
Institutionen för fysik, kemi och biologi 
 
 
 
 
 
 

Examensarbete 
 

Heat-sensitive TRP channels detected in pancreatic beta 
cells by microfluorometry and western blot 

 
Kristina Kannisto 

Examensarbetet utfört vid Institutionen för klinisk forskning och 
utbildning, Forskningscentrum, Karolinska Institutet, Södersjukhuset 

11th December 2007 
 

LITH-IFM-EX--07/1888—SE 
 
 
 
 
 
 

 
 
 
 
 
 
 

Linköpings universitet Institutionen för fysik, kemi och biologi 
581 83 Linköping 



Institutionen för fysik, kemi och biologi 
  
 
 

 
Heat-sensitive TRP channels detected in pancreatic beta 

cells by microfluorometry and western blot 
 

Kristina Kannisto 
 

Examensarbetet utfört vid Institutionen för klinisk forskning och 
utbildning, Forskningscentrum, Karolinska Institutet, Södersjukhuset 

 
11th December 2007 

 
Handledare 

Md. Shahidul Islam 
Amanda Jabin Gustafsson 

 
Examinator 

Lars-Göran Mårtensson 
 
 
 
 
 
 
 

 
 
 

 
 



 

Datum  
11th December 2007 

 

 

Avdelning, institution 
Division, Department 
 
Chemistry 
Department of Physics, Chemistry and Biology 
Linköping University 
 

URL för elektronisk version 

ISBN 
 
ISRN: LITH-IFM-EX--07/1888--SE 
_________________________________________________________________ 
Serietitel och serienummer ISSN 
Title of series, numbering ______________________________ 
 

 
 

Språk 
Language 
 

 Svenska/Swedish 
 Engelska/English 

 
 

 ________________ 

Rapporttyp 
Report category 
 

 Licentiatavhandling  
 Examensarbete 
 C-uppsats 
 D-uppsats     
 Övrig rapport 

 
 

 _____________  

Titel 
Title 

Heat-sensitive TRP channels detected in pancreatic beta cells by microfluorometry and western 
blot 
 
Författare 
Author 

Kristina Kannisto 

Nyckelord 
Keywords 

Diabetes, Insulin, Ca2+ signalling, TRP, TRPV1, TRPM2, Capsaicin, Capsazepine, Ruthenium red 

Sammanfattning 
Abstract 

The calcium ion (Ca2+) is an important ion involved in intracellular signalling. An increase in the free intracellular 
calcium concentration ([Ca2+]i) is essential for triggering insulin secretion from pancreatic beta cells. Beta cell death or 
disturbed insulin secretion are key factors in the pathogenesis of type 1 and type 2 diabetes respectively. A number of 
Ca2+ channels located on the plasma membrane or on the endoplasmic reticulum (ER) mediate Ca2+ increase in beta 
cells. Among the plasma membrane Ca2+ channels, members of the Transient Receptor Potential (TRP) family are 
currently of great interest. Transient Receptor Potential Vanilloid subtype 1 (TRPV1) is one of the 28 members of the 
TRP family. This ion channel is activated by heat and pungent chemicals like capsaicin. The main aim of this study 
was to investigate if functional TRPV1 channels are present in insulin secreting cells. Further more we examined if 
TRP channels could be studied by using microfluorometry in single cells. A third objective was to investigate if 
members of the TRP family could be identified by western blot.  
 
We used S5 cells, a highly differentiated rat insulinoma cell line, as a model of beta cells. A ratiometric fluorescence 
technique was used for measurement of [Ca2+]i

 concentration from single Fura-2 loaded cells. [Ca2+]i was measured 
continuously using microscope based fluorometry with the time resolution of 1 Hz. For western blot we used proteins 
extracted from S5 cells and human islets. The blots were probed with antibodies directed against both the N-terminal 
and the C-terminal end of the protein. Microscope based fluorometry is a powerful method for studying ion channels 
of the TRP family in single living cells. We found that pancreatic beta cells express functional TRPV1 channels that 
were activated by capsaicin and heat. TRPV1 channels of beta cells are located on the plasma membrane and not on 
the ER. TRP channel proteins can also be detected by the western blot technique. The ease of studying TRP channels 
by microfluorometry and our demonstration of functionalTRPV1 channels in beta cells paves the way for studying the 
role of these channels in insulin secretion and in the pathogenesis of diabetes. 
 

 



Abstract 
Background and aim The calcium ion (Ca2+) is an important ion involved in intracellular 
signalling. An increase in the free intracellular calcium concentration ([Ca2+]i) is essential for 
triggering insulin secretion from pancreatic beta cells. Beta cell death or disturbed insulin 
secretion are key factors in the pathogenesis of type 1 and type 2 diabetes respectively. A 
number of Ca2+ channels located on the plasma membrane or on the endoplasmic reticulum 
(ER) mediate Ca2+ increase in beta cells. Among the plasma membrane Ca2+ channels, 
members of the Transient Receptor Potential (TRP) family are currently of great interest. 
Transient Receptor Potential Vanilloid subtype 1 (TRPV1) is one of the 28 members of the 
TRP family. This ion channel is activated by heat and pungent chemicals like capsaicin. The 
main aim of this study was to investigate if functional TRPV1 channels are present in insulin 
secreting cells. Further more we examined if TRP channels could be studied by using 
microfluorometry in single cells. A third objective was to investigate if members of the TRP 
family could be identified by western blot.  
 
Methods We used S5 cells, a highly differentiated rat insulinoma cell line, as a model of beta 
cells. A ratiometric fluorescence technique was used for measurement of [Ca2+]i

 concentration 
from single Fura-2 loaded cells. [Ca2+]i was measured continuously using microscope based 
fluorometry with the time resolution of 1 Hz. For western blot we used proteins extracted 
from S5 cells and human islets. The blots were probed with antibodies directed against both 
the N-terminal and the C-terminal end of the protein.  
 
Results Capsaicin, an activator of TRPV1, increased [Ca2+]i in a dose-dependent manner with 
a half maximal effective concentration (EC50) ~ 100 nM. In nominally Ca2+ free buffer the 
capsaicin-induced [Ca2+]i increase was completely lost, while the intracellular depots of Ca2+ 
were not emptied as shown by administration of carbachol. The capsaicin-induced [Ca2+]i 
increase was completely blocked by capsazepine, an antagonist of TRPV1.  
 
An increase in temperature in the range of 43 – 49 °C increased [Ca2+]i, whereas temperatures 
< 42 °C did not. In nominally Ca2+ free medium the response to heat was reduced. Subsequent 
administration of carbachol showed that intracellular depots of Ca2+ were not emptied. 
Ruthenium red, an antagonist of TRPV1, also reduced the heat induced [Ca2+]i response. 
 
Another heat-sensitive, Ca2+ permeable protein Transient Receptor Potential Melastatin-like 
subtype 2 (TRPM2) was detected in S5 cells and human islets by western blot. The 171 kDa 
band represents the full length TRPM2 and is clearly visible in human islets, while the 95 
KDa band represents the truncated form of TRPM2 and is more prominent in S5 cells.  
 
Interpretation and conclusions 
Microscope based fluorometry is a powerful method for studying ion channels of the TRP 
family in single living cells. We found that pancreatic beta cells express functional TRPV1 
channels that were activated by capsaicin and heat. TRPV1 channels of beta cells are located 
on the plasma membrane and not on the ER. TRP channel proteins can also be detected by the 
western blot technique. The ease of studying TRP channels by microfluorometry and our 
demonstration of functionalTRPV1 channels in beta cells paves the way for studying the role 
of these channels in insulin secretion and in the pathogenesis of diabetes. 
 
Keywords: diabetes, insulin, Ca2+ signaling, TRP, TRPV1, TRPM2, capsaicin, capsazepine, 
ruthenium red 
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1. Introduction 
This master thesis work was performed at Institutionen för klinisk forskning och utbildning, 
Forskningscentrum, Karolinska Institutet, Södersjukhuset. At Forskningscentrum, researchers 
work within the area of metabolic diseases, e.g. diabetes. Md. Shahidul Islam´s group is 
focusing on development of technical methods for studying ion channels in single living cells. 
In this respect the current emphasis of the group is to elucidate the role of channels of the 
TRP family in Ca2+ signalling in beta cells.  
 
1.1 Background 
An estimated 171 million people worldwide have diabetes and this figure is likely to double 
by the year of 2030. A common feature of diabetes is the lack of insulin. Insulin is produced 
in and secreted from beta cells which reside in the islets of Langerhans in the pancreas. The 
islets of Langerhans contain three different cell types: alpha, beta and delta cells, which have 
different functions in the metabolism. Alpha cells produce glucagon, which has the opposite 
effect of insulin, and delta cells produce somatostatin. The secretion of insulin in response to 
an increase of the glucose concentration in the blood is triggered by an [Ca2+]i increase (fig. 
2.1). The [Ca2+]i is increased due to the opening of ion channels (proteins) in the plasma 
membrane. TRP channels are a group of Ca2+ permeable membrane proteins generally known 
to be responsible for mediating our senses. There seems to be more to these channels though. 
In this thesis it was investigated whether two selected heat-sensitive TRP channels namely 
TRPV1 and TRPM2 are present in pancreatic beta cells. We used a rat insulinoma cell line 
(S5 cells) derived from INS-1E cells as a model for pancreatic beta cells.   
 
1.2 Aim of study 
The main aim of this study was to develop an optimized method for studying heat-sensitive 
TRP channels by using microscope based fluorescence techniques. We intended to identify 
the presence in S5 cells of two heat-sensitive ion channels of the TRP family; TRPV1 and 
TRPM2. Further more we wanted to study whether the TRPV1 channels were functional. 
 
The specific aims were: 
 
� To study the effect of capsaicin on [Ca2+]i in S5 cells. 
� To study the effect of capsaicin in combination with capsazepine on [Ca2+]i in S5 

cells. 
� To study the effect of capsaicin in Ca2+ free buffer on [Ca2+]i in S5 cells. 
� To study the effect of heat > 43 °C on [Ca2+]i in S5 cells. 
� To study the effect of heat > 43 °C in Ca2+ free buffer on [Ca2+]i in S5 cells. 
� To study the effect of heat > 43 °C in combination with ruthenium red on [Ca2+]i in S5 

cells. 
� To investigate the presence of TRPM2 in S5 cells and human islets by western blot. 

 
1.3 Target group 
The target group of this thesis is mainly researchers and students with interests in the area of 
cellular mechanisms of signalling that are responsible for insulin secretion in the context of 
pathogenesis of diabetes. Further more the thesis is aimed at researchers involved in Ca2+ 
signalling and regulation of ion channels. 
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1.4 Thesis outline 
This section describes the outline of the thesis. 
 
Chapter 2 gives the basic connections between diabetes, beta cells, Ca2+ signalling and TRP 
channels. Insulin secretion is mainly controlled by the [Ca2+]i which is normally controlled by 
glucose metabolism, ATP dependent potassium channels (ADPC) and voltage dependent Ca2+ 
channels (VDCC). An alternative way of controlling the [Ca2+]i by Ca2+ permeable ion 
channels such as the TRP channels, is presented.  
 
Chapter 3 presents the experimental methods and the cell culture. A microscope based 
fluorescence method was used for measuring of [Ca2+]i in S5 cells. Western blot was used for 
detecting TRP proteins in S5 cells and human islets. This technique uses the molecular weight 
of the protein and specific antibodies to detect the protein of interest.  
 
Chapter 4 describes the results of the experiments. This chapter contains figures to all 
experiments. 
 
Chapter 5 contains a discussion around the results and the difficulties that had to be 
overcome when working with the cells and the techniques. This section also contains the 
possible errors in the thesis. 
 
Chapter 6 presents ideas for future work in this area. 
 
Chapter 7 gives a detailed description of the protocols and performance of the experiments. It 
contains some information on how the protocols were constructed and why. The procedures 
for growing the cells are also presented.  
 
 



 5 

2. TRP channels in diabetes 
2.1 Diabetes Mellitus 
To date at least 171 million people worldwide have diabetes and this figure is likely to more 
than double by the year of 2030. The global increase in diabetes will occur because of 
population ageing and growth and because of increasing trends towards obesity, unhealthy 
diets and sedentary lifestyles. As the number of diabetics continues to grow throughout the 
world the need for understanding the causes of it and the events that follow increases. There 
are two types of diabetes, type 1 and type 2. 
 
Type 1 diabetes is an autoimmune disease in which the immune system attacks and destroys 
beta cells. It is unclear why this destruction occurs and how the immune system is recruited to 
the beta cells. One report states that it is the TRPV1 channel in beta cell sensory neurons that 
recruits the immune system (1). In type 1 diabetes the beta cells of the pancreas are destroyed 
but alpha cells are not (2). This means that the insulin production is lowered while the 
glucagon production is unaltered and there is still no answer to why it is so. The 
autoimmunity of type 1 diabetics leads to insufficient insulin production and therefore the 
disease is also referred to as insulin dependent diabetes mellitus (IDDM). This form of the 
disease mostly affects children and teenagers. The symptoms occur when enough beta cells 
have been broken down for the insulin production to become insufficient.  
 
Type 2 diabetes is due to a combination of defective insulin secretion and insulin resistance. 
In this form of the disease, as well as in type 1 diabetes, reduced insulin secretion is one of the 
major symptoms. Type 2 diabetes mostly affects elderly or middle-aged people and is closely 
connected to obesity.  
 
2.2 The role of Ca2+ signalling in diabetes 
The glucose homeostasis of our bodies is mainly controlled by skeletal muscle tissue and 
pancreatic beta cells. In these and many other types of cells Ca2+ signalling plays a crucial 
role in cell proliferation, death and secretion. The normal level of [Ca2+]i in the cytosol of the 
cell is approximately 10-7 nM, all though the [Ca2+]i fluctuates during the life cycle of the cell. 
Beta cells reside in the islets of Langerhans in the pancreas where they release insulin into the 
bloodstream by exocytosis. The general idea of how this exocytosis occurs (fig 2.1) is that 
elevated glucose levels in the blood increase the intake through glucose transporter 2 
(GLUT2) and metabolism of glucose in the cell. This leads to the production of ATP which in 
turn increases the ATP:ADP ratio and closes ADPC in the plasma membrane. This in turn 
leads to depolarisation of the plasma membrane from -70 mV to -40 mV which opens VDCC 
to let Ca2+ into the cell. When [Ca2+]i increases, insulin is released through exocytosis. The 
mechanisms of Ca2+ triggered exocytosis have been described before and are considered a 
fairly well understood phenomenon. (3-5) This glucose-mediated [Ca2+]i increase happens 
through influx of Ca2+ through channels in the plasma membrane, but there are other 
pathways that lead to an increase in [Ca2+]i even when no extracellular Ca2+ is present.  
 
The ER is a depot of intracellular Ca2+. This stored, intracellular Ca2+ can be released if the 
cell is stimulated with acetylcholine analogues like carbachol (Cch) (fig 2.2). Carbachol acts 
through muscarinic receptors which are G-protein coupled receptors found in the plasma 
membrane. When carbachol binds to the receptor, an intracellular signalling cascade goes off. 
It starts with phospholipase C (PLC) which is activated by the G-protein. Phospholipase 
hydrolyzes the phosphodiester link of Phosphatidylinositol (4,5)-bisphosphate (PIP2) and the 
products of this hydrolysis is inositol trisphosphate (IP3) and diacylglycerol (DAG). The IP3 
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pathway continues by activating the IP3 sensitive Ca2+ receptor located in the membrane of 
the ER and in this way Ca2+ is released.  
 
Throughout this thesis it is assumed that an increase in the [Ca2+]i leads to insulin release 
(6;7). The changes in [Ca2+]i levels that we have focused on in this thesis are not mediated 
through voltage dependent channels (VDC) (fig 2.1) but through channels previously 
unknown to exist in beta cells. 
 
 

GLUT2

Glucose
metabolism

ATP/ADP

ADPC

Channel closes, 

membrane depolarizes

VDCC

Ca2+

Glucose

 
Figure 2.1. Schematic representation of a beta cell. When glucose levels in the blood increase, 
passive transport of glucose through GLUT 2 increases as well as glucose metabolism in the 
cell. The ATP:ADP ratio in the cell goes up and this closes ADPC in the plasma membrane 
which depolarizes the cell membrane from -70 mV to -40 mV. Depolarization opens VDCC 
which let Ca2+ into the cell. 
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ER

Ca2+

Ca2+ permeable 
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CChR
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PLC
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IP3

DAG

 
Figure 2.2. Schematic representation of a beta cell. CCh binds to its receptor (CChR) which is 
a muscarinic G-protein coupled receptor that activates PLC. PLC hydrolyses PIP2 into DAG 
and IP3. In the membrane of the ER there is a Ca2+ permeable IP3 receptor which is activated 
by IP3 and it lets stored Ca2+ from the ER out into the cell. 
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2.3 TRP proteins 
The TRP superfamily consists of a diverse group of cation channels. This superfamily is 
divided into seven subfamilies; TRPC, TRPM, TRPV, TRPA, TRPP, TRPML and TRPN 
which comprise various numbers of members. All TRP proteins consist of six transmembrane 
domains and the TRPs are assumed to assemble into homo or hetero tetramers which form 
channels through the membrane. Many members of the TRP family are permeable for Ca2+ 
but their permeability ratios (PCa/PNa) vary considerably.  
 
The TRP channels are involved in mediating most of our senses, including hearing, vision, 
smell, thermo sensation and taste. They were first discovered in Drosophila Melanogaster 
(fruit fly) where a mutation in TRPC, the “classical” or “canonical” TRP, caused temporary 
blindness in the flies when they were subjected to light. The response to light in these flies 
was transient rather than continuous, hence the name Transient Receptor Potential (8;9).  
 
TRP channels are ubiquitously expressed and have a wide variety of activators and functions, 
many of which are still unknown. There are several reports on TRP channels in pancreatic 
beta cells (10;11) and some have even been suggested to be involved in the exocytosis of 
insulin from beta cells (12). It seems that these channels respond to different stimuli and 
interact with each other through a complex network of signals.  
 
Insight into thermo sensitivity of the so called thermo TRPs has been greatly increased since 
Caterina et al. cloned TRPV1 in 1997 (13). Today there are at least nine known thermo TRPs; 
TRPV1, TRPV2, TRPV3, TRPV4, TRPM2, TRPM4, TRPM5, TRPM8 and TRPA1 (14). 
Two of these have been studied in this thesis. 
 
Table I List of thermo sensitive TRP channels and their temperatures of activation. 
Channel  Threshold 
TRPV1  43 °C 
TRPV2  52 °C 
TRPV3  30 – 39 °C 
TRPV4  27 °C  
TRPM2  35 °C 
TRPM4  15 – 35 °C 
TRPM5  15 – 35 °C 
TRPM8  23 – 28 °C 
TRPA1  17 °C 

2.3.1 TRPV1 
TRPV1 is a non-selective Ca2+ channel which is primarily present in dorsal root ganglia 
(DRG) and activated by heat (> 43 °C), vanilla and capsaicin, the substance that makes chilli 
hot. There has been contradicting reports on the existence of TRPV1 in pancreatic beta cells. 
One group has found this channel in beta cells from rat pancreas as well as in rat beta cell 
lines RIN and INS1 by immunohistochemistry (15). Two years later, another group reported 
absence of TRPV1 in beta cells of NOD-mice but strong evidence for the presence of TRPV1 
in beta cell sensory neurons (1). In these, TRPV1 was shown to play a critical role in 
recruiting autoimmune responses to beta cells in diabetes type 1.  

2.3.2 TRPM2 
TRPM2 has been reported to be heat-activated by temperatures > 35 °C as well as 
nicotinamide adenine dinucleotide (β-NAD+), adenosine 5´-diphosphoribose (ADPR) and 
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hydrogen peroxide (H2O2) (12;16). Activation of TRPM2 by oxidative stress has been shown 
to enhance susceptibility of the cell to cell death and inhibition of the same channel enhances 
cell survival (17). TRPV1 and TRPM2 are both associated with the immune system (18-21), a 
link that undoubtedly makes them interesting in the area of diabetes type 1.  
 
 

  

P

TRP 
domain

Cell 
membrane

Intracellular

Extracellular

C

N

 
Figure 2.3 Schematic representation of molecular architecture of TRPV1. The TRP domain is 
a highly conserved amino acid sequence found in various numbers in five of the seven 
subfamilies (9).  
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3. Experimental methods 
3.1 Cell culture 
We used a highly differentiated rat insulinoma cell line (S5-cells) derived from INS-1E cells. 
The cells were cultured in RPMI-1640 medium supplemented with fetal bovine serum (2.5%, 
v/v), penicillin (50 i.u./ml), streptomycin (50 µg/ml), 2-mercaptoethanol (500 µM), HEPES 
(10 mM), and sodium pyruvate (1 mM). Cells were incubated at 37 °C in humidified 
incubator in 5 % CO2. The medium was changed every other day and cells were passaged 
every week. New cell plates for experiments were also prepared every week. These were 
incubated for three to four days before use which was optimal for getting the right amount of 
cells. 
 
3.2 Measurement of [Ca2+]i by microfluorometry 
This microfluorometric technique makes it possible to measure the [Ca2+]i in a single cell. 
Cells were prepared as in Experimental details and protocols and the cell plate was mounted 
in to a perfusion chamber which has been designed for this kind of experiment and allows 
fluids to be pumped through. The perfusion chamber was placed on the stage of an inverted 
epifluorescence microscope (Olympus CK 40) and connected to a peristaltic pump and a 
temperature controller which consists of a loop system for plate heating, a thermistor for 
monitoring the heat in the chamber and a temperature probe for monitoring the temperature of 
the plate.  
 
The set temperature of the liquid administrator and the plate was 40 – 41 °C in all 
experiments. With this set temperature, the thermistor in the perfusion chamber gave a 
temperature in the liquid of 35 – 37 °C. The difficulties in getting an exact temperature in the 
chamber were due to the flowing liquids and the room temperature. We made several attempts 
to find an exact set temperature and water bath temperature to keep the temperature at 37 °C 
and the optimal set temperature was found to be 39 – 41 °C for all components of the system 
(water bath, plate and liquid administrator).  
 
A single cell was isolated optically by means of a diaphragm and studied by using a 40× 1.3 
NA oil immersion objective (40× UV APO). The demands for a cell to be accepted was that it 
was relatively big, round with sharp edges and that it had a high and stable fluorescent signal. 
The 340 and 380 nm emissions had to be well separated to be approved. The emitted light 
selected by a 510 nm filter was monitored by a photomultiplier and signals were displayed on 
a computer. Through all experiments the signals could be followed in real time on a computer 
screen.   
 
The microscope was connected to a fluorescence system (M-39/2000 RatioMaster, 
PhotoMed) for dual wavelength excitation fluorometry. The fluorescent probe used (Fura-2) 
(fig 3.1) has fluorescent properties that are well suited for ratiometric calculations of [Ca2+]i. 
When excited at 340 and 380 nm its emission at 510 nm will change depending on the 
concentration of Ca2+ bound to it (fig 3.2). The emission at the excitation wavelength of 340 
nm (F340) and that of 380 nm (F380) were used to calculate the fluorescence ratio 
(R340/380). This ratio was used to calculate the [Ca2+]i according to Grynkiewicz et al. (22). 
The reason why dual excitation fluorometry is more reliable in calculations of [Ca2+]i than 
single excitation fluorometry is simply because with a dual excitation probe like Fura-2 it is 
easy to spot artefacts in the signals. A true increase in the [Ca2+]i is only seen when the 380 
nm signal goes down and the 340 nm signal goes up. The excitation wavelengths were 
alternated at a frequency of 1 Hz (1 s-1), and the duration of data collection at each 
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wavelength was 0.33 s. The excitation wavelengths (340 and 380 nm) were generated by a 
monochromator (DeltaRam, PhotoMed) and directed to the cell by a dichroic mirror.  
 
The background fluorescence was measured by moving the focus away from the selected cell 
and recording the signal with no cell present. This signal was subtracted from the traces 
before calculation of [Ca2+]i. In a system like this there is always a background due to light 
from the computer and other components of the system surrounding the microscope. We 
always tried to keep out as much light as possible, but since this was not a confocal 
microscope we had to measure and subtract the background in every experiment. The 
background was usually less than 10 % of the signal. 

3.2.1 Calibration 
To be able to convert the fluorescence ratios into [Ca2+]i, a calibration was done using 
protocols according to Poenie et al (23). This was done by measuring the fluorescence from a 
KRBH solution saturated with Ca2+ (Fmax) and comparing it to a KRBH solution free of Ca2+ 
(Fmin). 2 M sucrose was included in the solution to make the KRBH solution more cell-like in 
its viscosity. The fluorescent properties of fluorophores change with viscosity and it is 
therefore important to add sucrose to the mix. The dissociation constant (Kd) for Ca2+-Fura-2 
was taken as 225 nM (22). Fluoresence ratios were converted to [Ca2+]i using the following 
formula: [Ca2+]i = Kd(R-Rmin/Rmax-R)(Sf2/Sb2) (22).  

3.2.2 Fura-2 
The dye used for fluorescence measurements of [Ca2+]i was Fura-2 AM (acetoxymethylester) 
and is available from Invitrogen and several other companies. The AM group connected to the 
Fura-2 molecule makes it possible for the otherwise hydrophilic Fura-2 to cross the cell 
membrane and enter the cytosol where esterases cleave off the AM group and leave free Fura-
2 in the cell. When Fura-2 binds to Ca2+, its fluorescent properties changes and because of the 
dual excitation wavelengths of this molecule it is possible to ratiometrically calculate the 
amount of Ca2+ bound to the Fura-2 molecules. Fura-2 binds Ca2+ in almost the same way as 
the calcium chelator EGTA, with a tetracarboxylic acid core. EGTA is highly pH-sensitive, 
while Fura-2 is not (22;24).  
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Figure 3.1 The chemical structure of the Fura-2 molecule. 
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Figure 3.2 With no bound Ca2+ the excitation spectra for Fura-2 is flattened between 300 and 
400 nm. The excitation peak is increased and shifted into the UV as Ca2+ binding increases. 
Consequently, when Ca2+ increases, the emission ratio between the two excitation 
wavelengths (340 and 380) will change as 380 goes down and 340 goes up. The emission is 
measured at 510 nm (22). 
 
3.3 Western blot  
The western blot technique is a commonly used and well established technique for detecting 
specific proteins in a cell-lysate or protein solution by use of antibodies. The proteins were 
prepared from human islets and S5 cells by homogenization in an ice cold buffer consisting of 
150 mM NaCl, 20 mM Tris, pH 7.5, 1% NP40, 1 mM EDTA and protease inhibitor cocktail. 
The homogenate was centrifuged at 20,000 rpm for 30 min at 4 °C. The supernatant 
containing the membrane proteins was collected. Proteins were separated depending on 
molecular weight using 9 % SDS-PAGE and transferred to a PVDF membrane. We used the 
Mini-PROTEAN 3 Cell and the Mini Trans-Blot Electrophoretic Cell from Bio Rad for the 
SDS-PAGE and the blot transfer respectively. The transfer of proteins from gel to membrane 
makes them more accessible to the antibodies and is essential for the method. The membranes 
were blocked by 5% nonfat milk overnight at 4 ºC, in Tris Buffered Saline with Tween-20 to 
prevent non-specific binding of the primary antibodies. Primary antibodies designed to bind 
to the protein of interest were administered onto the membrane and incubated over night at 4 
ºC. We used affinity purified rabbit polyclonal IgG directed against an epitope close to the N-
terminal end of the protein (Rabbit-anti-TRPM2 (L + S)). The blots were then washed with 
TBS + T and incubated with goat anti-rabbit IgG conjugated to horseradish-peroxidase 
(1:10,000) for one hour at RT. The conjugate is what makes the protein spots detectable. It 
usually consists of a secondary antibody (that binds to the primary one) connected to an 
enzyme. When the substrate of the enzyme is administered to the membrane the enzyme starts 
to break it down and the product is formed only where the protein of interest is located. There 
are several methods for detection of the products such as chemiluminescence, fluorescence, 
radioactivity and colorimetry. We used the enhanced chemiluminescence method (ECL) and 
exposure to X-ray films for detection. For western blot it is the molecular weight of the 
detected protein bands that is used as identification of the protein. 
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4. Experiments and results  

Detailed protocols are included in separate chapter in this report.  
  
4.1 Capsaicin increased [Ca2+]i in S5 cells 
Capsaicin is the classical agonist of TRPV1 (25). To investigate whether S5 cells express 
functional TRPV1 channels we measured changes in [Ca2+]i in Fura-2 loaded S5 cells by 
microfluorometry. The cells were first perfused with physiological solution containing 3 mM 
glucose. When cells were exposed to capsaicin (300 nM), there was a large increase of 
[Ca2+]i. This was evident from a clear decline in the 380 signal and an increase in the 340 
signal (fig 1a). There was no indication to suspect that capsaicin interfered with Fura-2 
fluorescence. The maximal magnitude of [Ca2+]i increase by capsaicin (300 nM), in cells that 
responded, was 363 nM ±281 (n = 15). Thus the variability in the magnitude of the [Ca2+]i 
increase was large. Some cells did not respond to 300 nM capsaicin (2 out of 17). The [Ca2+]i 
response to capsaicin was immediate and the rise of [Ca2+]i from the basal level to the peak 
was also rapid, requiring less than 5 seconds. An increase in [Ca2+]i typically occurred within 
25 to 30 seconds after addition of capsaicin to the perfusion system. It took about 25 seconds 
for the liquids to travel from the tube to the cells. Thus the [Ca2+]i response was rapid once 
capsaicin reached the cells. Some cells that responded to capsaicin (300 nM) had a different 
type of response were the [Ca2+]i increased slowly instead of having a sharp peak (4 out of 
15). With these cells excluded from the calculations the maximal magnitude of [Ca2+]i 
increase was 460 nM ±268 (n = 11). In the continued presence of capsaicin [Ca2+]i maintained 
an elevated plateau or partially returned to the baseline (fig 1a, b, c). In some experiments 
[Ca2+]i returned completely to baseline in the continued presence of capsaicin (5 out of 16). 
After washout of capsaicin, [Ca2+]i typically returned to the baseline. This demonstrated that 
capsaicin did not damage the S5 cells under our experimental conditions.  
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Figure 4.1 Capsaicin increased [Ca2+]i in insulin secreting cells. The [Ca2+]i was measured 
from single Fura-2 loaded S5 cells using microfluorometry. Cells were perfused with 
physiological solution containing 3 mM glucose. In figure a, the changes of the emission 
signal at excitation 340 nm and 380 nm are shown. Application of capsaicin reduced the F380 
signal and increased the F340 signal indicating a true increase in [Ca2+]i. Figure b is a trace 
representing the ratio between the F340 and the F380 signal as shown in figure a. Capsaicin 
(300 nM) was applied during the time indicated by the horizontal bar. After washout of 
capsaicin, the [Ca2+]i decreased gradually but did not reach the baseline during the period of 
the experiment. In c [Ca2+]i returned to baseline in spite of continued presence of capsaicin. 
Figure b and c are representative traces of experiments repeated 11 times 
 

 
 c 
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4.2 Concentration response curve for capsaicin  
Capsaicin increased the [Ca2+]i in a concentration dependent manner. As shown in figure 7 the 
maximum [Ca2+]i increase was obtained by 300 nM capsaicin. Higher concentrations of 
capsaicin, for example 1000 nM, did not increase the [Ca2+]i further. The estimated EC50 was 
100 nM capsaicin. 10 nM capsaicin did not yield any [Ca2+]i increase. 
 

 
Figure 4.2 The figure shows a concentration response curve for capsaicin-induced [Ca2+]i 
response. The [Ca2+]i was measured from single Fura-2 loaded S5 cells using 
microfluorometry. Cells were perfused with physiological solution containing 3 mM glucose. 
[Ca2+]i response was measured for 3, 10, 30, 100, 300 and 1000 nM capsaicin. Each 
concentration of capsaicin was tested at least 3 times. The [Ca2+]i response for 300 nM 
capsaicin was used as 100 % of maximal response. 
  
4.3 Capsazepine blocked [Ca2+]i response to capsaicin  
It is established that capsazepine specifically and competitively inhibits activation of TRPV1 
by capsaicin (26;27). We investigated whether capsazepine (10 µM) could block capsaicin-
induced [Ca2+]i increase in S5 cells. Capsazepine itself did not increase [Ca2+]i, but it 
completely inhibited the [Ca2+]i increase by capsaicin (300 nM) (fig 4.3a, cf 4.3b). In control 
experiments which were done in the absence of capsazepine, there was typical increase of 
[Ca2+]i as described earlier (fig 4.3b). Control experiments were done on the same day and 
using the same preparation of cells to ensure that the conditions were comparable.  
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Figure 4.3 Capsazepine (10 µM) inhibited the capsaicin-induced [Ca2+]i response in insulin 
secreting cells. The [Ca2+]i was measured from single Fura-2 loaded S5 cells using 
microfluorometry. Cells were perfused with physiological solution containing 3 mM glucose. 
In figure a, the cell was given capsazepine (10 µM) before and during administration of 
capsaicin (300 nM) as shown by the horizontal lines. Capsazepine (10 µM) did not increase 
[Ca2+]i on its own and it completely inhibited the capsaicin-induced [Ca2+]i response. Figure b 
is a control experiment showing the capsaicin-induced [Ca2+]i response. The traces are 
representative of experiments that have been repeated with similar results 3 times. 
 

a 

b 
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4.4 Extracellular Ca2+ was essential for capsaicin-induced [Ca2+]i increase  
To investigate whether the increase in [Ca2+]i induced by capsaicin was due to Ca2+ influx 
through the cell membrane or due to release of calcium from intracellular depots, experiments 
were done in nominally Ca2+ free buffer. In these experiments the buffer contained EGTA 
(0.5 mM) and no Ca2+ was added. With no extracellular Ca2+ available the only way for the 
cells to increase its [Ca2+]i in response to capsaicin would be if TRPV1 could activate Ca2+ 
release from the ER, which is the most important intracellular Ca2+ store. We found that there 
was no increase in [Ca2+]i by capsaicin when no extracellular Ca2+ was present (fig 4.4a, cf 
4.4b). However, as expected carbachol increased calcium indicating that the ER Ca2+ stores 
were not completely emptied under Ca2+ free conditions. As expected, administration of KCl 
(25 mM) to the cells in the nominally Ca2+ free buffer gave no [Ca2+]i increase and proved 
that no extracellular Ca2+ was available. The results indicated that calcium increase by 
capsaicin was due to calcium entry through channels located in the plasma membrane. In 
control experiments where the cells were treated in exactly the same way, except that 
extracellular Ca2+ was 1.2 mM, capsaicin (300 nM) clearly increased [Ca2+]i. Carbachol and 
KCl also increased [Ca2+]i  demonstrating that the intracellular stores were not depleted and 
that the voltage gated Ca2+ channels in the plasma membrane were functional. After washout 
of the substances, the [Ca2+]i returned to the baseline showing that the cells were not damaged 
under the experimental conditions. As mentioned before, all control experiments were done 
on the same day and using the same preparation of cells to ensure that the conditions were 
comparable. 
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Figure 4.4 Capsaicin-induced [Ca2+]i increase was due to Ca2+ entry across the plasma 
membrane. The [Ca2+]i was measured from single Fura-2 loaded S5 cells using 
microfluorometry. Cells were perfused with physiological solution containing 3 mM glucose. 
In figure a capsaicin (300 nM) was applied in the absence of extracellular Ca2+. Under this 
condition capsaicin did not increase [Ca2+]i. Subsequent application of carbachol (100 µM) 
increased [Ca2+]i, indicating that the ER Ca2+ store was not empty. As expected, KCl (25 mM) 
did not increase Ca2+ when extracellular buffer did not contain Ca2+. Figure b is a control 
experiment for figure a. In this experiment the extracellular medium contained 1.5 mM Ca2+. 
Capsaicin (300 nM) increased [Ca2+]i as well as carbachol (100 µM) and KCl (25 mM), which 
was expected. In figure a, the response to carbachol (100 µM) is smaller than in figure b. This 

a 

b 
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is typical for a cell in Ca2+ free medium. Traces are representative of experiments that have 
been repeated with similar results 11 times. 
 
4.5 Elevated temperature increased [Ca2+]i  
Previous studies have demonstrated that TRPV1 is activated by temperatures > 42 °C (28-30). 
To test whether the TRPV1 channels of S5 cells could be activated by heat, we exposed the 
cells to temperatures in the range from 43 to 49 °C. As shown in figure 4.5, on exposure to 
high temperature the [Ca2+]i started to increase immediately and reached a peak within 10 
seconds. Only about 60 % of cells tested responded to heat by an increase in [Ca2+]i indicating 
heterogeneity of S5 cells. As shown in figure 4.5, the [Ca2+]i increased with the rise of 
temperature and decreased as the temperature returned to baseline. This suggests that the high 
temperatures that were applied to the cells did not damage the cells. Repeated application of 
high temperature induced repeated increase of [Ca2+]i, the magnitudes of which were similar 
(fig 4.5). In general, the higher the temperature the higher was the [Ca2+]i response. The 
[Ca2+]i increase caused by high temperature was not an artefact and was a true [Ca2+]i increase 
as indicated by changes in the 340- and 380-signals in opposite directions. In some 
experiments, however, the 380-signal decreased while the 340-signal did not increase and in 
some experiments both signals decreased at the same time when the temperature was 
elevated. This could be due to the fact that high temperature reduces the fluorescence of Fura-
2 (31). Moreover high temperature alters the Kd of Fura-2 for Ca2+ (32;33). Since the [Ca2+]i 
increase opposed the tendency of temperature induced decrease in the 340-signal, it appeared 
that the 340-signal either did not change or even decreased in some experiments. In general an 
increase in temperature to < 42 °C did not increase [Ca2+]i. There are no TRP channels other 
than TRPV1 that are activated by temperatures in the range of 43 to 49 °C. Since no increase 
in [Ca2+]i was observed with temperatures below 42 °C, we can be sure that the [Ca2+]i 

increase was not due to TRPV3 which is activated by temperatures in the range of 30 to 39 
°C. 
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Figure 4.5 Temperatures > 43 °C increased [Ca2+]i in insulin secreting cells. The [Ca2+]i was 

measured from single Fura-2 loaded S5 cells using microfluorometry. Cells were perfused 
with physiological solution containing 3 mM glucose. The upper figure is a trace representing 
the ratio between the F340 and the F380 signal. The lower figure shows the temperature 
during the experiment. The [Ca2+]i increased when the temperature was increased. Repeated 
increase of temperature increased [Ca2+]i repeatedly and the magnitudes of such [Ca2+]i 
increases were similar. Traces are representative of experiments that have been repeated with 
similar results 4 times. 
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4.6 [Ca2+]i increase by high temperature was partially due to Ca2+ influx across 
the plasma membrane 
To investigate the mechanism of heat-induced [Ca2+]i increase experiments were performed 
where nominally Ca2+ free buffer was used. Under these conditions the temperature-induced 
[Ca2+]i increase was decreased but not completely abolished (fig 4.6). In 1 out of 5 
experiments there was no decrease of the temperature-induced [Ca2+]i response. These results 
have many possible explanations. It is possible that most of the Ca2+ contributing to the heat-
induced [Ca2+]i increase enters the cell through Ca2+ permeable channels such as TRPV1 in 
the plasma membrane. It is also possible that a smaller part of the heat-induced [Ca2+]i 
increase is due to release of Ca2+ from intracellular depots such as the ER. It is probable that 
this kind of [Ca2+]i response is more complex than the involvement of only one protein and as 
the results of these experiments show it is only possible to partially inhibit the heat-induced 
[Ca2+]i response in S5 cells by placing them in nominally Ca2+ free buffer. In these 
experiments we preceded only with cells that were responsive to heat in Ca2+ containing 
buffer. Since the temperature-induced [Ca2+]i response was very different from cell to cell it 
was impossible to compare the responses between different cells in different buffers. 
Carbachol was added at the end of the experiment to rule out the possibility of depleted 
intracellular Ca2+ stores and we found that the intracellular stores were intact (fig 4.6). 
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Figure 4.6 Ca2+ influx through the plasma membrane was involved in temperature-induced 
[Ca2+]i increase. The [Ca2+]i was measured from single Fura-2 loaded S5 cells using 
microfluorometry. Cells were perfused with physiological solution containing 3 mM glucose. 
The upper figure is a trace representing the ratio between the F340 and the F380 signal. The 
lower figure shows the temperature during the experiment. Elevated temperature increased 
[Ca2+]i. In nominally Ca2+ free buffer the response was reduced. Subsequent administration of 
carbachol (100 µM) increased [Ca2+]i and showed that intracellular Ca2+ stores were not 
empty. Temperature was elevated again after administration of carbachol (100 µM). There 
was no difference in the heat-induced [Ca2+]i increase before and after carbachol. The 
experiment was a cross-over experiment where the cell was perfused with nominally Ca2+ free 
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buffer after the cell responded to elevated temperature in Ca2+ containing buffer. Traces are 
representative of experiments that have been repeated with similar results 5 times. 
 
4.7 Temperature-induced [Ca2+]i increase was reduced by Ruthenium red  
Ruthenium red is a well characterized inhibitor of TRPV1 (27;34;35). To test whether 
temperature-induced [Ca2+]i increase was due to activation of TRPV1 we examined the effect 
of ruthenium red. In these experiments we first identified the cells which were temperature-
sensitive in the same way as with the previous experiments in nominally Ca2+ free buffer. 
This approach was essential since we found in preliminary studies that only 60 % of cells 
were responsive to temperature. As shown in fig 4.7 an increase of temperature caused a 
typical increase of [Ca2+]i. Subsequently ruthenium red (100 µΜ) was added. An increase of 
temperature in the presence of ruthenium red inhibited the [Ca2+]i increase partially in 3 out of 
7 cells. Ruthenium red is known to interfere with Ca2+-ATPase in the membrane of the 
sarcoplasmic reticulum to release Ca2+ (36). Some similar activity could be an explanation for 
the [Ca2+]i increase that occurred when ruthenium red (100 µM) was added.  
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Figure 4.7 Ruthenium red inhibited temperature-induced [Ca2+]i increase. The [Ca2+]i was 

measured from single Fura-2 loaded S5 cells using microfluorometry. Cells were perfused 
with physiological solution containing 3 mM glucose. The upper figure is a trace representing 
the ratio between the F340 and the F380 signal. The lower figure shows the temperature 
during the experiment. Elevated temperature increased [Ca2+]i. With ruthenium red (100 µM) 
the response was reduced. There was a [Ca2+]i increase when ruthenium red (100 µM) was 
administered. After wash out the heat-induced [Ca2+]i increase was still reduced. Traces are 
representative of experiments that have been repeated with similar results 3 times. 
 
4.8 TRP channels can be detected by western blot 
In general detection of ion channels by western blot is difficult because of low abundance of 
channel proteins and lack of availability of good antibodies. In our study we intended to 
establish a method for detecting TRP channels by western blot. We did a pilot study where we 
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investigated whether another channel of the TRP family, namely the TRPM2 channel protein, 
could be detected by western blot. The reason for choosing TRPM2 was two-fold: firstly this 
channel is known to be present in S5 cells as demonstrated by patch-clamp (12). Secondly 
fairly good antibodies are currently available for this channel protein. Moreover TRPM2 is 
also a temperature sensitive ion channel although the temperature range for activation of 
TRPM2 is different from that of TRPV1. Western blot was performed on cell-lysate from the 
S5 cells that we cultured for this purpose. Frozen S5 cells from a previous culture and 
proteins extracted from human islets were also used. We used an antibody which is directed to 
an epitope near the N-terminal end of the TRPM2 channel. This antibody is able to detect 
both the long and the short form of TRPM2. Figure 8 shows the different blots. The long form 
of TRPM2 has a molecular weight of 171 kDa and the short form 95 kDa. These bands are 
clearly visible in the blot of human islets. In the blots of the S5 cells, the bands are less 
prominent. The rest of the bands are probably non-specific or represent degradation products 
of TRPM2.  
 

 
 
Figure 4.8 The TRPM2 proteins were detected by western blot. Membrane protein was 
extracted from S5 cells and human islets. The bands corresponding to 171 kDa represent 
TRPM2-L and the band corresponding to 95 kDa represent TRPM2-S. Other bands are likely 
to be non-specific or degradation products.  Arrows on the right side of the blots mark the 
weights (kDa) of the protein ladder. 
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5. Discussion 
The main findings of this study were:  
1. Capsaicin increased the [Ca2+]i in S5 cells.  
2. Capsazepine completely inhibited the capsaicin-induced [Ca2+]i response in S5 cells.  
3. Extracellular Ca2+ was essential for the capsaicin-induced [Ca2+]i response.  
4. Temperatures between 43 and 49 °C increased the [Ca2+]i in S5 cells.  
5. The heat-induced [Ca2+]i response was reduced by omission of extracellular Ca2+. It was 
also inhibited by ruthenium red.  
6. TRPM2 was detected by western blot in S5 cells and human islets. 
 
5.1 Capsaicin as an activator of TRPV1 
Capsaicin is a common chemical present in chilli which is used in many “hot dishes”. The 
substance suppresses prostate cancer (37;38) and it has also been used for pain treatment (39). 
Today we know that capsaicin works specifically through a receptor and ion channel called 
TRPV1. Capsaicin binds to TRPV1 on the intracellular part of the protein and this opens the 
channel to let Ca2+ into the cell (40;41). If Ca2+ increases in the cell when capsaicin is 
administered to it, it is likely that TRPV1 is present in the cell. In the experiments performed 
for this thesis we have seen that the [Ca2+]i response to capsaicin shows great variability in 
individual cells. Even on the same day, with the same preparation of cells the response can be 
separated by a factor of 10. This heterogeneity of response could be due to differences in the 
expression of TRPV1. The amount of functional TRPV1 channels in the cell membrane must 
be of great importance to determine the [Ca2+]i response. The level of expression of TRPV1 
may also depend on the stage of the cell cycle in dividing cells.  
 
The fact that capsazepine was able to completely inhibit the capsaicin-induced response is 
further indication that the active channel is TRPV1. Capsazepine is a synthetic molecule 
designed to competitively inhibit capsaicin binding (26;35). The experiments with 
capsazepine clearly showed that this substance was not able to increase the [Ca2+]i by itself.  
 
In nominally Ca2+ free buffer the [Ca2+]i response to capsaicin was completely lost. This 
indicates that the TRPV1 channels responsible for the response to capsaicin are situated in the 
plasma membrane. With no extracellular Ca2+ available it is simply not possible for the cell to 
increase its [Ca2+]i by opening Ca2+ channels in the plasma membrane. There is one catch to 
this argument though. Since capsaicin is a quite hydrophobic compound and its binding site is 
located on the intracellular part of TRPV1 it could have been possible that once the molecule 
entered the cell it got stuck. It could have been possible that there were TRPV1-channels on 
intracellular membranes as well, but that capsaicin had no chance of reaching them in the 
amount of time that we administered the compound. In previous studies where capsaicin was 
administered to DRG cells in Ca2+ free buffer a rise in [Ca2+]i was seen (42). This [Ca2+]i 
increase was as quick as the [Ca2+]i increase seen in Ca2+ containing buffer, which should 
mean that the capsaicin molecule was able to move from the plasma membrane to the 
intracellular membranes. This in turn means that the S5 cells used in our experiments did not 
have any TRPV1 channels situated on intracellular Ca2+ stores. 
 
5.2 Heat as an activator of TRPV1 
The temperature threshold of TRPV1 is 43 °C (13;30). Temperatures in the interval of 43 – 49 
°C increased [Ca2+]i in about 60 % of the S5 cells used in our experiments.  
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As the [Ca2+]i response to heat was very variable between the cells it was impossible to 
compare responses from different cells. Because of this we had to construct cross-over 
experiments when trying to inhibit the temperature-induced [Ca2+]i response. In the cross-over 
experiments with ruthenium red and Ca2+ free buffer we chose to proceed only with the cells 
that were clearly responsive to heat according to the same criteria as stated earlier. We tested 
different concentrations of ruthenium red (10, 50 and 100 µM) and 100 µM was the only 
concentration that gave a visible reduction of the temperature-induced [Ca2+]i response. This 
reduction was not complete in any cell and in some cells there was no reduction of the 
response. The fact that ruthenium red in a concentration as high as 100 µM and the Ca2+ 
medium were not capable of completely inhibiting the temperature-induced [Ca2+]i response 
could mean that channels other than TRPV1 may also be involved in this process. It is also 
possible that the heat-induced [Ca2+]i increase in S5 cells is a more complex chain of events 
which leads to release of Ca2+ from intracellular stores. This is yet to be elucidated. In 
previous studies it has been shown that some DRG cells that are responsive to capsaicin are 
not responsive to heat and vice versa. The results from the same group also support our results 
in terms of incomplete inhibition of the heat-induced [Ca2+]i increase (31). This could be due 
to mutations or differences in expression of TRPV1. Maybe there are subgroups of the 
TRPV1 channels, some responsive to heat, some to capsaicin and some to both.  
 
5.3 Technical difficulties in performing experiments with heat 
There were many difficulties encountered with the experimental setup of the temperature 
experiments. First of all it was very difficult keeping a constant temperature with the water 
baths and because of long travelling distances of the liquids, dilution and slow delivery (1.4 
ml/min) to the measuring chamber the pump system was not optimal for this kind of 
experiment. The liquids were therefore administered “by hand”, poured directly into the 
chamber. In this way we were able to get temperatures between 37 and 50 °C very quickly 
and in a reasonably predictable fashion. Of course this “hands on” type of administration also 
had its drawbacks. The most important being that the pouring of the liquid onto the cell plate 
might wash the cell away as well as it increased the level of liquid in the chamber 
momentarily, something that could alter the fluorescence. Because of these possible error 
factors, tests were made where the same amount of liquid (37 °C) was poured on to see if the 
elevated level of liquid would alter the fluorescence. No visible change in the fluorescence 
was detected with this method so conclusions were drawn that the manual addition of warm 
media could be used for temperature experiments. The problem with moving cells was 
minimized as we became more and more skilled with the procedure. We learned where and 
when to pour on the liquids to reduce the chance of mishaps.  
 
An electronic thermometer was used to measure the temperature of the buffer in the water 
bath, but it was of course very difficult to predict exactly which temperature we would get in 
the chamber. A thermistor connected to the temperature controller measured the exact 
temperature of the liquid in the chamber and a temperature curve was plotted along with the 
experiment. Because of the restraints in the administration of the buffer it was also quite hard 
to produce experiments with similar temperature protocols. All experiments contain 
temperatures between 35 and 49 °C. It seems that temperatures over 43 °C gave a clear [Ca2+]i 
increase which was greater with greater temperature. The [Ca2+]i response to heat was thus 
dependent on the magnitude of the temperature rise. A rise of temperature from 37 °C to < 42 
°C generally did not increase [Ca2+]i. This was consistent with the conclusion that the [Ca2+]i 
increases caused by heat in our experiments were due to TRPV1 channels.  
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5.4 The effect of heat on fluorescence 
The Kd of Fura-2 has been shown to be highly temperature dependent in the interval of 10 to 
37 °C and it is possible to calculate the Kd for Fura-2 in different temperatures according to 
Shuttleworth and Thompson. The Kd decreases as the temperature increases, which means 
that Fura-2 binds Ca2+ with higher affinity as the temperature increases. By use of the formula 
pK´ = pK + �H(1/T – 1/T´)/ 2.303R the Kd for Fura-2 in 49 °C is 182 nM (32;33) With a 
lower Kd the [Ca2+]i calculated with a fixed Kd for 37 °C (225 nM) is a bit too high, but the 
exact calculated [Ca2+]i in the cell is not as important as the fact that the [Ca2+]i increases. 
Therefore in this thesis no correction of the Kd was made for the temperatures > 42 °C.  
 
The fluorescence of Fura-2 has also been shown to be moderately temperature dependent. The 
fluorescence of Fura-2 has been estimated to drop about 5 % when the temperature changes 
from 37 °C to 50 °C (31). In experiments performed with S5 cells the pattern of the 
fluorescence indicates that when the temperature is elevated both the 340- and 380-signal 
goes down but since the increasing [Ca2+]i is making the 340-signal go up at the same time, 
the total movement of this signal is weakly upwards or sometimes none at all. For this reason 
the typical heat-response is a major change in the 380-signal (downward) and a smaller 
change in the 340-signal (upward). To make absolutely sure that the cells reported to be 
responsive to heat in this thesis were not artefacts, only cells with a significantly visible 
increase in the 340-signal were included. In real life these cells are probably the ones that are 
most responsive to heat but not the only ones. The percentage of cells responsive to heat that 
were reported in this thesis could therefore be less than in reality.  
 
5.5 Detection of TRPM2 in S5 cells and human islets by western blot 
TRPV1 had already been detected in pancreatic beta cells by western blot a few weeks before 
I came to the group. The working procedures for this protein were the same as for TRPM2 
which is the protein that we studied in this thesis, except the different antibodies. Both 
TRPV1 and TRPM2 are heat-sensitive Ca2+ channels and they both seem to be present in the 
S5 cells cultured in the lab and in human islets.  
 
The TRP proteins form complexes that function as channels through the membrane (9). In the 
case of TRPM2 channels, the proteins form a quartet and there are at least two known 
isoforms of the protein. One of them is the full-length wild-type TRPM2 named TRPM2-L. 
The other is the C-terminally truncated form of TRPM2 named TRPM2-S. In contrast to 
TRPM2-L the TRPM2-S does not form a functional channel. Instead it acts as a dominant 
negative of TRPM2-L. This means that if only one of the four TRPM2 proteins in the 
complex is TRPM2-S, the channel is dysfunctional (17). In the blots presented in this thesis 
the 95 kDa bands are more prominent than the 171 kDa bands for S5 cells. In human islets the 
171 kDa band is more prominent than the same band in S5 cells. This could mean that there 
are less functional TRPM2 channels in S5 cells than in human islets. 
 
5.6 Final summary 
The results from experiments performed in this thesis have all supported the thesis that TRP 
channels are active in S5 cells. To successfully detect TRP channels in pancreatic beta cells 
by microfluorometry or western blot, it is very important to use specific activators or 
antibodies directed at unique epitopes respectively. Microfluorometry is a very powerful 
method for studying the activity of ion channels in living cells from which it is possible to get 
a large amount of information in every experiment.   
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Even though we must consider the fact that the cells used in our experiments are insulinoma 
cells, the results from western blot also show presence of TRP channels in human islets. Our 
findings are supported by the work of Akiba et al. in 2004 (15) where immunohistochemistry, 
western blot and RT-PCR showed expressed TRPV1 in rat pancreas but also in RIN and INS1 
cells. All of which suggests that TRPV1 is not only present in insulinoma cell lines but also in 
normal beta cells.  

6. Ideas and future work 
This study has shown a great dependence between capsaicin and [Ca2+]i in S5 cells. The 
[Ca2+]i directly controls the release of insulin from beta cells into the blood stream. It is 
therefore of great importance to map the Ca2+ permeable channels present in these cells to 
find new ways of activating beta cells in patients with diabetes type 2.    
   
In autoimmune diabetes only beta cells are attacked and destroyed. With future techniques to 
separate alpha, beta and delta cells from each other in the islets it would be very interesting to 
investigate the presence of TRP channels in the different cell types. Since it has been reported 
by Razavi et al. (1) that TRPV1 is responsible for recruiting the immune system to beta cell 
sensory neurons it could be of great importance to determine whether TRPV1 channels are 
present in only beta cells or in alpha and delta cells as well.  

 
The concentration response curve gave us an idea of what concentration of capsaicin that 
would not give an [Ca2+]i response. In the S5 cells cultured in our lab only about 50 % are 
responsive to 10 mM of glucose. A non-responsive concentration of capsaicin will be applied 
in experiments to test if it is possible to increase the response to 10 mM glucose by adding 
capsaicin. One of the most challenging task for researchers in the area of diabetes is to find 
substances that will increase the [Ca2+]i only when glucose levels in the blood are high.   
 
Our study shows that beta cells have functional TRPV1 channels. Future studies must look at 
the physiological and pathological significance of these channels from the view point of 
mechanism of insulin secretion and pathogenesis of diabetes.  
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7. Experimental details and protocols 
7.1 Experiments 
The S5 subclone of INS-1E cells was used in all microfluorometric experiments. 

7.1.1 Capsaicin increased [Ca2+]i in S5 cells 
3 mM glucose (3 min)  
300 nM capsaicin (5 min)  
3 mM glucose (5 min or baseline) 
 
3 mM of glucose can be considered a low dose of glucose, it should not affect the cells and in 
all experiments in this thesis the KRBH-buffer containing 3 mM glucose can be considered a 
standard buffer. In the blood of a human a level of 3-5 mM glucose is normal. The 
concentration of 300 nM of capsaicin  was found to give maximal response in S5 cells in the 
concentration response curve. This concentration did not damage the cells. 

7.1.2 Concentration response curve for capsaicin  
3 mM glucose (3 min)  
10, 30, 100, 300 or 1000 nM capsaicin (5 min)  
3 mM glucose (5 min or baseline) 
 
Every concentration of capsaicin was tested at least 3 times. The average of the [Ca2+]i 
increase of each concentration was calculated and the graph was drawn in Graph pad. 

7.1.3 Capsazepine blocked [Ca2+]i response to capsaicin  
Experiment with capsazepine 
3 mM glucose (1 min)  
3 mM glucose + 10 �M capsazepine (5 min)  
3 mM glucose + 10 �M capsazepine + 300 nM capsaicin (5 min) 
 
Control without capsazepine 
3 mM glucose (3 min)  
300 nM capsaicin (5 min)  
3 mM glucose (5 min or baseline) 
 
Capsazepine was given in excess to inhibit capsaicin. The pre-incubation with capsazepine 5 
min before administration of capsaicin was also a control that capsazepine did not increase 
[Ca2+]i on its own. 

7.1.4 Extracellular Ca2+ was essential for capsaicin-induced [Ca2+]i increase  
Experiment in nominally Ca2+ free buffer 
3 mM glucose (1 min) 
3 mM glucose 0 Ca2+ (2 min) 
3 mM glucose 0 Ca2+ + 300 nM capsaicin (3 min) 
3 mM glucose 0 Ca2+ (1 min) 
3 mM glucose 0 Ca2+ + 100 µM carbachol (3 min) 
3 mM glucose 0 Ca2+ (1 min) 
3 mM glucose 0 Ca2+ + 25 mM KCl (3 min) 
3 mM glucose 0 Ca2+ (to baseline) 
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Control in Ca2+ containing buffer 
3 mM glucose (1 min) 
3 mM glucose + 300 nM capsaicin (3 min) 
3 mM glucose (1 min) 
3 mM glucose + 100 µM carbachol (3 min) 
3 mM glucose (1 min) 
3 mM glucose + 25 mM KCl (3 min) 
3 mM glucose (to baseline) 
 
The nominally Ca2+ free KRBH-buffer used in these experiments is described in “buffers and 
solutions”. The cells are not unaffected by the nominally Ca2+ free environment and to ensure 
that the functions and activities of the cells are comparable to the ones in the Ca2+-containing 
environment it is essential to keep the time of the experiment as short as possible. We also 
added the extra controls of carbachol and KCl to make sure that the intracellular stores of 
Ca2+ were not emptied during the time of the experiment and that the buffer was Ca2+ free, 
respectively. Controls were performed on the same day to ensure the viability of the cells and 
the solutions. 

7.1.5 Elevated temperature increased [Ca2+]i  
3 mM glucose 37 °C (1 min) 
3 mM glucose > 43 °C (5 sec) 
3 mM glucose 37 °C (to baseline) 
 
The temperature was kept > 43 °C for approximately 5 seconds. A test administration of the 
37 °C buffer was done in some experiments to see that the administration itself did not 
increase [Ca2+]i. The administration of 37 °C buffer never increased [Ca2+]i. 

7.1.6 [Ca2+]i increase by high temperature was partially due to Ca2+ influx across the 
plasma membrane 
3 mM glucose 37 °C (1 min) 
3 mM glucose > 43 °C (5 seconds) 
3 mM glucose 37 °C (to baseline) 
3 mM glucose 0 Ca2+ 37 °C (2 min) 
3 mM glucose 0 Ca2+ > 43 °C (5 sec) 
3 mM glucose 0 Ca2+ 37 °C (to baseline) 
3 mM glucose 0 Ca2+ 37 °C + 100 µM carbachol (3 min) 
3 mM glucose 0 Ca2+ 37 °C (2 min) 
3 mM glucose 0 Ca2+ > 43 °C (5 sec) 
3 mM glucose 0 Ca2+ (to baseline) 

7.1.7 Temperature-induced [Ca2+]i increase was reduced by Ruthenium red  
3 mM glucose 37 °C (1 min) 
3 mM glucose > 43 °C (5 seconds) 
3 mM glucose 37 °C (to baseline) 
3 mM glucose + 100 µM ruthenium red 37 °C (2 min) 
3 mM glucose + 100 µM ruthenium > 43 °C (5 sec) 
3 mM glucose + 100 µM ruthenium 37 °C (to baseline) 
3 mM glucose 37 °C (2 min) 
3 mM glucose > 43 °C (5 sec) 
3 mM glucose (to baseline) 
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7.1.8 TRP channels can be detected by western blot 
The western blot technique consists of several steps that are performed over a few days. A full 
procedure took three to four days to complete. The technique is straight forward and not very 
complicated, but there are some incubations that need several hours and these are the most 
time consuming steps in the procedure. 
 
Day 1 
A discontinuous gel of polyacrylamide was cast in a standard format of 83x55x1 mm. The 
stacking gel contained 4 % acrylamide (pH 6.8). These conditions lets the proteins pass 
through the stacking gel rather quickly, concentrating and assembling them on the thin border 
between the stacking and the running gel. The resolving gel contained 9 % acrylamide (pH 
8.8). In this gel the proteins separate depending on their molecular weight. Proteins of higher 
molecular weight move slower than proteins of lower molecular weight. To get a straight edge 
at the top of the running gel, 1 mL of 2-propanol was added on top of the gel immediately 
after pipetting it into the form.  
 
Three different samples were prepared; S5 cells from the current culture, pre-prepared protein 
from human islets (frozen) and S5 cells from an earlier culture (frozen). Cells from my own 
culture were scraped from the culture flask and washed with PBS before they were put in lysis 
buffer mixed with a tablet of anti-protease cocktail. The lysate was centrifuged to loose cell 
membranes and debris. The frozen cells from an earlier culture were treated in a similar 
fashion and both samples were mixed with loading buffer, heated to 95 °C for 7 minutes and 
put on ice until loading on the gel. The pre-prepared protein sample from human islets was 
simply defrosted, mixed with loading buffer, heated as the other samples and put on ice for 
loading. The loading was done with four different amounts of each sample (5 µL, 15 µL, 30 
µL, 40 µL) and a protein ladder was loaded on one end of each gel. The gels were run at 200 
V for approximately 35 minutes. The run was terminated when the dye of the loading buffer 
reached the end of the gel. 
 
After separation in the gel the proteins were transferred to the membrane. We used a PVDF 
membrane. The membrane was placed on top of the gel and in transferring buffer at 30 V over 
night.  
 
Day 2 
On day 2 all the proteins had been transferred to the membrane and the gel was discarded. 
The membrane was blocked with non-fat dry milk mixed with TBS + T to reduce non-specific 
binding of the antibodies. The membrane was placed in milk + TBS+T, 4 °C over the day and 
at the end of the day the membrane was incubated with the primary antibody solved in milk + 
TBS+T, 4 °C over night. Antibodies were diluted 1/300 and 3 mL of this solution was 
pipetted onto each membrane which was then sealed in an airtight plastic bag.  
 
Day 3 
On the third day the membrane was washed several times in TBS + T to wash off any 
remaining, unbound antibodies. The conjugate was diluted 1/10 000 in blocking buffer and 
the blots were incubated with 5 mL of this solution for 50 minutes in 4 °C on a rocking table 
in airtight plastic bags. We used a conjugate of goat-anti-rabbit (IgG, H + L) antibody and 
horseradish peroxidase. After incubation the blots were washed several times in TBS + T. The 
substrate used is called Western blotting luminol reagent (Santa Cruz biotechnology). 
Horseradish peroxidase mediates oxidation of luminol in the presence of hydrogenperoxide 
which will produce an iridescent light. The blots were incubated with the substrate for 2 
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minutes, excess substrate was poured off and blots were sealed in airtight plastic bags and put 
in a Kodak biomax cassette. X-ray films were exposed to the blots in various times (2, 10, 30 
and 90 seconds), developed and fixed. 
 
7.2 Cell culture 

7.2.1 Passaging of cells 
Cells were passaged and diluted one fifth to a 25 cm2 culture flask every week.  
 
The old medium in the cell flasks was poured off and cells were washed gently with 2 mL of 
Ca2+ and Mg2+ free HBSS for 10 seconds. 2 mL of 50 % trypsin diluted in HBSS was added 
and the cells were incubated between 1 and 2 minutes in room temperature while cells were 
aspirated and detached by jet of pipette. 4 mL of complete medium was added to dilute and 
inhibit trypsin. Cells were detached by aspiration and jet of pipette. The detached cells were 
aspirated and poured into a 10 mL tube and centrifuged at 1000 RPM for 2 minutes. The 
medium was poured off and the cell pellet was dispersed with 5 mL of complete medium. 2 
mL of the dispersed cells were put in a 25 cm2 culture flask and 4 mL of complete medium 
was added to the flask. 60 µL of 2-mercaptoethanol (10µL/ml) was added to the flask. The 
culture flasks were put in a humidified incubator (37 °C, 5 % CO2). 

7.2.2 Making the cell plates for experiments  
A drop (~50 µL) of cells from passaging (~20,000/ml) were plated on glass cover slips and 
incubated for 35 minutes before administering 2 mL of RPMI-1640 medium supplemented 
with fetal bovine serum (2.5%, v/v), penicillin (50 i.u./ml), streptomycin (50 µg/ml), 2-
mercaptoethanol (500 µM), HEPES (10 mM) and sodium pyruvate (1 mM) to each plate. 
Cells were allowed to grow on the plates for three to four days before use. On the day of 
experiments the chosen cell plates were transferred to RPMI-1640 medium supplemented 
with 0.1 % bovine serum albumin and 2 µM fura-2 acetoxymethyl ester and incubated for 35 
minutes at 37°C, 5 % CO2. Cells were then incubated for an additional 10 minutes in the 
complete buffer containing 140 NaCl, 3.6 KCl, 0.5 NaH2PO4, 0.5 MgSO4, 1.5 CaCl2, 10 
HEPES, 3 glucose (in mM), and 0.1% bovine serum albumin (pH 7.4). In this last incubation 
step of 10 minutes it was possible to preincubate the cells with substances if needed for the 
experiment.  
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Appendix A 

Buffers and chemicals 
Modified KRBH, Stock solution 
 
Substance / conc. (mM) MW (g/mol) For 1000 mL (g) For 500 mL (g) 

NaCl / 140  58.44 8.1810 4.0905 
KCl / 3.6  74.56 0.268 0.134 
NaH2PO4 / 0.5 137.99 0.0689 0.03445 
MgSO4 * 7 H2O / 0.5 246.48 0.123 0.0615 
Hepes / 10 238.3 2.383 1.1915 
CaCl2 / 1.5 147.02 0.220 0.110 

 
All ingredients were weighed in and solved in milli-q water. This solution could be stored in 
room temperature for a few months. 
 
Complete buffer 
This buffer was made fresh on the day of experiments, it can be considered a standard buffer 
into which active substances such as capsaicin and capsazepine and higher concentrations of 
glucose were resolved. Ingredients were weighed in, except for Bovine Serum Albumin 
(BSA) which was kept in freezer in 2 mL tubes, and solved in modified KRBH. BSA was 
preheated in water bath (37 °C) before administration into the solution.  
 
Substance / conc. (mM) MW (g/mol) For 100 mL  For 200 mL  
NaHCO3 / 2  84.01 0.017 g 0.034 g 
BSA / 0.1 %  1 tube 2 tubes 
Glucose / 3  180.2 0.054 g 0.108 g 

 
Calcium free Complete buffer 
The Ca2+ free complete buffer was made in the same way as complete KRBH, but without 
CaCl2. Ethylene glycol tetraacetic acid (EGTA), a calcium chelating agent, was added and 
solved in NaOH. Ca2+ free buffer was always made with only plastic containers and beakers, 
because of the high Ca2+ content in glass. 
 
Substance / conc. (mM) MW (g/mol) For 100 mL  For 200 mL  

EGTA / 0.5 380.35 0.019 g 0.038 g 
 
Agonists and antagonists of TRPV1 
Capsaicin, ruthenium red and capsazepine were purchased from Sigma Aldrich. 
 
Antibodies for western blot 
Antibodies were anti-TRPM2-N (BL 970. Cat. no. A300-414A, Bethyl laboratories Inc., 
USA). 
 

 


