standard CRAMP peptide as 

a positive control and for concentration comparison. However, the standard peptide was 

flawed and could not be used to evaluate concentration (top row). 3 μL of every sample 

were placed on the membrane. All samples were collected from cell media from WT 

meninges (bottom row). Each received treatment with different compounds, LPS, 4-PBA 

and C48/80. The sample labelled control was from meninges that did not receive any 

treatment and served as a negative control. 

If mast cell degranulation is in fact responsible for CRAMP detected in the previous dot 

blot, no CRAMP should be detected after C48/80 treatment of meninges from Mitf 

mutants. To evaluate whether this was the case a new experiment using Mitf mutant mice 

was set up and dot blot performed to compare CRAMP degranulation between WT and 

Mitf meninges. Surprisingly, abundant concentration of CRAMP was detected in Mitf 

mutant meninges in response to C48/80 treatment (figure 13), despite lack of mast cells. 

This contradicts the general believe that C48/80 directly activates mast cells. Therefore, 

C48/80 must be activating other cells, and these cells must be another source of CRAMP, 

or activating other sources of CRAMP. 



21 

 

Figure 13: Dot blot results. Serial dilutions were made of the standard CRAMP peptide as 

a positive control and for concentration comparison. However, the standard peptide was 

flawed and could not be used to evaluate concentration (top row). 3 μL of every sample 

were placed on the membrane. Samples were taken from cell media from meninges that 

received treatment with C48/80 or no treatment, serving as a negative control (bottom 

row). Samples on the left are from WT mice and Mitf mutant on the right.  
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3 Discussion 

The low expression of Mitf detected in BSA challenged mice might be correlated with the 

low expression detected for the mast cell markers, since MITF has been shown to regulate 

the expression of Cma1 (Morii et al., 1997). However, nothing has been reported on MITF 

effects on Mcpt4. The difference observed between mice treated with BSA and untreated 

mice could be explained by the difference between the C57BL/6J mice bred at Taconic 

Bioscience and Jackson Laboratory. Meningeal Cramp expression did not seem to be 

affected in this inflammation model.  

Mitf expression was detected in mutant mice, suggesting that the Mitfmi-vga9/mi-vga9 mutation 

does not completely eliminate Mitf gene expression, though the protein is not expressed. 

Cramp expression was detected both in WT mice and mutants. Considering that the Mitf 

mutant mice do not have mast cells implements other cells as a source of Cramp 

expression in the meninges, as was confirmed with dot blot. In addition to neutrophils 

Cramp is expressed in epithelial tissues and abundant Cramp expression has been detected 

in early to intermediate myeloid precursors in peripheral blood circulation and bone 

marrow of the mouse (Popsueva, 1996; Zasloff, 2002; Carman, 2008). Additionally, 

CRAMP has been detected in the CNS (central nervous system) in the rat model (Bergman 

et al., 2005). 

CRAMP was detected in dot blot experiments in response to C48/80 treatments and 

slightly in response to 4-PBA and LPS, but little to none in untreated controls. CRAMP 

was most abundant after C48/80 treatment, but to be able to tell whether C48/80 is more 

effective than the other two or if effects are dose dependent, standard curve should be 

created for each compound by testing different concentrations. Other concentrations were 

not tested in this research project. 

CRAMP detected in mutant mouse meninges treated with C48/80 implements other cells 

than mast cells as a source of CRAMP. There have been numerous studies questioning the 

selectivity of compound 48/80 and one study has shown that C48/80 actually directly 

activates neurons, independently of mast cells (Schemann et al., 2012). Nerves in the 

meninges respond to the trigeminal ganglia, where their cell bodies reside and therefore the 

cell’s nucleus. When dissecting the meninges for in vitro experiments the trigeminal 

ganglia was removed, along with any genes expressed by the neurons, but not necessarily 

proteins. This might explain CRAMP protein being detected, while there was little to no 

expression of the gene. This could either mean CRAMP proteins are expressed in these 

neurons and they are also activated by compound 48/80, or activation of mast cells and 

possibly neurons could subsequently be activating other afferents expressing CRAMP. 

CRAMP has previously been detected in the CNS in the rat model. Regions of the CNS 

that have connection to the periphery offer a route of transport for pathogens to enter the 

CNS, possibly explaining the need of antimicrobial activity in the CNS (Bergman et al., 

2005). 
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4 Conclusions 

A few things can be concluded with confidence. Cramp is expressed in the meninges of 

wild type mice and possibly to some extent in Mitf mutant mice, implementing another 

source of Cramp expression. CRAMP is secreted in response to C48/80 dependent mast 

cell activation and C48/80 might also activate neurons. The other compounds tested, 4-

PBA and LPS might induce CRAMP secretion, but other concentrations should be tried to 

confirm this. Moreover, Mitfmi-vga9/mi-vga9 mutant mice seem to have some level of Mitf gene 

expression, though the protein is not expressed.  

These results indicate meningeal mast cells, and possibly neurons, as a source of CRAMP 

and CRAMP secretion is correlated with mast cell, and possibly neuron, activation. 

Considering that meningeal mast cells and neurons are activated during migraine attacks 

suggests CRAMP as a possible candidate in migraine. Experiments need to be repeated and 

further studies conducted as these results are only indications.  
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5 Future research 

Overall, results are only indicators until they have been confirmed with more precise 

methods and experiments repeated to increase sample sizes and decrease errors. Size of the 

protein detected with dot blots performed in this research project should be confirmed with 

Western blots. To gain further understanding of CRAMP secretion in the meninges in 

response to the different compounds tested, LPS, 4-PBA, and C48/80, other concentrations 

should be tried and a dosage curve created, if CRAMP secretion turns out to happen in a 

dose dependent manner. Larger sample sizes are also needed to make reliable assumptions 

from gene expression comparisons. 

The secretion of CRAMP in the meninges in response to activation of mast cells and 

possibly neurons makes it a potential candidate in migraine. Furthermore, if CRAMP is 

also secreted from neurons it could possibly be secreted along with CGRP during migraine. 

The correlation between migraine attacks and CRAMP secretion, or LL-37 secretion in 

humans, should be investigated. A possible approach is to compare LL-37 concentration in 

serum from migraineurs under normal circumstances and during migraine attacks. 
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Appendix 

RNA isolation 

Tissue samples were homogenized and then the RNA was purified using Direct-zolTM 

RNA miniprep plus kit. The protocol has been modified in the last step (see below), where 

the RNA is eluted in 50 μL of RNase-free water instead of the recommended 100 μL. The 

reason is low RNA yields from meninges. The modified protocol is as follows: 

1. Lyse samples in equal volume of TRI Reagent® and centrifuge. 

2. Add equal volume of ethanol (95-100%) and mix. Transfer mixture into a Zymo 

SpinTM IIICG column in a collection tube and centrifuge. Transfer column into a 

new collection tube and discard the flow-through. 

3.  Add 400 μL RNA wash buffer to the column and centrifuge. 

4. Mix 5 μL DNase I (6 U/μL) and 75 μL DNA digestion buffer in an RNase-free tube. 

Add the mix to the column and incubate at room temperature for 15 minutes. 

5. Add 400 μL Direct-zolTM RNA pre-wash to the column and centrifuge. Discard the 

flow-trough and repeat this step. 

6. Add 700 μL RNA wash buffer to the column and centrifuge for 2 minutes. Transfer 

the column into an RNase-free tube. 

7. Add 50 μL of RNase-free water to the column and centrifuge, to elute the RNA. 

 

cDNA generation 

cDNA was generated with the High Capacity cDNA Reverse Transcription Kit from 

Applied BiosystemsTM. 20 μL reactions were prepared as described in table 2. The thermal 

cycling conditions for the reverse transcriptase reaction were 25°C for 10 minutes, 37°C 

for 120 minutes, 85°C for 5 minutes and then hold at 4°C. 
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Table 2: Reaction mixture components for cDNA generation. 

Component Volume (μL) 

10x RT buffer 2,0 

25x dNTP mix (100 mM) 0,8 

10x RT random primers 1,0 

Nuclease-free H2O 4,2 

RNA 10 

 

Reaction mixture and thermal cycling conditions for qPCR 

The proportions of reaction components were optimized to best suit cDNA samples from 

the meninges, but difficulties in RNA isolation from the meninges initially caused some 

problems for PCR amplification. Ultimately all reaction mixtures were prepared with 5 μL 

SYBR® green master mix, 0,25 μL of forward- and reverse primers (10 μM), 3,5 μL dH2O 

and 1 μL of cDNA template for a final volume of 10 μL in each well. Thermal cycling 

conditions are listed in table 3. 

Table 3: Thermal cycling conditions for qPCR. 

Temperature Time Cycles 

50°C 2 min 1 

95°C 10 min 1 

95°C 10 sec 
40 

60°C 1 min 

   

Students t-test 

All qPCR results were analysed with students t-test to evaluate whether the difference 

detected in gene expression between sample groups were relevant. An example of students 

t-test calculations follows: 

Null hypothesis: there is no difference in Mitf expression between Mitf mutant mice and 

WT mice. 

n = 3, μ0 = 9,471, s = 2,853, x = 11,394, α = 0,05 
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where n is the sample size, μ0 is the average ∆CT value and s is the standard deviation, in 

the mutant group which is being compared to WT. x is the average ∆CT value in the WT. 

The t-score is calculated as follows: 

  =  = 1,167 

Degrees of freedom are defined as k = n – 1 = 2. Therefore, the rejection region will be: 

t1-0,05/2,(12-1) = 0,975, 2 = 4,303 

The rejection region is determined according to the t-distribution where the random 

variable, ta, has the odds a to be a value smaller than ta (Anna Helga Jónsdóttir and Sigrún 

Helga Lund, 2015).  

1,167 falls in between -4,303 and 4,303, meaning that the null hypothesis is not rejected 

and difference in Mitf expression between the two groups cannot be considered significant. 

 


