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Summary 
 
 
Extracellular stimuli are perceived by cells via different classes of cell surface receptors. 
Upon ligand binding, these receptors activate intracellular signalling cascades that regulate 
various cellular activities in response to the respective stimulus. An example of such a cell 
surface receptor class is G-protein-coupled receptors (GPCRs). GPCRs, as the name implies, 
are coupled to heterotrimeric G-proteins that upon activation through the receptor are capable 
of regulating several effector molecules. These effector molecules are usually responsible for 
the production of so called second messengers, which can further regulate different cellular 
components. Other receptor classes are frequently associated with the activation of 
intracellular signalling cascades that result in activation of mitogen-activated protein kinases 
(MAPKs). 

Orexin-A is a newly discovered neuropeptide that can bind to and activate GPCRs 
called orexin receptors (OX1 and OX2). Elucidation of systemic and cellular effects of orexin-
A triggered through its receptor has been the focus of several studies in the last years. On the 
cellular level, orexin-A has been observed to, among other effects, induce cell death in several 
tested cell lines, including human colon cancer cells and Chinese hamster ovary cells (CHO 
cells). In 2006, Kukkonen and co-workers reported that orexin-A induces cell death in CHO 
cells, recombinantly expressing the OX1-receptor, via p38 MAPK activation. In general, 
GPCR-induced activation of MAPKs has been reported before and is a target of intensive 
studies in the field of GPCRs right now.  
 In this study, the focus was set on the investigation of the molecular pathway between 
the GPCR OX1 and p38 MAPK leading to death of CHO cells. So far this pathway has not 
been determined in any cell line.  Gi/o, a specific family of G-proteins, was investigated for its 
influence on this signalling pathway as well as several cellular components that are suggested 
to link GPCRs to MAPK. In addition, small G-proteins from the Rac/Rho family that are 
involved in the upper part of MAPK pathways have been investigated as well as the two 
protein kinases, MKK3 and MKK6, that are known to activate directly p38 MAPK. 
Furthermore, three of the four known isoforms of the MAPK p38 were assayed for their 
involvement in orexin-A-mediated cell death.  
 The results of the study indicated that the small G-protein Rac1 and the mitogen-
activated protein kinase kinase MKK3 probably are involved in the OX1-induced p38 MAPK 
activation. Cell death via signalling from the OX1 receptor is probably mediated by the p38 
MAPK isoforms p38α and/or p38β. However, the herein performed experiments have to be 
repeated to confirm these results.  
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List of abbreviations 
 
 
aa  amino acid(s) 
AC  adenylyl cyclase 
ASK-1  apoptosis signal-regulating kinase 1 
ATF-2  activating transcription factor 2 
Btk  Bruton’s tyrosine kinase 
cAMP  cyclic adenosine monophosphate 
CHOP-1 growth arrest and DNA damage inducible gene 153 
CNS  central nervous system 
Csk  C-terminal Src kinase 
DAG  diacylglycerol 
dn  dominant negative 
ER  endoplasmatic reticulum 
ERK  extracellular signal-regulated kinase 
Elk1  member of ETS oncogene family 1 
FAK  focal adhesion kinase 
GAP  GTPase-accelerating protein 
GEF  guanine nucleotide exchange factor 
GIRK  G-protein-coupled inwardly rectifying potassium channel 
GPCR  G-protein-coupled receptor 
Grb2  growth-factor-receptor-bound protein 2 
GRF  guanine nucleotide release factor 
GRK  G-protein-coupled receptor kinase 
GRP  G-protein-coupled receptor phosphatase 
IL-1  interleukin-1 
IP3  inositol-1,4,5-trisphosphate 
JNK  c-Jun amino-terminal kinase 
KSR-1  kinase suppressor of Ras 1 
LPA                lysophosphatidic acid 
MAPK  mitogen-activated-protein kinases 
MAPKAP mitogen-activated protein kinase-activated protein kinase 
MAPKK mitogen-activated protein kinase kinase 
MAPKKK mitogen-activated protein kinase kinase kinase 
MEF2A myocyte specific enhancer-binding nuclear factor 2A 
MEK  MAPK/ERK kinase 
MLK  mixed lineage kinase 
MNK  MAPK-interacting kinase 
MSK  mitogen-and-stress activated kinase 
NHE-1  Na+/H+-exchanger isoform-1 
NRTK  non-receptor tyrosine kinase 
OSM  osmosensing scaffold for MKK3 
OX1  orexin receptor 1 
OX2  orexin receptor 2 
PAF  platelet-activating factor 
PARP  poly-(ADP-ribose)-polymerase 
PDE  phosphodiesterase 
PI3K  phosphatidylinositol 3-kinase 
PKA  protein kinase A 
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PKB  protein kinase B 
PKC  protein kinase C 
PLC  phospholipase C 
PTX  pertussis toxin 
PYK2  proline-rich tyrosine kinase 2 
RasGRP Ras guanine nucleotide release protein 
RGS  regulators of G protein signalling 
RSK  ribosomal S6 kinase 
RTK  receptor tyrosine kinase 
SAPK  stress-activated protein kinase 
Shc  Src homology and collagen protein 
Sos  son-of-sevenless 
TAB-1 transforming growth factor-β-activated protein kinase 1 (Tak1)-binding protein 
Tak1  transforming growth factor-β-activated protein kinase 1 
TNF-α  tumor necrosis factor α 
VSCC   voltage-sensitive calcium channels) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Introduction 
 

 4 

extracellular stimulus (hormone, neurotransmitter, odorant) 

second messenger (cAMP, DAG+IP3, Ca2+) 
 

cell surface receptor (GPCR) 

trimeric G-protein  (Gαβγ) 

secondary effector protein (protein kinases) 
 

possible tertiary messenger and further effector proteins  
 

primary effector proteins (AC, PL, PDE, ion-channel) 

1. Introduction 
 
 
1.1 G-protein-coupled receptors  
 
With more than 1000 family members, G-protein-coupled receptors (GPCRs) constitute the 
largest group of cell surface receptors encoded by the mammalian genome (15,31). GPCRs 
transmit extracellular signals through the activation of heterotrimeric guanine nucleotide 
trisphosphate (GTP)-binding proteins (G-proteins) (15) that further activate effector 
components resulting in the production of intracellular molecules named second messengers 
(Fig.1) (12). The array of stimuli for GPCRs is enormous and comprises biogenic amines (e.g. 
noradrenalin and dopamine), amino acids (e.g. glutamate), ions (e.g. Ca2+), lipids (e.g. 
lysophosphatidic acid [LPA] and platelet-activating factor [PAF]), peptides and proteins (e.g. 
thrombin and bombesin) (31) as well as many others. Exogenous stimuli such as light, odour 
and taste also initiate G-protein dependent signalling cascades via GPCRs (13,31).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Schematic overview of the GPCR signalling cascade 
(AC = adenyly cyclase, cAMP = cyclic adenosine monophosphate, DAG = diacyl- glycerol, IP3 = inositol-1,4,5-
trisphosphate, PDE = phosphodiesterases, PL = phospholipases) 
 
 
This diversity is also reflected in the biological functions mediated by GPCRs, which includes 
for example neurotransmission, photo- and chemoreception, exocytosis, chemotaxis, 
regulation of secretion from endocrine and exocrine glands, blood pressure control, 
embryogenesis, angiogenesis, tissue regeneration and control of cell growth (15). All GPCRs 
share the common structural feature of seven transmembrane-α-helices (13,15) with the 
helical segments connected by alternating extra- and intracellular loops (Fig. 2). GPCRs can 
be divided into three major subfamilies. Family A contains receptors related to the light 
receptor rhodopsin, family B includes secretin-like receptors and family C metabotropic 
glutamate receptor-like receptors (13).    
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1.1.1 The heterotrimeric G-protein 
 
Heterotrimeric G-proteins are anchored at the inner surface of the plasma membrane (46) and 
are composed of a Gα-subunit and a Gβγ-dimer (Fig. 2) (31,46). In mammals, twenty 
different α-subunits (12,15,46), five or six (12,15,46) β-subunits and twelve γ-subunits (15) 
are known. Based on primary sequence similarity, Gα-subunits can be divided into four 
families: Gαs, Gαi, Gαq and Gα12/13 (Fig. 2) (12,15). All Gα-subunits belong to the GTPase 
superfamily of switch-proteins (28) and possess a single guanine nucleotide-binding site (12). 
Switch proteins can exist in an active and in an inactive form. In case of GTPase switch 
proteins the GDP-bound form is the inactive one while the GTP-bound form is the active one, 
capable of modulating the activity of effector components. The GTPase activity of Gα-
subunits hydrolyzes the bound GTP slowly to GDP, transferring the Gα-subunit back to the 
inactive form. To accelerate this process cells can use additional proteins such as guanine 
nucleotide exchange factors (GEFs), which induce GDP-release from the switch protein, 
promoting conversion of the inactive form to the active form. Consecutive binding of GTP to 
Gα-subunits is favoured due to a high intracellular concentration of GTP and does not need 
additional help. Enhancing the GTP hydrolysis and thereby supporting the GTPase activity of 
Gα-subunits is achieved by a GTPase-accelerating proteins (GAPs) (28) (Fig. 2).  

 
Figure 2:  Overview of GPCR- transmitted signalling 
(AC = adenylyl cyclase, GAP = GTPase-accelerating proteins, GEF = guanine nucleotide exchange factor, 
GIRK = G-protein-coupled inwardly rectifying potassium channel, NRTK = non-receptor tyrosine kinase , PI3K 
= phosphatidylinositol 3-kinase, PLCβ = phospholipase Cβ, RGS = regulators of G protein signalling , VSCC = 
voltage-sensitive calcium channels) Picture used with permission of Marie Ekholm. 
  
1.1.2 Signal transmission 
 
Binding of a ligand to its GPCR (30) causes a profound change in the seven-transmembrane-
α-helices. This conformational change leads to the uncovering of a G-protein binding site at 
the receptor. Uncovering this site results in GPCR G-protein interaction, which in turn 
promotes the exchange of GDP for GTP in the Gα-subunit since the GPCR acts as a GEF 
(28,46). The GTP-bound α-subunit then dissociates from the Gβγ-heterodimer and stimulates 
a variety of effector molecules, thereby regulating the activity of several second messenger-
generating systems (15). The different families of Gα-subunits are each activating a specific 
set of effector molecules. For example Gαs and Gαi both control, amongst others, adenylyl 
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Figure 3: Hierarchy of the 
MAPK cascades 

cyclases (ACs) (Fig. 2), thereby regulating the intracellular concentration of the second 
messenger cAMP (46) while Gαq controls the activity of the phosphatidylinositol-specific 
phospholipase C family (PLC) PLCβ subfamily (Fig. 2). The functions of the less known 
family Gα12/13 is yet not fully understood but it is known that members of this family link 
GPCRs to the small GTP-binding protein Rho (15). Recently it has become clear that the 
Gβγ-heterodimer, when released from the heterotrimeric complex, is also capable to regulate 
the activity of many signalling molecules (Fig. 2) such as ion channels, phospholipases, ACs, 
phosphatidylinositol 3-kinases (PI3Ks) (15,46) or receptor kinases (15). It is assumed that 
different combinations of Gβγ-subunits may lead to different roles in signal transmission (15).  
 
 
1.2. Mitogen-activated protein kinase (MAPK) pathways 
 
Besides the classical GPCR-mediated signalling pathway, other pathways that are triggered 
also by different classes of cell-surface receptors play an important role in signal 
transmission. Some of these signalling pathways result in the activation of mitogen-activated 
protein kinases (MAPKs) (43) and are therefore described as MAPK-pathways. A rough 
classification splits the family of MAPKs in three major subfamilies, namely extracellular 
signal-regulated kinases (ERKs), c-Jun amino-terminal kinases (JNKs) and p38 MAPKs.  
 
1.2.1 The MAPK-cascade 
 

Each MAPK-family member and its pathway exhibit unique 
characteristics, but they also share certain features. The most 
remarkable shared feature is the hierarchically organized 
cascade (Fig. 3) of three evolutionarily conserved kinases (43) 
culminating in the activation of a MAPK. The first kinase in 
this cascade is a member of the  mitogen-activated protein 
kinase kinase kinase (MAPKKK) family,  which is a 
serine/threonin kinase (28), usually activated through 
phosphorylation or interactions with a small GTP-binding-
protein of the Ras/Rho family. Once activated, the MAPKKK 
phosphorylates and thereby activates a mitogen-activated 
protein kinase kinase (MAPKK), which subsequently activates 
a mitogen-activated protein kinase (MAPK) through dual 
phosphorylation on threonin and tyrosine residues (43). The 
activated MAPK, a serine/threonin kinase (53) acts via 
phosphorylation on many cellular key enzymes and/or nuclear 
proteins (15,43) regulating diverse cellular activities including 
gene expression, mitosis, metabolism, motility, survival, 
apoptosis and differentiation (43). 

Eukaryotic cells have several MAPK-pathways (43) that  can be 
activated at the same time, which results in coordinated 
regulation of distinct cellular activities and execution of 

antagonistic cellular programs (33). The ability to execute several MAPK-cascades at the 
same time without interferences is mediated mainly through pathway-specific “scaffolding 
proteins” (40,43). These proteins manage to assemble the signal-transducing kinases of a 
MAPK-cascade, particular enabling them to interact with each other but not with kinases from 
other pathways (28). 
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Upstream the MAPK-cascade 
MAPK signalling pathways can be activated by various extracellular stimuli. However, every 
MAPK-family usually becomes activated in response to a particular set of stimuli (Fig. 4) (4, 
32,33,37). The receptors that promote MAPK-cascade activation in mammalian cells are 
typically receptor tyrosine kinases (RTKs), which exhibit an intrinsic tyrosine kinase activity. 
Alternatively, receptors that are linked to a non-receptor tyrosine kinase (NRTK), e.g. 
cytokine receptors (28,46), can activate MAPK pathways. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: MAPK-pathways 
 
Downstream the MAPK-cascade 
Following activation, MAPKs affect many cellular processes via phosphorylation of a wide 
variety of substrates including transcription factors, protein kinases such as mitogen-activated 
protein kinase-activated protein kinases (MAPKAPs), phospholipases and cytoskeletal 
proteins (43). The most important role of MAPKs is the regulation of gene expression. For 
this purpose MAPKs translocate to the nucleus after being activated and regulate the activity 
of different transcription factors (53).  
 
1.2.2 The “classical” MAPK-signalling-pathway 
 
The “classical MAPK-pathway” refers to the ERK pathway, which was discovered first. The 

pathway starts with the ligand-induced 
stimulation of a RTK (Fig. 5), leading to an 
auto- phosphorylation of the intrinsic protein 
tyrosine-kinase of the receptor. The activated 
RTK functions as a docking site for adaptor 
proteins such as Shc or Grb2. The latter recruits 
son-of-sevenless (Sos), a GEF for the small G-
protein Ras (15,28). Activated GTP-bound Ras 
subsequently initiates the sequential MAPK-
cascade described above comprising a 
MAPKKK, a MAPKK and a MAPK, where the 
MAPK in this case usually belongs to the ERK 
family (15,28,43). Shc can also be activated by 
NRTKs (8) . 
Figure 5: “Classical” MAPK pathway 
Picture taken from Marinissen and Gutkind (2001) (31) 
with permission from Elsevier Limited. 
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1.2.3 p38 MAPK 
 
The p38 MAPK was described for the first time in 1994 (37) in a study about bacterial 
endotoxin-induced cytokine expression (53). Today it is known that the p38 MAPK pathway 
in mammalian cells becomes strongly activated in response to environmental stresses such as 
osmotic stress, UV irradiation, heat shock, oxidative stress, hypoxia, ischemia as well as 
inflammatory cytokines (40) including interleukin-1 (IL-1) and tumor-necrosis-factor α 
(TNF-α) (4,37,40,43).  
 
Basic facts of p38 MAPK 
 
p38 MAPK has four known isoforms (4,37,40,43,52). These four homologues isoforms are 
evolutionarily highly conserved (4,33) kinases named p38α, p38β, p38γ and p38δ. They are 
derived from different genes, but all exhibit a conserved Thr-Gly-Tyr (TGY) motif in their 
activation loop (43). The TGY-motif becomes phosphorylated  during activation by an 
upstream protein kinase (37) of the MAPKK-family. All four isoforms are usually activated in 
a MAPK-cascade typical manner. Examples of small GTP-binding proteins that activate 
MAPKKKs are Rac1, Cdc42 and Ras (52).  Furthermore, a multitude of MAPKKKs are 
known to function in the p38 MAPK cascade (Fig. 6) (32,40,43,52). Suggested MAPKKs that 
activate p38 are MKK3, MKK6 and possibly MKK4 (Fig. 6). MKK3 and MKK6 seem to be 
very specific for the p38 group of MAPK since they only activate p38, but not members of the 
JNK or ERK family. MKK4 is usually involved in the JNK pathway, but it may also exhibit 
activity for p38 MAPK (43). 

 
Biological functions of p38 MAPK 
 
Activated p38 MAPK participates in various biological processes including immune response, 
cell cycle, development and embryogenesis, promotion of apoptosis, cell differentiation and 
proliferation, senescence, tumorigenesis and reorganization of the cytoskeletal framework to 
enhance cell survival (4,38, 40, 43,52). At the cellular level, p38 targets several proteins 
including an enormous variety of transcription factors (Fig. 6) (33,37,43,52) which are  
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 
 

 
 

Figure 6 : Schematic overview of the p38 MAPK 
pathway  
Different MAPKKKs (TAK1, MLK3,…) are known 
to be involved in the p38 MAPK pathway. Upon 
activation through MAPKKs (MKK3, MKK6) p38 
MAPK phosphorylates a huge variety of cellular 
components, including transcription factors (p53, Elk-
1, …), other protein kinases (MSK1) or cytosolic 
proteins (Tau, cPLC). (ASK1 = apoptosis-signal 
regulated kinase 1, ATF-2 = activating transcripton 
factor 2, CHOP = growth arrest and DNA damage 
inducible gene 153, Elk1 = member of ETS oncogene 
family 1, MEF2A = myocyte enhance factor 2A, 
MEKK1-4 = MAPK/ERK kinase 1-4, MK2= MAPK-
activated protein kinase 2, MLK3 = mixed lineage 
kinase 3, MNK1 = MAPK-interacting kinase 1 , 
MSK-1 = mitogen-and stress activated kinase 1, TAK-
1 = transforming growth factor-β-activated protein 
kinase 1) Picture modified after Roux and Blenis 
(2004) (43). 
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involved in the regulation of transcription, cell-surface receptor expression, cell cycle protein 
synthesis and protein synthesis in general (4). Other targets are cytosolic proteins such as 
cAMP-dependent phospholipase A2, the microtubule associated protein Tau (33,43,52), 
keratin 8 and NHE-1 (Na+/H+ exchanger isoform-1) (52) as well as MAPKAPs (33,37,43,52). 
The bewildering number of stimuli capable of activating the p38 MAPK pathway, of 
phosphorylated targets and of possible biological functions described in the section above 
already seems to be confusingly complex. Additionally, many experimental approaches have 
revealed that the exerted p38 MAPK pathway and the final outcome of p38 MAPK activation  
depends on the extracellular stimulus, the environment of the cell, the cell type, the metabolic 
state of the cell, the selective activation of the kinases, their subcellular localization and their 
available substrates (40, 52) 
 
Differences between the p38 MAPK isoforms 
 
Distinct experiments concerning p38 MAPK revealed significant differences between the four 
isoforms, one of them being unequal tissue distribution. p38 MAPKs in general are expressed 
in many tissues (4,33,52). However, in the majority of cases it is the α- and β-isoform that are 
expressed while the γ- and δ-isoforms are more seldomly found (4,37,52). Furthermore, a 
variable affinity for upstream activators has been observed. The MAPKK MKK3 is selective 
towards different isoforms of p38 MAPK, activating the p38-isoforms α, γ and δ. MKK6 
activates all four isoforms (11,33,40). Selectivity of MAPKKs for p38 MAPK isoforms may 
partially explain the observation that the different isoforms seem to have overlapping but also 
different physiological functions. For example, p38β upon appropriate stimulation promotes 
cell survival while p38α induces apoptosis in HeLa cells (35). A further explanation for the 
distinct functions could be differences in the substrate phosphorylation of the p38 MAPK 
isoforms (11). Another difference between the four isoforms is their sensitivity to a class of 
pyridinyl imidazole drugs (40), which inhibit p38α and p38β while p38γ and p38δ are 
insensitive (38). An example of one of these inhibitors is SB203580 (37), which is used today 
in many experiments as a specific inhibitor for p38α and p38β. p38δ is special in the way that 
it can use substrates that no other isoform can use. p38α is additionally shown to be activated 
in a MAPK cascade-untypical manner in certain cell lines,  in these cases p38α is not 
activated by a MAPKK but by autophosphorylation after interaction with TAB1 
(transforming growth factor-β-activated kinase 1 [Tak1] -binding protein) (52). The biological 
context of this activation is yet not fully understood.  
 
 
1.3. GPCR-induced MAPK activation 
 
The two intracellular signalling pathways, so far described, in response to external stimuli, the 
MAPK-signalling pathway and the GPCR-signalling pathway, have been assumed for a long 
time to function as separate units that respond to different stimuli and promote distinct 
cellular responses. In the last years evidence has shown that GPCRs are involved in a highly 
complex network that interconnects distinct intracellular signalling pathways, including the 
MAPK pathways (15,31). Several experiments show that upon appropriate stimulation of 
GPCRs in distinct cell types, members of the MAPK family become activated. While trying 
to elucidate the integration sites of the GPCR-signalling pathway and the MAPK-signalling 
pathway, researchers found several “mediators” that seemed to be involved in the biochemical 
route of MAPK activation by GPCRs. Proposed mediators are members of the Gαi and Gαq 
family, Gβγ-heterodimers, non-receptor tyrosine kinases (NRTK), receptor tyrosine kinases 



Introduction 
 

 10 

(RTK), phosphatidylinositol-3-kinases (PI3Ks), phospholipase C (PLC) and scaffolding 
proteins such as arrestin.  
 
1.3.1 Gα-mediated MAPK activation 
 
In context of GPCR-induced MAPK activation, Gαi  and Gαq  were the first subunits that 
seemed to be involved (15,31). Suggested mechanisms for MAPK stimulation may proceed 
over phospholipase Cβ (PLCβ), protein kinase C (PKC), second messengers, the small G-
protein Rap1 or NRTKs (Fig. 7) (15,31). Gαq is reported to stimulate MAPK activation by 
activating PLCβ (Fig. 7) (46). Activation of PLCβ leads to the production of the second 
messengers inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 triggers a raise of 
the intracellular Ca2+-level which may stimulate Ras-guanine-nucleotide releasing factor 
(RasGRF) or the non-receptor tyrosine kinase PYK2 (proline-rich tyrosine kinase 2). RasGRF 
activation is Ca2+-dependent (31) and may rely on direct phosphorylation by an unknown 
kinase. Upon activation RasGRF stimulates Ras and thereby the MAPK pathway. Ca2+-
dependent activation of the non-receptor tyrosine kinase PYK2 was observed in distinct cell 
types. Activated PYK2 phosphorylates Shc in the Ras-activating complex Shc/Grb2/SOS. 
(15) DAG activates, supported by the IP3-triggered Ca2+ increase, PKC (15,31). PKC can 
phosphorylate Raf (15) and also support molecules involved in Ras-Raf interaction that help 
to completely activate Raf (15, 31). The small GTP binding protein Rap1 usually inhibits 
MAPKs, but it can stimulate them in specific cell types by activation of B-Raf (Fig.7). Both 
Gαq  and Gαi are supposed to be involved in Rap1 activation (31). NRTKs, such as Lyn, 
Bruton’s tyrosine kinase (Btk) (31) and Src (46), as well as the more distantly related focal 
adhesion kinase (FAK) and PYK2 (31), are suggested to convey MAPK activation over Gαi-  

and Gαq-coupled receptors.  
 
 

 
Figure 7: Suggested GPCR MAPK- activating pathways. 
Activation the Gα-subunit and the Gβγ-heterodimer of the heterotrimeric G-protein can stimulate different 
effector molecules. Several of these effector molecules are able to converge to the MAPK pathway, at different 
levels. The picture was taken from Marinissen and Gutkind (2001)(31) with permission form Elsevier Limited. 
(The figure has an error in it: EPAC activation does not involve PKA) 
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1.3.2 Gβγ-heterodimers 
 
In experimental approaches where the Gβγ-heterodimer is overexpressed, most tested cell 
types show MAPK activation (46) while experiments with constitutively active mutants of 
Gα-subunits mainly result in no activation of MAPKs (15). This observation led to the 
assumption of a possible involvement of the Gβγ-heterodimers in GPCR-induced MAPK 
activation (15,46). The βγ-heterodimer-mediated pathway is suggested to converge to the 
RTK signalling pathway at the level of small G-protein activation, such as Ras or Rac (46). 
The βγ-heterodimer is also able to activate PLCβ (Fig. 7) and thereby induce MAPK 
activation (31,44,46). Furthermore, MAPK activation via PI3K has been suggested. 
Especially the PI3K-isoforms PI3Kγ and PI3Kβ are supposed to play a role in GPCR-
stimulated MAPK activation (15,31). There is evidence for direct activation of PI3Ks through 
βγ-heterodimers and this activation might result in subsequent activation of the non-receptor 
tyrosine kinase Src (31). Usually PI3Ks are recruited to the plasma membrane upon activation 
where they exert lipid kinase activity leading to the formation of the intracellular second 
messengers phosphatidylinositol-3,4,5-trisphosphate (PIP3) (28,46). However, in the case of 
GPCR-mediated MAPK activation PI3Ks are suggested to act independently of their lipid 
kinase activity (31). In signal transduction pathway-determining experiments the fungal 
metabolite wortmannin is often used to evaluate PI3K involvement as it inhibits PI3K activity 
(15). 

In addition to the already mentioned ways of NRTKs activation, distinct experiments 
show that the Gβγ-heterodimer may also be capable of activating NRTKs such as Src directly. 
Besides the direct activation of the Shc/Grb2/SOS complex through NRTKs it can also occur 
by RTK activation. (46). The Gβγ-heterodimers are further believed to be able to initiate 
proteolytic cleavage of inactive RTK ligands, for example membrane-spanning prohormones. 
Upon cleavage these prohormones are activated and released and can stimulate RTKs (15). 
βγ-heterodimers might also function in recruiting scaffolding proteins such as β-arrestin or 
KSR-1 (kinase suppressor of Ras 1) for the assembly of the proteins needed to activate Ras 
(46). 

 
1.3.3 Scaffold proteins 
 
Scaffold proteins were first discovered in MAPK pathways in yeast, but it is now known that 
they also play a major role in the specificity of signal transduction in mammalian cells. In the 
case of β-adrenoreceptors, ligand binding leads to rapid phosphorylation of the intracellular 
part of the receptor through a G-protein-coupled receptor kinase (GRK; in this case GRK2 = 
βARK1) (15). This phosphorylation allows the scaffolding protein β-arrestin to bind. Bound 
to the phosphorylated GPCR, β-arrestin recruits Src close to the membrane vesicle where it is 
activated and subsequently promotes ERK activation via Ras activation (15,46). Gβγ-
heterodimers might be required to translocate a GRK close to the receptor in order to become 
phosphorylated. Another possible scaffold protein is KSR-1 which exhibits binding sites for 
Raf, MEK and MAPK (46). 
 
 
1.4 Programmed cell death 
 
Cell death is a necessary, normal event in the life of all multicellular species. It is important 
for example during embryonic and postnatal development (18,23,27). Without cell death, 
human beings would be born with “finger and toe webs” (27). For a long time scientists only 
distinguished between two forms of cell death, namely apoptosis (regulated, programmed cell 
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death) and necrosis (passive, uncontrolled cell death) (2,18) even if not all scientists agreed 
that these two are distinct forms of cell death (23) at all. However, in the last years it has been 
elucidated that even more forms and pathways intermediate (27) to the two classified ways of 
dying exist.  
 
1.4.1 Apoptosis 
 
The term apoptosis was used for the first time in the early 1970s. It has a greek origin and 
means “dropping of leaves from a tree” (18). Several definitions of apoptosis can be found in 
scientific papers. Most of these definitions describe apoptotic cell death as a regulated, 
physiological response based on a non-lethal stimulus that activates an intracellular, otherwise 
dormant pathway leading finally to cell death (2,18). Apoptosis is also often denoted “cell 
suicide” or “programmed active cell death” (18) and is seen as an active process (2). A 
number of morphological (Table 1) and biochemical features, for example chromatin 
condensation, are defined for apoptosis (23,27). Another hallmark of apoptosis is the 
activation of specific proteases – called caspases- in the cytoplasm (27).  
 
Table 1: Classical features of apoptosis 
 
   
 Features Reference 
   
cell shape changes drastically and the cells shrink (18) 
plasma membrane changes with marked cytoplasmic blebbing (2,18) 
organelles contract and can form apoptotic bodies (18) 
chromatin condenses markedly (23,27) 
DNA fragmentation of DNA (23) 
   
 
 
1.4.2 Apoptotic pathways 
 
Roughly, three distinct main pathways (Fig. 8) can be distinguished in apoptosis: the 
mitochondrial-mediated pathway, the endoplasmatic reticulum (ER)-stress-induced pathway 
and the cell surface-mediated signal transduction pathway (2). Key players in these pathways 
are a specific class of proteolytic enzymes that belong to the caspase family. To date, ten 
caspases have been described. Normally, they are activated in a proteolytic cascade in 
apoptosis and, upon activation, destroy the cellular machinery causing a stop in the synthesis 
of new proteins and finally cell death. (18) Caspases are cystein proteases that cleave their 
substrate after aspartate residues. Every caspase is synthesized as an almost inactive (2) pro-
caspase that has to be proteolytically cleaved and additionally processed to become a mature 
fully active protease. Caspase 8, 9 (2,18) and 12 (2) are designated as “initiator” caspases, 
which are suspected to become activated by self aggregation before they subsequently cleave 
downstream “effector” caspases such as procaspase 3, 6 or 7 (2,18). Once activated, these 
effector caspases cleave various cytosolic proteins, for example DNA repair enzymes (e.g. 
PARP = poly-ADP-ribose polymerase), structural proteins (such as laminin, fodrin and actin) 
and regulatory proteins (e.g. nuclease inhibitors) (18) promoting cell death. 
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Figure 8: Overview of the three main apoptotic pathways 
Initiation of an apoptotic pathway in a cell is caused by either intercellular signalling processes or by endogenous 
signals. Positive factors that stimulate apoptotic cell death are various cytokines such as TNF-α, corticosteroids 
in the lymphoid system, endogenous hormones, ionizing radiation or toxic agents. Negative factors that display 
an inhibitory effect are certain hormones and growth factors including neurotrophic substances. Either the 
emergence of a positive factor or the loss of a negative factor may result in the activation of an apoptotic 
pathway. (18). The figure was taken from Arden and Betenbaugh (2004) (2) with permission from Elsevier 
Limited. 
 
 
1.4.3 Necrosis and caspase-independent forms of programmed cell death 
 
Necrosis results from physical damage to a cell. It often involves a group of adjacent cells that 
then will die at about the same time (18). Affected cells and their organelles exhibit immense 
swelling, membrane breakdown and finally leakage of the cell contents into the surrounding 
environment (2,18). Necrosis also causes nuclear changes regarding the nuclear membrane 
integrity (18). 

Experiments with caspase inhibitors that still resulted in apoptotic cell death regardless 
of the inhibition of the main key player in apoptotic pathways, provided the first hint of 
caspase-independent apoptosis (27). Today several of these alternative pathways are known. 
Keeping strictly to the morphological criteria of apoptotic cell death four different forms are 
classified. In apoptosis-like programmed cell death the cells exhibit a less condensed and 
therefore less sharp geometric shape of chromatin. In Zeiosis the dying cells exhibit only 
changes in the plasma membrane with marked cytoplasmic blebbing, while in necrosis-like 
programmed cell death no chromatin condensation at all occurs. The fourth described form 
the dark cell death has been observed only in neurons so far. Its characteristics are chromatin- 
and strong cytoplasmic-condensation and ruffling, but no blebbing of the membrane.  

It is not yet fully understood how these caspase-independent programmed cell death 
pathways work. Alternative programmed death pathways are a new field in the area of cell 
death and further investigations are needed to elucidate their mechanisms.  
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1.4.4 Cell death assays 
 
Several of the named morphological hallmarks of apoptosis are used in different assays to 
determine apoptosis. For example chromatin condensation in the nuclei of apoptotic cells can 
be assayed using nuclear stains as for example Hoechst 33342. Hoechst 33342 is a 
bisbenzimidazole dye that freely enters viable and non-viable cells. It stains nucleic acids and 
its blue fluorescence is very sensitive to DNA conformation and chromatin state so that 
condensed and non-condensed cell nuclei can be easily distinguished. (41) Other cell death 
assays that do not specifically test for apoptotic cell death but instead for cell viability in 
general are for example the MTT-test or a double staining procedure with propidium iodine 
(PI) and fluorescein diacetate (FDA). The MTT-test is an easy and rapid, colorimetric assay to 
quantitavely determine cell viability and cytotoxicity in mammalian cells (41). It is based on 
the conversion of MTT, a water soluble tetrazolium salt to a water insoluble purple/blue 
formazan. This conversion takes place only in living, and therefore metabolically active, cells, 
as the tetrazolium ring is reduced by a mitochondrial dehydrogenase enzyme (48) which 
belongs to the mitochondrial respiratory chain (41). The purple/blue formazan-crystals formed 
in the cell can be solubilzed with acidic isopropanol and the concentration of the dye can be 
measured spectrophotometrically at 570nm, yielding absorbance as a function of 
concentration of converted dye. PI is a fluorescent dye that only enters non-viable cells as in 
this case the plasma membrane is disturbed. It becomes highly red fluorescent after binding to 
DNA (41). Functioning as a counterstain, fluorescein diacetate (FDA) can be used together 
with PI-staining. FDA is membrane-permeable and freely enters intact cells. In living cells it 
is hydrolyzed by cytosolic esterases yielding membrane impermeable fluorescein which 
exhibits a green fluorescence.  
 
1.4.5 p38 MAPK-mediated apoptosis 
 
Involvement of p38 MAPK and the p38 MAPK pathway in apoptosis has been reported in 
several scientific publications, but the p38 MAPK has also been shown to promote cell 
survival, cell differentiation and growth (37,51,52). It is therefore assumed that p38 MAPK-
mediated apoptosis depends on the stimulus (52), the cell type and the conditions of the cells 
(51). Different experiments indicate that p38 MAPK might function both downstream and 
upstream of caspases (52), but it can also be involved in caspase-independent apoptosis (6). 
Components of the p38 MAPK pathway that might be involved in induction of apoptosis are 
the MAPKKK ASK1 (apoptosis signal-regulating kinase 1) (32) or the mitogen-activated 
protein kinase MSK1/2 (15). A hot topic in research at the moment is p38 MAPK-mediated 
apoptosis in cancer cells. This was reported to be initiated by various chemotherapeutic agents 
as for example retinoids or cisplatin. However it has not yet been proven if these drugs favour 
p38 MAPK activation only in cancer cells or if they also activate p38 MAPK in healthy cells 
but cancer cells posses a higher susceptibility (37). 
 
 
1.5 Orexin-A and -B and the orexinergic system 
 
In 1998, two research groups working on different approaches discovered a 130 amino acid 
(aa) long peptide precursor in rat hypothalamus (25,26). This precursor peptide was cleaved 
into two separate peptides with a length of 33- and 28-aa according to the group of 
Yanagisawa. Sutcliffe and co-workers, who initially examined the hypothalamus for 
expression of specific mRNA, named the peptides “hypocretin1” and “hypocretin2” and the 
precursor “preprohypocretin” based on their hypothalamic localization and a notable sequence 
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similarity to the gut hormone secretin (9). Yanagisawa and co-workers who were trying to 
find unknown endogenous ligands for orphan GPCRs named the peptides “orexin-A” and 
“orexin-B” derived from the greek word orexis (appetite) due to their observation that 
injection of the peptides into the lateral ventricle of non-fasted rats increased their food intake. 
The precursor peptide was named “preproorexin” (45). Shortly after the two publications it 
became clear that the independently discovered hypothalamic peptides were actually the 
same. Today the “orexin”-nomenclature of the Yanagisawa group is more often used. 
 
1.5.1 Molecular details of orexin-A and orexin-B  
 
To date, orexin-A and -B plus their common precursor and dedicated receptors have been 
described in different mammalian species including human, dog, pig, mouse and rat. In 
humans, the gene encoding the 130 aa long preproorexin is found in chromosome 17. After 
being transcribed and translated, the precursor peptide undergoes cleavage and further 
modification leading to the formation of the two peptides orexin-A and orexin-B. Orexin-A is 
33 aa long and contains two intrachain disulfide bridges. The C-terminus is amidated (25,26) 
while the NH2-terminal glutamine most likely is modified to a pyroglutamoyl residue, 
however this is only confirmed in rats. Orexin-B is a linear and 28 aa long peptide with a 
likewise amidated C-terminus. Although one molecule of preproorexin is cleaved into one 
molecule of orexin-A and one molecule of orexin-B it has been reported that in multiple 
regions in the central nervous system (CNS) orexin-B prevails over orexin-A (two to five- 
fold).  
 
1.5.2 Molecular details of orexin receptors 
 
Two former orphan GPCRs have been determined to be the appropriate, responding receptors 
for the two hypothalamic peptides orexin-A and orexin-B. These two receptors, named OX1 
and OX2, form a subclass in the A-family of GPCRs. In humans, OX1 is 425 aa long and 
encoded by a gene on chromosome 1. OX2 is 444 aa long and encoded by a gene on 
chromosome 6. They both share an overall sequence identity of 64% (25,26). The most 
closely related receptors, that still are not very similar are two neuropeptide FF receptors (31-
35% sequence identity in humans) and different peptide receptors including NK2 tachykinin 
receptors, Y2 neuropeptide Y receptors and thyrotrophin-releasing hormone (TRH) receptor 
(28-31% sequence identity in humans). In several experimental approaches it was noticed that 
OX1 preferentially binds orexin-A while OX2 binds both peptides with the same affinity 
(25,26). Likewise it was observed that orexin-A activates OX1 much more strongly (~ten fold 
more) than orexin-B (26). When expressed in cell lines and activated, the GPCR OX1 is 
suggested to stimulate the Gi, Gs and Gq families of heterotrimeric G-proteins (17). 
 
1.5.3 Distribution of orexinergic cells 
 
Orexins and their receptors can be found in the central nervous system (CNS) as well as 
outside the CNS. Most studies concerning their distribution have been performed in the rat, 
but similar results have been obtained in other vertebrate species. Orexinergic cell bodies 
were discovered in a region within the lateral and distal hypothalamus (25,26). In humans, 
about 50 000 – 83 000 orexinergic cells can be found within this area. Orexinergic fibers 
project in a broad manner in the CNS including regions responsible for sleeping and feeding 
behaviour as well as autonomic functions. Various neurotransmitter and hormones from the 
brain and other tissues seem to regulate the activity of orexinergic cells. (26) 
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 Outside the CNS, orexins are usually detected close to their receptors. Orexin 
receptors can be found in various cell types including muscle, endocrine and nerve cells. 
Particular organs where they have been detected comprise the gastrointestinal tract, pancreas, 
pituitary, adrenal gland (25,26), pineal gland, kidney, thyroid, lung, testis and placenta (25) of 
the rat. OX1 and OX2 are not equally distributed, so that in some tissues or organs one 
receptor prevails (25). In addition, sex-specific orexin-receptor distribution has been  
observed, as for example in the adrenal gland of rat where male rats have exhibit a more 
higher amount of OX2 mRNA than female rats (22,25). 
 
1.5.4 Effects of orexins 
 
A variety of responses to the two neuropeptides orexin A and orexin B have been observed. 
As for the distribution of the orexinergic system, most effects have been observed in the rat, 
but these seem apply to for other vertebrate species as well. A commonly used model system 
for cellular effects are Chinese hamster ovary cells (CHO cells) that recombinantly express 
human OX1- or OX2-receptors.  
 
Cellular responses to orexin 
 
The primary cellular effect caused by orexin-receptor activation seems to be intracellular Ca2+ 
elevation (26,29). Orexin further evokes inositol trisphosphate (IP3) production (16,25), and 
an increase in the cAMP-level has been observed in distinct tissues as for example the adrenal 
gland (25). Experiments with CHO cells also showed that the OX1-receptor can regulate 
adenyly cyclases (ACs) both positively and negatively (17), and thereby change the cAMP-
level in the cell. Electrophysiological measurements often show an increase of action potential 
frequency in neuronal cells in response to orexin-receptor activation. This increased synaptic 
activity in most cases results in an increased release of neurotransmitter (26). 
 
Systemic effects of orexin 
 
Orexins are involved in many functions concerning the whole body. These systemic effects 
range from regulation of feeding behaviour, involvement in sleep and wakefulness, endocrine 
functions such as hormonal secretion especially concerning energy metabolism and stress 
responses (25,26), nociception (perception of pain), food and drug addiction, reproduction 
(25), reward seeking (34) as well as a suspected possible involvement in olfaction (14). 
Observed autonomic effects are an increase in heart rate and blood pressure as well as an 
increase in gastric acid secretion, intestinal motility and sympathetic nerve activity (26). 
  
Narcolepsy, a disorder of the orexinergic system 
 
Narcolepsy is a disease that affects 1 in 2000 inhabitants in Europe and the US. Symptoms 
include, for instance, excessive daytime sleeping, sudden loss of muscle tone (cataplexy) (36) 
and hallucinations during the sleep/wake transition (26). The disease is also present in other 
species as for example dogs and horses.  Narcolepsy is assumed to be a disorder of the 
orexinergic system. Experiments have revealed that inactivating mutations in the OX2 
receptor gene or deficiency of orexin expression results in the narcolepsy phenotype (36). 
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1.5.5 Orexin-mediated apoptosis 
 
Orexin-induced apoptosis is described in a few scientific articles. Rouet-Bezineb et al., 
reported in 2004 a pro-apoptotic effect of orexins in human colon cancer cells such as HT29-
D4, Caco-2, SW480 and LoVo as a result of orexin treatment (1 µM) for 24 - 48 h. 
Stimulation of the OX1-receptor caused changing of the cell shape, condensation of the 
chromatin, fragmentation of the DNA, release of cytochrome c into the cytosol and activation 
of caspase 3 and caspase 7, which are all classical hallmarks of apoptosis. Orexin-mediated 
apoptosis also has been demonstrated in the neuroblastoma cell line SK-N-MC (42) and in 
CHO cells recombinantly expressing human OX1-receptor (1,42) or OX2 receptor (50). 
Ammoun et al. (1) also showed in 2006 that stimulation of OX1 with orexin-A causes cell 
death in a caspase-independent manner in CHO-OX1 cells. 
 
 
1.6 Aim of study 
 
As mentioned in the introduction earlier hardly anything is known about the molecular 
cascade(s) connecting G-protein-coupled receptors (GPCRs) to mitogen-activated protein 
kinase (MAPK) pathways. More particular, the same applies for the orexin-A-induced p38 
MAPK activation via OX1-receptor stimulation. Ammoun et al. reported in 2006 (1) cell 
death of Chinese hamster ovary (CHO) cells recombinantly expressing OX1-receptor after 
prolonged exposure to orexin-A via activation of p38 MAPK. Also the downstream cascade 
starting from p38 MAPK activation and resulting in caspase-dependent or caspase-
independent cell death is far from being understood.  
 
This study was directed to continue the work Kukkonen and co-workers have started, trying 
to elucidate the molecular mechanism of orexin-A-induced cell death a bit further. The main 
focus was set on the pathway upstream of p38 MAPK. Research was done by using 
pharmacological blockers and dominant negative constructs for molecules possibly involved 
in these pathways.  
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2 Results 
 
 
Western blotting was used for direct measurements of the level of active (phosphorylated) p38 
MAPK in Chinese hamster ovary cells (CHO cells) that recombinantly expressed the human 
OX1-receptor. In different experiments pharmacological inhibitors such as PTX (inhibitor of 
heterotrimeric Gi/o-proteins) or wortmannin (inhibitor of phosphatidylinositol-3-kinases) as 
well as dominant negative (dn) mutants of p38 upstream activators were used to investigate 
how these targets influenced the phosphorylation of p38 MAPK. A dominant-negative mutant 
of a protein possesses a mutation that abolishes its function and that blocks the function of 
wild-type proteins that are expressed at the same time (47). Calculation of the ratio p38-Pi 
divided by total p38 then illustrates how the dn constructs of the upstream activators or the 
inhibition of possible effector proteins influence the phosphorylation of p38 MAPK. This was 
used to elucidate their involvement in the orexin-induced activation cascade of p38 MAPK. 
Prior to the experiments the CHO cells were kept in serum-free medium for 24 h to avoid 
effects such as activation of the p38 MAPK pathway from factors such as for example growth 
factors present in serum. Subsequently, duplicates of cell-dishes were exposed to distinct 
treatments. 
 
2.1 Orexin-A stimulation vs. hyperosmolarity  
 
To decide how long time CHO-OX1 cells had to be exposed to orexin-A to yield a sufficient 
phosphorylation of p38 MAPK, a time curve was performed. CHO-OX1 cells were exposed to 
the neuropeptide orexin-A for 10 min, 30 min and for 60 min (Fig. 9, A). After 10 min and 60 
min the Western blot clearly showed phosphorylation of p38 MAPK, while 30 min exposure 
did not lead to a significantly high level of phosphorylated p38. 60 min exposure time led to a 
slightly higher level of phosphorylation. For that reason all following experiments had an 
exposure time of 60 min orexin-A. Unstimulated cells (time 0 min) did not exhibit any p38 
MAPK phosphorylation. The level of p38 phosphorylation after stimulation with orexin-A 
was compared to the cellular response of a high osmotic stress stimulus (Fig. 9, B) known to 
activate the p38 MAPK pathway. Stimulation with 600 mM sucrose led to a four-fold higher 
phosphorylation of p38 MAPK. 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 9: Orexin  induces  p38 MAPK  activation 
A, time curve of Orexin-A-induced p38 MAPK phosphorylation. CHO-OX1 cells were exposed to 100 nM 
orexin-A for 10, 30 and 60 min (n=1). B, comparison of p38 MAPK phosphorylation between exposure to 100 
nM orexin-A for 1 h and to a high osmotic stress for 10 min (n=1).  
 
 
 

A B 
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2.2 Inhibition of Gααααi/o-proteins and phosphatidylinositol 3-kinase 
 
The bacterial pertussis toxin (PTX) is a specific inhibitor of Gαi/o and is used to investigate 
Gαi/o involvement in signalling cascades. PTX catalyses ADP-ribosylation of a cystein residue 
that then prevents GPCR-G-protein interactions (12). CHO-OX1 cells were incubated for 24 h 
with 200 ng/ml PTX before the level of phosphorylated p38 MAPK was determined. 
100 nM orexin-A was added to in the last hour of the 24 h PTX-stimulation phase. The level 
of phosphorylated p38 MAPK was increased five fold when the cells were exposed to PTX 
prior to stimulation with orexin-A (Fig. 10) compared to the phosphorylation when cells were 
only stimulated with orexin-A. Wortmannin is a specific pharmacological inhibitor of 
phosphatidylinositol 3-kinases (PI3Ks) and is therefore used to exclude PI3K involvement in 
intracellular signalling pathways. PI3Ks have been observed to be involved in GPCR-induced 
MAPK activation (15,31). Wortmannin (300 nM) exposure for 30 min prior to orexin-A 
stimulation (100 nM) led to a higher level of p38 MAPK phosphorylation than in the case 
when cells were only exposed to orexin-A. Unstimulated cells that were treated with either 
PTX or Wortmannin both displayed an increased level of phosphorylated p38 compared to the 
control cells (Fig. 10). 
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Figure 10: High p38 MAPK activation in response to pharmacological inhibitors 
CHO-OX1 cells were incubated for 24 h with 200 ng/ml of the Gαi/o-protein inhibitor pertussis toxin (PTX) or 
with 300 nM PI3K inhibitor Wortmannin for 30 min (n=1). 
 
2.3 Investigation of small G-proteins 
 
Different small G-proteins that are known to be involved upstream of the MAPK in the 
MAPK signalling pathways were tested for their involvement in OX1-receptor-induced 
activation of p38 MAPK.  pCMV-MYCJ3-Rac1(T17N), pCMV-MYCJ3-RhoA(T17N) and 
pCMV-MYCJ3-Cdc42(T17N) are expression vector containing the DNA for dominant 
negative (dn) mutants of the small G-proteins Rac1, RhoA and Cdc42, respectively. The 
Thr→Asn mutation renders the protein in a way so that it is unable to bind GTP while the 
GDP-binding is not affected. The GTP-bound form is considered to be catalytically active. 
CHO-OX1 cells cotransfected with a mixture (Fig.11, A) of expression vectors containing the 
DNA for all three dn small G-proteins showed the same level of p38 MAPK phosphorylation 
as the control cells, both in the unstimulated and in the stimulated state. Cells transfected with 
DNA of dn Rac1 (Fig.11, A) exhibited the same level of p38 MAPK phosphorylation both in 
the unstimulated and in the stimulated state and lowered the phosphorylation after stimulation 
with 100 nM orexin-A. CHO-OX1 cells transfected with DNA of dn Cdc42 (Fig.11, B) 
seemed to exhibit more phosphorylated p38 MAPK in unstimulated cells than in stimulated, 
however considering the standard deviation both exhibited the same level of phosphorylation. 
Also, in both stimulated and unstimulated cells transfected with DNA of dn Cdc42 a three-
fold increase in phosphorylation occurred as compared to the control cells. Cells transfected 
with DNA of dn RhoA likewise rendered a higher phosphorylation level of p38 MAPK for 
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unstimulated cells than for stimulated cells. But the phosphorylation was not as high as in 
cells transfected with DNA of dn Cdc42. 
 
 

 
Figure 11: Small G-proteins Rac1, RhoA and Cdc42 and their effect on p38 MAPK phosphorylation 
A, a mixture (Mix) of constructs expressing dominant-negative (dn) Cdc42, Rac1 and RhoA and just dn Rac1 
were transfected into CHO-OX1 cells that were subsequently tested for orexin-A-induced p38 MAPK 
phosphorylation (n=2). B, dn Cdc42 and dn RhoA containing constructs transfected into CHO-OX1 cells were 
investigated for their influence of orexin-A-induced p38 MAPK phosphorylation (n=1)  
 
2.4 Involvement of the two p38 MAPK-activating MAPKK: MKK3 and MKK6 
 
Dominant negative mutants of MKK3 and of MKK6, which exhibit no kinase activity, were 
introduced into CHO-OX1 cells to investigate the involvement of the two MAPKK in the 
OX1-receptor-induced activation of p38 MAPK. Both MAPKKs are known activators of p38 
but in case of this dn mutation they exhibit a non-functional kinase and should not be able to 
phosphorylate p38 MAPK. After exposure to orexin-A CHO- OX1 cells transfected with  
DNA of dn MKK3 only reached about 20% of the maximum level of p38 MAPK 
phosphorylation (Fig. 12) reached in case of the control cells. Cells expressing dn MKK6 
showed a phosphorylation level of 60% of the maximal phosphorylation of the control cells. 
In both cases unstimulated cells exhibited a low p38 MAPK phosphorylation. 
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Figure 12: Dominant negative MKK 3 and MKK6 led to a partial inhibition of p38 MAPK activation 
CHO-OX1 cells transfected with dominant negative constructs of either MKK3 or MKK6. The phosphorylation 
level of p38 MAPK was determined after exposure to 100 nM orexin-A for 60 min as well as for unstimulated 
cells (n=1).  
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2.5. Prolonged exposure to orexin-A  
 
To assay cell viability after exposure to 100 nM orexin-A, three different methods were 
applied: testing for mitochondrial activity using the MTT-test, testing for cell membrane 
permeability using the double staining procedure with propdium iodine (PI) and fluorescein 
diacetate (FDA), and testing for chromatin condensation using the nuclear Hoechst 34442 .  
CHO- OX1 cells were exposed to different concentrations of orexin-A for 24, 48 and 72 hours 
(Fig. 13, A) and stained with MTT. In the first 48 hours only cells exposed to 1000 nM 
orexin-A showed a reduction in cell viability. After 72 hours a decreased cell viability in case 
of all stimulated cells was noticed (Fig. 13, B), while the unstimulated cells showed a 
markedly higher absorbance after the three days of stimulation (data not shown). The same 
result was obtained when stained with the double staining procedure propidium iodine (PI) 
and fluoresceine diacetate (FDA), or with the nuclear Hoechst 34442 staining (data not 
shown). 
 

 
Figure 13: Orexin-A stimulation of the OX1-receptor for 72h led to a reduction in living cells 
Cell viability was investigated using spectrophotometric measurements of MTT stained cells. A, CHO-OX1 cells 
exposed to different concentrations of orexin-A and incubated for 24, 48 and 72h before stained with MTT. B, 
% cells alive after 72h stimulation. 
 
Exposure of CHO- OX1 cells to 100 nM orexin-A for 72 hours likewise showed the highest 
rates of cell death when stained with PI and FDA (Fig. 14, A and B). Due to some problems 
with the PI/FDA staining, this cell viability test was not used for further investigations. 
Hoechst 33342 nuclear staining was used to investigate one of the hallmarks of apoptosis, 
namely chromatin condensation. Apoptotic condensed nuclei lost their round shape and 
exhibited a dotted appearance that made them distinguishable from non-condensed nuclei. 
Manual counting of Hoechst 34442-stained cells revealed cell death after 72 hours of orexin-
A exposure with clearly visible chromatin condensation (Fig.14, C-E). 
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Figure 14: Orexin-A exposure for 72h leads to cell death and  chromatin condensation 
A, Unstimulated CHO-OX1 cells were incubated for 72h and stained with PI and FDA. B, cells exposed to 
orexin-A for 72h and subsequently stained with PI and FDA. C, nuclear staining with the blue fluorescent 
bisbenzimidazole dye Hoechst 33342. D, unstimulated CHO-OX1 cells after 72h of incubation stained with 
Hoechst 33342. E, nuclear staining with Hoechst 33342 of cells exposed to 100 nM orexin-A for 72h.  
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Figure 15:  p38 MAPK isoforms 
A, DNA of dn mutants of p38α and p38β were 
transfected into CHO-OX1-cells (n=2) and the p38 
MAPK phosphorylation level was determined. B, cell 
viability of CHO-OX1-cells transfected with DNA of 
dn p38α, dn p38β and dn p38δ was investigated after 
exposure to 100nM orexin-A for 72h using 
spectrophotometric measurements of MTT stained 
cells (n=1). C, pre-exposure to SB203580, a specific 
inhibitor for p38α and p38β as well as exposure of 
CHO-OX1 cells to thapsigaragin was investigated 
using MTT after 72h incubation  (n=1).  
 

0

20

40

60

80

100

120

ctrl SB203580 Thapsigaragin

ce
ll

s 
al

iv
e 

in
 %

unstimulated 100 nM orexin-A

2.6 Investigation of different p38 MAPK isoforms 
 
To investigate the involvement of the two most common p38 MAPK isoforms p38α and p38β 
in orexin-A-induced cell death, dominant negative (dn) constructs and a pharmacological 
inhibitor were applied.  pcDNA3-FLAG p38α(AF) and pcDNA3-FLAG p38β2(AF) are 
expression vectors containing DNA of dn mutants of the p38 isoforms α and β with two 
mutations in the TGF-motif in the activation loop resulting in an inactive kinase (20). Western 
Blot revealed that CHO-OX1 cells transfected with DNA of dn p38α exhibited the same level 
of p38 MAPK phosphorylation when stimulated with 100 nM orexin-A as stimulated control 
cells. Cells expressing dn p38β showed a non-significant reduction in phosphorylation (Fig. 
15, A) after exposure to 100 nM orexin-A compared to the control cells. For further 
investigations concerning cell death, cells were transfected with either DNA of dn p38α or dn 
p38β or dn p38δ and stimulated with 100 nM orexin-A for 72 hours before cell viability was 
quantitatively measured using MTT. In case of cells expressing dn p38α a reduction in cell 
viability as response to orexin-A stimulation of about 50% was observed (Fig. 15, B) which 
was the same as for the control cells. In case of cells expressing dn p38β slightly more cells, 
however not significant,  survived the three day stimulation period with orexin-A, whereas for 
cells transfected with DNA of dn p38δ a much higher reduction in cell viability was seen. 
Unfortunately, p38γ was not available for this experiment. Inhibition of p38α and p38β with 
10 µM SB203580 was also investigated using MTT. CHO- OX1 cells pre-treated with 
SB203580 and exposed to 100 nM orexin-A (Fig. 15, C) showed hardly any reduction in cell 
viability compared to the control cells. Thapsigaragin, which causes a continuing increase of 
intracellular Ca2+, thereby inducing cell death in most cell types, was used as a control for cell 
viability reduction. As expected cells treated with 300 nM thapsigaragin showed the largest 
reduction in cell viability (Fig. 15, C). 
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3 Discussion 
 
 
In the present study I investigated the influence of different effector molecules possibly 
involved in OX1-receptor triggered p38 mitogen-activated protein kinase (MAPK) activation 
further resulting in cell death. Several studies performed in colon cancer cell lines (42) or 
Chinese hamster ovary (CHO) cells, recombinantly expressing the orexin receptor OX1, show 
that stimulation of the G-protein-coupled receptor (GPCR) OX1 with the neuropeptide orexin-
A leads to apoptosis, both caspase-dependent and caspase-independent (1,42). Kukkonen and 
co-workers were the first to report involvement of p38 MAPK in this signalling cascade.  
 
Time and experimental restrictions 
My study was limited to twenty weeks, which narrowed down the field of possible 
statistically significant results. Results that are obtained only once are unfortunately 
impossible to evaluate statistically and may comprehend observed effects which are actually 
caused by experimental faults. Therefore this data has to be handled with care. However, I 
will discuss the obtained results of my study in the following section, considering them to be 
true. 
 
Sixty minutes exposure to orexin-A evoked the highest response 
p38 MAPK activation is shown to be very rapid, strong and long lasting when tested with 100 
nM orexin-A (1). A time curve was performed in order to achieve an optimal p38 MAPK 
phosphorylation signal in Western Blots. Although two measured time points evoked a high 
phosphorylation signal, orexin-A stimulation for 60 min was finally chosen as the exposure 
time for all experiments. Though 10 min evoked also a high response, this could not be 
proven when the experiment was repeated however the response for 60 min seemed to be 
consistent and was therefore chosen for the following experiments. 
 
Orexin-A, a minor stress factor 
p38 MAPK is usually activated in response to different stress stimuli including osmotic shock 
(38, 43). For this reason orexin-A could also be seen as a stress stimulus for the cell. However 
the level of phosphorylated p38 MAPK evoked by 100 nM orexin-A is four-fold less 
compared to the evoked phosphorylation through hyper-osmolarity leading to the assumption 
that orexin-A, not very surprisingly, is rated as a minor stress factor for the cell. 
 
Gαi family of heterotrimeric G-proteins not involved in orexin-A mediated signalling 
Distinct experiments show that GPCRs can apply several pathways to influence MAPK 
activity (7) but most experiments also reveal that these GPCR-mediated MAPK activation 
pathways are cell type specific (46). Concerning the OX1-receptor-induced p38 MAPK 
activation in CHO-OX1 cells it is suggested that the pathway neither proceeds through 
intracellular Ca2+-elevation nor through the protein kinase C (PKC) (1). Because of this, 
orexin-A stimulated OX1-receptors may not signal to p38 via the Gαq-family. Testing for the 
Gαi-family with the specific inhibitor pertussis toxin (12) revealed that PTX does not inhibit 
orexin-A-mediated p38 MAPK activation. Therefore the signalling pathway is suggested not 
to act via Gαi. The observation that PTX exposure in general and especially PTX in 
combination with orexin-A led to an enforced response is striking. The Gαi family inhibits 
most adenylyl cyclases (ACs) (15) resulting in a decrease of the intracellular cAMP level. 
Inhibition of this inhibitory kind of Gα causes a subsequent increase in the intracellular cAMP 
level that might be able to activate cAMP-dependent proteins resulting in MAPK activation. 
However, this is very speculative and the experiment has to be redone to confirm the observed 
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effect, also statistically. Besides, cAMP so far has not been reported to be involved in GPCR-
mediated MAPK activation. Inhibition with PTX prevents GPCR G-protein interaction. As 
the GPCR is acting as a guanine nucleotide exchange factor (GEF) for the G-protein (12), this 
means that the Gα-subunit will not be activated. Gβγ-mediated signalling would also be 
inhibited because an active Gα-subunit is required for functional active Gβγ-heterodimer.  
Inhibition of the Gβγ-heterodimer could enlarge the p38 MAPK phosphorylation via reduced 
PI3K activation. The PI3K-PKB (protein kinase B) signalling pathway is involved in cell 
survival and the ERK pathway (1) and therefore the enhanced p38 activation upon PI3K 
inhibition could enhance cell death. Otherwise, it should not be forgotten that PTX is a 
bacterial toxin and toxins should cause a stress response in the cell, which could lead to the 
enlarged p38 MAPK phosphorylation. 
 
PI3Ks not involved in orexin-A mediated signalling 
The  phosphatidylinositol-3 kinases (PI3Ks) -specific inhibitor wortmannin (15,31) did not 
cause inhibition of the orexin-A-induced p38 MAPK activation as already demonstrated by 
Kukkonen and co-workers (1) for cell death. Such as in the case of PTX a strikingly higher 
phosphorylation of p38 MAPK in unstimulated cells and upon orexin-A stimulation could be 
observed. The PI3K-PKB (protein kinase B) signalling pathway is involved in cell survival 
and the ERK pathway (1) and therefore the enhanced p38 activation upon PI3K inhibition 
could enhance cell death. However, the hypotheses for the PTX and wortmannin effects have 
to be addressed in further studies. 
 
The small G-protein Rac1 might be involved 
The tremendous number of possible p38 MAPK upstream activators made it a hard to choose 
where to start. Different small G-proteins are suggested to be involved upstream of p38 
MAPK. In this work I tested Rac1, RhoA and Cdc42 for their influence in OX1-receptor-
induced p38 MAPK activation using dn-mutants for these small G-proteins. Rho/Rac proteins 
including Cdc42 represent the largest subgroup in the Ras superfamily (5). So far an 
involvement of Rac1 and Cdc42 in the GPCR-induced activation of the JNK-pathway (15, 49) 
and in the p38 MAPK pathway (49) is demonstrated.  If and how RhoA is involved in p38 
MAPK activation is yet unknown.  Rho A seemed to have no influence during orexin-A-
induced p38 MAPK activation as the dn mutant exhibiting no catalytic activity evoked the 
same level of p38 phosphorylation after exposure to orexin-A as the control cells. Rather 
unexpected was the higher level of phosphorylation for the unstimulated cells transfected with 
dn RhoA. How inhibition of RhoA could stimulate p38 MAPK activity is unclear. So far only 
involvement of RhoA in the JNK pathway has been described (15). Cdc42 upregulated the 
p38MAPK phosphorylation, independent of orexin-A exposure, suggesting that it might not 
be involved in OX1-receptor triggered p38 MAPK activation. Dominant negative Rac-
transfected cells showed the same level of p38 MAPK phosphorylation despite stimulation 
with orexin-A indicating a possible involvement of Rac1. Rac is supposed to function 
upstream of p38. It is known to be activated by membrane-associated PI3K leading to p38 
activation via PAK1 (19). Since inhibition of all Rho family members tested leads to elevated 
basal p38 phosphorylation, it is attractive to suggest that these proteins are involved in 
pathways tonically inhibiting p38 activation. However, it should be kept in mind that all these 
affect several other cellular processes including cytoskeleton. Therefore, a long-term 
inhibition of their function could induce a stress response in the cells. 
 
MKK3 possibly involved in orexin-A induced p38 MAPK phosphorylation 
As p38 MAPK is known to be phosphorylated by only two MAPKK (and possibly a third 
one) (43), the involvement of these two MAPKK has been investigated using dominant-
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negative (dn) mutants. It seemed as if MKK3 is involved in the orexin-A-induced p38 MAPK 
activation as the cells transfected with dn MKK3, which exhibited no kinase activity, resulted 
in a markedly reduced p38 MAPK activation in response to orexin-A exposure. However p38 
MAPK activation was not totally inhibited with the inactive MKK3 suggesting that possibly 
also MKK6 plays a role in orexin-A-induced p38 MAPK phosphorylation, though to a less 
extent. This would explain why cells expressing dn MKK6 possessed a p38 MAPK 
phosphorylation level slightly reduced as compared to the control. As MKK3 is suggested to 
be involved in the orexin-A/p38 MAPK pathway it is absolute necessary to repeat this 
experiment with both MKK3 alone and co-transfected with DNA encoding MKK6. MKK3 
possesses a different selectivity towards the p38 MAPK isoforms and preferentially activates 
p38α, p38γ and p38δ while MKK6 phosphorylates all four isoforms (11,33,40). If MKK3 is 
the MAPKK being mostly involved in the orexin-A p38 MAPK-induced cell death, a dn 
mutant form of p38β should have hardly any influence on orexin-A-induced cell death.  
 
Prolonged stimulation with orexin-A leads to a reduction in cell viability 
CHO-OX1 cells exposed to orexin-A for 24, 48 or 72h were assayed for mitochondrial 
activity and disturbed plasma membrane, both indicators for cell death (41) as well as for 
chromatin condensation, a classical hallmark of apoptosis (23,27,41). As already described by 
Kukkonen and co-workers (1) orexin-A stimulation leads to a delayed cell death. This was 
confirmed with the data obtained in this work in all three cell death assays. Orexin-A-induced 
cell death is besides its time-dependency also concentration-dependent (1). This was also 
observed in this work with the small exception of 1 nM orexin-A, which might have been due 
to an experimental failure. 
 
Involvement of p38α and p38β in orexin-A induced cell death 
The different p38 MAPK isoforms p38α, p38β, p38δ were tested with dn mutants for their 
involvement in cell death. The γ-isoform unfortunately was not available. Due to the 
observation that p38γ and p38δ have a rare tissue expression while p38α and β are expressed 
in the majority of cases (4,37,52) it was assumed that the latter two are more likely to be 
involved. The p38α and p38β specific inhibitor SB203580 prevented cell death of orexin-A 
stimulated cells, indicating that p38α and/or p38β might be involved. This was also shown by 
Kukkonen and co-workers (37).  However expressing a dn p38α mutant in CHO-OX1 cells or 
a dn p38β mutant led to the same reduction in cell viability which was observed in the control 
cells. This could imply that either both have to be blocked at the same time to get a protective 
effect or they are not involved in the pathway or the constructs are not functioning properly. 
Experiments concerning p38α and p38β involvement in orexin-A-induced cell death 
definitely have to be repeated. If p38α really is not involved, it can be assumed additionally 
that OX1-receptor induced cell death via p38 MAPK does not occur via the MAPK-untypical 
way using TAB1 to activate p38α (52).  
 
Conclusion 
Plenty of work still has to be done to investigate the signal transduction pathway linking OX1-
receptors to cell death via activation of the p38 MAPK pathway. This work was just the first 
step in this direction. However, the first possibly involved effector molecules are pointed out 
and have to be further investigated. The small G-protein Rac1 as well as the MAPKK MKK3 
seemed to be hot candidates in the investigated signalling pathway.  Furthermore, one of the 
p38 MAPK isoforms α or β might be the key player in orexin-A-mediated cell death. Because 
these assumptions are mainly based on one or two executed experiments, further testing series 
need to be done. Suggestions for other experiments would be to test the influence of the 
remaining Gα-families, Gαs and Gα12/13 as well as the involvement of the Gβγ-heterotrimer, 
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which is known to play an important role in GPCR-induced MAPK activation in other cell 
lines(15, 46). In addition, tests could be run for non-receptor kinases such as Src and for the 
small G-protein Ras, as well as for the multitude of known MKKKs involved in the p38 
MAPK pathway. A repetition of the experiments executed here, involving the p38 isoforms is 
also recommended, next time possibly with all four known isoforms. So, there are still plenty 
of things to do before the OX1-receptor triggered pathway that ends in cell death can be called 
“ fully elucidated and understood”. 
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4 Materials and Methods 
 
 
4.1 Cells and cell culturing 
 
For the experiments Chinese hamster ovary cells (CHO cells) recombinantly expressing 
human OX1-receptor as described by Lund et al., 2000 (29) were grown in 260 ml plastic 
culture flasks (75 cm2 bottom area; Greiner Bio-One GmbH, Frickenhausen, Germany) in 
serum-containing medium (Ham’s F-12 nutrient mixture [Gibco; Paisley, UK] supplemented 
with 100 U/ml penicillin, 80 U/ml streptomycin, 400 µg/ml geneticin and 10% (v/v) fetal calf 
serum) at 37°C and 5% CO2 in an air ventilated humidified incubator. For measurements of 
active, phosphorylated p38 MAPK (Western Blotting) cells were gown on round plastic 
dishes (8.3 cm2; Greiner). For the cell viability assays staining with Hoechst 33342 or 
propidium iodine (PI)/fluorescein diacetate (FDA) cells were grown on 24-well plates (1.77 
cm2; Greiner). MTT-assays were performed on cells growing on 96-well plates (0.133 cm2; 
Nunc A/S, Roskilde, Denmark). 
 
 
4.2 Expression vectors 
 
All used expression vectors (Tab. 2) for transfections were already prepared.  
 
 
Table 2: Expression vectors 
 
   
Expression vector obtained from Reference 
   
pRSV-FLAG-MKK3(Ala) Dr. Roger J. Davis (University of Massachusetts, Medical School, 

Worcester, US) 
(39) 

pcDNA-FLAG-MKK6(K82A) Dr. Roger J. Davis (University of Massachusetts, Medical School, 
Worcester, US) 

(39) 

pcDNA3-FLAG p38α(AF) Dr. Jiahuai Han (Department of Immunology, The Scripps 
Research Institute, La Jolla, USA) 

(24) 

pcDNA3-FLAG p38β2(AF) Dr. Jiahuai Han (Department of Immunology, The Scripps 
Research Institute, La Jolla, USA) 

(24) 

pcDNA3-FLAG p38δ(AF) Dr. Jiahuai Han (Department of Immunology, The Scripps 
Research Institute, La Jolla, USA) 

(20) 

pCMV-MYCJ3-Rac1(T17N) Drs. Channing Der and Krister Wennerberg (Lineberger 
Comprehensive Cancer Center, University of North Carolina, 
USA) 

(21) 

pCMV-MYCJ3-RhoA(T17N) Drs. Channing Der and Krister Wennerberg (Lineberger 
Comprehensive Cancer Center, University of North Carolina, 
USA) 

(21) 

pCMV-MYCJ3-Cdc42(T17N) Drs. Channing Der and Krister Wennerberg (Lineberger 
Comprehensive Cancer Center, University of North Carolina, 
USA) 

(21) 

pUC18 Invitrogen  
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4.3 Lipofectamine transfections 
 
CHO-OX1 cells were washed twice with pre-warmed PBS before the cells were transfected in 
pre-warmed OptiMEM using Lipofectamine. 0.130 µg/cm2 DNA was mixed with 0.58 µl/cm2 
Lipofectamine in OptiMEM and incubated in room temperature for 30 min. The mixture was 
then added to the dishes and incubated for five hours at 37 °C. Subsequently the OptiMEM 
was replaced by fresh serum-containing medium. To keep the total amount of DNA (0.130 
µg/cm2) equal in all transfections, an empty plasmid (pUC18) was added additionally when 
necessary, or, in case of control cells, pUC18 was the only plasmid being introduced.  
 
4.4 Western Blotting 
 
Western blotting was used for direct measurements of the level of active (phosphorylated) p38 
MAPK. For the experiments, the cells were kept in serum-free medium (Ham’s F-12 nutrient 
mixture [Gibco; Paisley, UK] supplemented with 100 U/ml penicillin, 80 U/ml streptomycin 
and 400 µg/ml geneticin) for 24 h before they were exposed to other treatments. This serum-
starvation served to avoid effects from factors as for example growth factors that are present 
in the serum. Subsequently, duplicates of cell-dishes were exposed to distinct treatments (Tab. 
3). 
 
Table 3: Treatments of CHO-OX1 cells  
 
   
Stimulants Concentration Duration 
   
Orexin-A 100 nM 60 min 
Pertussis toxin 200 ng per ml 24 h 
Sucrose 600 mM 10 min 
Wortmannin 300 nM 30 min 
   

 
After exposure to the stimulant the cells were washed rapidly in 400 ml ice cold wash buffer 
(PBS along with 10 mM NaF, 1 mM Na+-orthovanadate and 250µM p-nitrophenyl phosphate) 
and lysed in 15 µl lysis buffer (50 mM HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 
10 mM Na+-pyrophosphate, 10% (v/v) glycerol pH 7.5, Tween, 1% (v/v) Triton X-100, 10 
mM NaF, 1 mM Na+-orthovanadate, 250 µM p-nitrophenyl phosphate, 10 µg/ml leupeptin 
and supplemented prior to application with 2 mg/ml aprotinin (1:1000) as well as 1 mM 
phenylmethylsulfonyl fluoride (1:1000)). Afterwards the protein concentration was 
determined using a Bio Rad protein assay (BioRad; Hercules, USA) (3) . An equal 
concentration of each sample was diluted in Laemmli buffer (50 mM Tris-HCl, pH 6.8, 
supplemented with 1 mM DTT, 2% [w/v] SDS, 10% [v/v] glycerol and 0.1% [w/v] 
bromophenol blue), boiled at 100 °C for 3 min and separated by SDS-PAGE (Tab. 4-6) for 50 
min at 200 V. The proteins were then transferred to methanol-soaked polyvinylidene 
difluoride (PVDF) membranes (Amersham, Buckinghamshire, UK). The PVDF-membranes 
were blocked with 5% (w/v) milk (2.5 g milk powder in 50 ml TPBS [1 liter PBS-Tween20 
(TPBS) consisted deionised water supplemented with 81 mM Na2HPO4, 19 mM NaH2PO4, 
0.1 M NaCl, 1 ml Tween20 and adjusted to pH 7.4])  prior to probing with antisera.  
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 Table 4: Recipe for 1 running gel                                    Table 5: Recipe for 1 stacking gel 
 
      

chemicals amount   chemicals Amount 
      

deionised water 2.6 ml   deionised water 1.6 ml 
30% acrylamid 2.2 ml   30% acrylamid 375 µl 

1.5 M TrisBase, ph 8.8* 1.7 ml   1 M TrisBase, ph 6.8* 285 µl 
20 % SDS 33.3 µl   20 % SDS 11,3 µl 
APS 10 % 66.7 µl   APS 10 % 22.5 µl 
TEMED 2.7 µl   TEMED 2.3 µl 

      
*  TrisBase was adjusted to the according pH with HCl 
 
Table 6: Recipe for 5x electrophoresebuffer, ph 8.3     
                              
  

chemicals amount 
  

Tris Base 15.1 g 
Glycine 94 g 

0.1 % SDS 25 ml 20 % SDS 
deionised water 1l 
  

 
Incubation with the primary antibody anti-active p38 (Tab. 7) for specific detection of 
phosphorylated p38 MAPK was done at room temperature for one hour followed by an over 
night incubation at 4°C. The membranes were washed three times for 15 min with TPBS 
before they were incubated with the secondary antibody (Tab. 7) for one hour followed by a 
second wash-step likewise three times for 15 min with TPBS. To detect now phosphorylated 
p38 the western chemiluminescence reagent plus set from Perkin was used. Subsequently the 
membranes were stripped with 100 nM glycine, pH 2.5, blocked with 5 % (w/v) milk (2.5 g 
milk powder in 50 ml TPBS) before probed with the primary antibody p38 MAPK (Tab. 7) 
for detection of total p38 MAPK. The procedure followed the same steps described for anti-
active p38.  
 
Table 7: Antibodies  
 
   
 Antibody                      Name Concentration Company purchased 
   
primary antibody          anti-active p38 pAB     
                                      (polyclonal), Rabbit  
                                      (pTGp4) 
 

1:1000 in TPBS Promega 

primary antibody          p38 MAPK pAB  
                                      (polyclonal), Rabbit 

1:1000, in TPBS plus 
1% BSA 

Cell Signalling Technology 
(Boston, USA) 

   
secondary antibody      donkey-anti-rabbit  
                                      horseradish peroxidase  
                                      linked IgG F(ab’)2  
                                      fragment 

1:2000, in TPBS plus 
1.25% dry milk 

Amersham biosciences 
(Buckinghamshire, UK) 

 
For evaluation and quantification of the exposed films a density measurement of the obtained 
bands was performed as described in Holmqvist et al., 2005 (17). The phosphospecific signals 
were correlated to the total p38 MAPK. 
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4.7 Apoptosis and Cell Viability tests 
 
4.7.1 MTT-test  
 
MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) stains viable cells 
blue. The purple/blue formazan-crystals formed in the cells were solubilized with acidic 
isopropanol  and the concentration of the dye was measured spectrophotometrically at 570 nm 
yielding absorbance as a function of concentration of converted dye (48). 
 For determining cell viability CHO cells were transfected and 24 hours later changed 
to serum-free medium for one hour prior to stimulation. The plate was incubated for 72 hours 
before adding MTT (5 mg/ml). The MTT was added as 1/10 of the volume of the original 
culture medium and incubated for five hours at 37°C in the incubator. The solution was 
carefully removed with a Pasteur pipette then 100 µl isopropanol supplemented with 65 mM 
HCl was added and the plate was put on the shaker for one hour at RT to dissolve the formed 
crystals. The specific absorbance was measured at 570 nm and then was subtracted by the 
background absorbance, measured at 690 nm. This method assayed the total number of cells 
alive. 
 
4.7.2 Hoechst 33342 
 
For nuclear staining CHO cells were stained with Hoechst 33342. The cells were transfected 
and 24 hours later changed to serum-free medium for one hour prior to stimulation. The plates 
were incubated for 72 hours at 37°C. Then the medium in each well was replaced by 500 µl 
pre-warmed Na-Elliot buffer (137 mM NaCl, 5 mM KCl, 0.44mM KH2PO4, 4.2 mM 
NaHCO3, 1.2 mM MgCl2, 20 mM HEPES adjusted to pH 7.4 and supplemented with 1 mM 
CaCl2 and 10 mM glucose). 6 µg/ml Hoechst 33342 was added and the plates were incubated 
for 15-20 min at 37 °C. The medium was removed and fresh Na-Elliot buffer was added. The 
fluorescent condensed and non-condensed nuclei were counted from digital images taken with 
the CCD camera of a Zeiss Axioplan 2 fluorescence microscope. 
 
4.7.3 Double staining with propidium iodide and fluorescein diacetate 
 
Propidium iodine (PI) stains dead cells red while fluorescein diacetate (FDA) stains living 
cells green. This double staining procedure was performed as Hoechst 33342 staining. 
However, instead of Hoechst 33342, 2.5 µg/ml PI and 1 µg/ml FDA were added and the 
plates were incubated for 5 min at 37 °C. Stained cells where counted from digital images 
taken with the CCD camera of a Zeiss Axioplan 2 fluorescence microscope. 
 
4.8. Data analysis 
 
All experiments were performed in duplets but most of them were not repeated, so no 
statistical data analysis could be applied.  If possible, the data obtained were normalized and 
standard deviations were calculated. In case of Western Blots calculated values for 
phosphorylated p38 were compared in percentage to the maximum response obtained for the 
stimulated control cells. In case of cell viability test, the calculated values were compared in 
percentage to the amount of living cells in the control (basal). 
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